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Preface

Arthroplasty is one of the most dynamic and rapidly expanding spheres of orthopedics and
medical science. The successive stages of development of the technique of joint replacement
include introduction of uncemented implants, emergence of biomaterials and ceramics, and
evolution of bearing surfaces. Last but not least, credit to the success of arthroplasty is attrib‐
uted to continuous improvements in surgical technique and introduction of mini-invasive
techniques during the last decade. All these contribute to the tremendous success and un‐
usual popularity of the intervention. As a result, it is not a surprise that the number of ar‐
throplasties increases steadily every year and nowadays more than one million patients
undergo the procedure annually worldwide. Moreover, based on the global aging of the
population and higher arthritis prevalence, the demand for the procedure is expected to in‐
crease steadily.

The purpose of this book is to provide an overview of the up-to-date developments in ortho‐
pedic surgery. It is a sequel of a successful series dedicated to one of the fastest growing
fields in orthopedics - arthroplasty. Aiming at dissemination of scientific research this book
provides a profound overview of the recent evolution of technology and surgical techni‐
ques. The process of improving care for patients and standards of treatment requires
straightforward access to up-to-date research and knowledge. The format of the publication
allows easy and quick reference to shared ideas and concepts. We hope, that the current
book will add significant contribution to the success of this endeavor.

New technologies, improvements in implant design and advances in surgical technique
have yielded favorable outcomes after joint replacement and decreased rate of complica‐
tions. In short-term perspective mini-invasive surgery may offer certain advantages. How‐
ever, successful clinical outcome after arthroplasty is a function of stable and long-lasting
fixation of the implant. This in addition to a pain-free joint with a functional range of motion
defines the arthroplasty as successful.

New developments of implant design have been extensively reviewed and current treatment
approaches have been critically discussed in the light of clinical outcome by the contributing
authors. Consideration of new technologies in implant design and advances in surgical tech‐
nique is an integral part to preoperative planning and decision making. Such approach helps
expand the armamentarium for solving difficult problems such as osteolysis in primary and
revision setting. Valuable contribution of this book is the detailed and exhaustive review of
predictors of clinical outcome following total joint replacement. Special attention was given to
various complications after arthroplasty. Despite the great success of joint replacement sur‐
gery, infection of the prosthesis is still a concern. Increased morbidity, necessity for further
operations, prolonged hospital stay, and finally, higher costs are inevitable consequences of
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this devastating complication. Due to these facts, periprosthetic infections were widely dis‐
cussed in a separate book section. Prophylaxis, diagnostics and treatment of this serious com‐
plication were viewed from different perspectives. Special attention was attributed to the role
of various microorganisms and biofilm in the pathogenesis of prosthetic joint infections, spe‐
cific characteristics of particular microorganisms and to providing optimal treatment strategy.
As the book chapters were written by different authors, some topics had been discussed in
repetition. In such a project this is inevitable. However, the analyses of the problems from
different standpoints only increased the value of the book.

The book could be used as a reference manual in studying of joint replacement, and as for
analysis of the occurred questions, related to endoprosthetics. I acquired - upon the editing -
a new and detailed view on the process of writing a medical book. Besides, the editing of
this book allowed me to extend my horizon of knowledge and led to appearance of new
questions as well, related to my scientific researches in the field of joint replacement. I also
used the possibility of quick review of a given theme and of obtaining the essence of presen‐
tation. It became possible through an analysis of the thesis and aim of the author, review of
the examples for illustrating of the thesis and searching for a practical application of the pre‐
sented ideas. This is an approach, which would also help the reader in a brief review of the
problem in our increasingly busy daily life.

I would like to thank the contributing authors for their commitment to the project and pro‐
viding of up-to-date review of joint replacement. I thank them for sparing time and resour‐
ces, sharing their knowledge and experience. Without their enthusiasm, accuracy and
responsibility, the book would hardly be realizable. I would like to thank Silvia Vlase and
Danijela Duric, the Publishing Process Managers, for their kind assistance. Last but not least,
I thank our readers to whom this book is addressed and without whom it would be fruitless.

Plamen Kinov, MD, PhD
Assoc. Professor and Head,

Joint Replacement Unit, Dept. of Orthopedic Surgery,
University Hospital Queen Giovanna

ISUL, Sofia, Bulgaria
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Chapter 1

Surgical Approaches to the Hip Joint and the It’s Clinical
Implications in Adult Hip Arthroplasty

Hiran  Amarasekera

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55212

1. Introduction

The Hip joint can be approached in many ways and therefore many different exposures have
been described. The choice of which approach to use depend on the type of surgery, what part
of the hip needs to be exposed, age of the patient and surgeon’s preference and expertise.

When approaching the hip it is also important to consider whether the surgery is done for
trauma or elective surgery, whether the patient is an adult or a child whether it is conservative
hip surgery or replacement surgery and what part needs to be accessed for the specific surgery
such as the acetabulum, femoral head or whether both need equal access as in total hip
arthroplasty.

The main aim of this chapter is to discuss the available surgical approaches in the adult hip
when elective reconstructive surgery is done such as total hip resurfacing and revision hip
arthroplasty.

The advantages and dis-advantages and the clinical relevance of these approaches to each
surgery and basic surgical steps are discussed including the traditional approach and the
modification of these approaches.

For completion of the chapter most approaches and classifications are mentioned but the
emphasis is mainly on the common approaches used in hip arthroplasty. A good approach to
the hip should have good access to both femoral head and acetabulum, should have minimal
dissection of soft tissues, leading to reduced operative time and blood loss, less post operative
pain and early mobilisation, least risk of damage to neurovascular bundles muscles and
tendons with minimal risk of infection thrombosis and dislocation. However in practice there
is no one ideal approach hence many approaches have been described and used among
orthopaedic surgeons over the years.

© 2013 Amarasekera; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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2. Classification of different surgical approaches

Surgical approaches to the hip joint can be classified in many ways. One simple classification
is based on the direction of approach. (Fig 1) The common approaches used based on this
classification are the anterior, antero-lateral and posterior. Some of the different ways of
classifying surgical approaches to the hip is given below. [1]

a. Based on the direction

1. Anterior type

2. Lateral and antero lateral type

3. Posterior type

4. Medial type

5. Combined e.g. anterior and posterior

b. Based on incision and invasiveness

1. Standard incision e.g. Posterior

2. Mini incision posterior (MIS)

c. Based on type od surgery

1. Open surgical e.g. anterior

2. Arthroscopic

It is also important to know that certain new approaches described are essentially a modifi‐
cation of an existing approach. E.g. Trochanteric flip approach is a modification of an anterior
type approach. [2]

3. Surgical approaches to the hip joint

Before performing any surgical approach it is important understand the anatomical principles
that lie behind the surgical dissection.

Like in all orthopaedic surgeries positioning the patient, draping and preparing the area,
identification of landmarks and making the incision along skin creases, are important to
remember. It is also important to note that all incisions should be made along the identified
line of incision but the initial incision is best made within the middle half of the incision line
so that if needed this can be extended in either direction. Previous concept of “Big surgeons
make big incisions” does not hold true in modern day practice as the demand is for mini
incisions and key hole surgery as they give a better cosmetic outcome.
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Another principle in operative orthopaedic surgery is the attempt to go directly to the operative
area whether it is a bone or a joint. This minimises the lateral dissection thus avoiding damage
to soft tissues such as nerves and vessels.

The concept of “internervous plane” is important to understand before any surgical approach is
done. This means that all deep dissection should be done by dissecting and separating the muscles
between two nervous planes so that all muscles supplied by one nerve and it’s branches are
retracted towards one side to avoid damage and denervating the muscles. (Fig 2)

It is not always possible to dissect along the internervous plane. Sometimes dissection planes
are developed by splitting the muscles. (Fig 3) The principles of muscle splitting incision are

1. Always muscles are split longitudinally along the line of the fibres.

2. Splitting is done away from the neuromuscular junction to avoid denervation.

3. Bulk of the muscle is retracted along with the nerve-so that most of the muscle will retain
the nerve supply.
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Figure 1. All directions the hip can be approached.
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Figure 3. Muscle splitting incisions (I) are made along the line of the fibres, away from the Neuro-muscular junction
(NMJ) MO: Muscle Origin, MB: muscle Belly, MI: Muscle Insertion, N: Nerve

Figure 2. Concept internervous plane, (HJ, Hip Joint; N1Nerve supplying the muscle group M1; N2 nerve supplying the
muscle groupM2; I internervous plane)
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In the next few paragraphs the following approaches are described in relation to the clinical
implications.

1. Anterior approaches

a. Anterior type approach is Smith Peterson approach

b. Mini incision anterior approach

2. Lateral approaches

a. Direct Lateral /Hardinge

b. Antero-Lateral /Watson Jones

3. Posterior approach

a. Southern Approach [3]

4. Medial approaches

a. Antero medial

b. Postero-medial (Ferguson Approach)

c. Ludloff’s approach

5. Modern

a. Arthroscopic

b. Minimally invasive

6. Modified and combined approaches

a. Trochanteric Flip Ganz [2]

b. Antero –lateral minimally invasive [4]

c. Mini incision posterior approach [5]

d. Modified antero-lateral [6]

e. Combined approaches [7]

Out of these approaches it is important understand that the medial approaches are rarely used
in hip arthroplasty due to poor access to acetabulum and femoral head.

Even though a detailed description of each surgical approach is beyond the scope of this
chapter all the salient features of above approaches are discussed with regard to their key steps,
key advantages, key limitations, specific complications, common surgical procedures done
through the approach, modifications of the traditional approach and other key issues.

The approaches described in depth below are the surgical approaches used commonly in hip
arthroplasty.
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4. The anterior approach (Smith-Petersen)

a. Key steps

This approach initially described by Smith-Peterson [8] is one of the approaches but not a very
popular approach used by arthroplasty surgeons as the femoral exposure is limited. It is mainly
used for arthrotomies to drain the hip in presence of infection. The key steps and the details
are given below.

Position: Supine with a pillow under the pelvis on the operating side

Incision: Longitudinal incision lies between anterior iliac crest towards upper thigh curving
over anterior superior iliac spine.

Soft tissue dissection: This is between sartorius and the tensor fasciae lata and rectus femoris
and gluteus medius.

Internervous plane: Lies between the sartorius (Femoral nerve) and the tensor fasciae latae
(Superior gluteal nerve)

Arthrotomy: Adduct and externally rotate the leg and incise the capsule longitudinally or with
W or T shape incision.

Dislocation: by external rotation

Closure: In layers capsule rarely closed. Fascial planes are closed and skin

b. Key advantages

The advantages of this approach include preservation of the vascularity, stability follow‐
ing the procedure with less  chance of  dislocation.  Limited morbidity,  high stability and
with  good  access  to  the  acetabulum  are  key  advantages  of  this  approach.  [9]  The  ap‐
proach limits muscle cutting and separation, reduce chance of dislocations, and makes it
easier to take intra-operative radiographs as the patient is supine in position. Key muscle
groups the extensors and the abductors are kept intact the along with the medial circum‐
flex femoral artery and it’s branches. [10], [11]

c. Key Limitations

The key limitation of this approach is the limited access making it technically demanding to place
components in arthroplasty. Even though the approach to the acetabulum is good approach to
proximal femur is limited through this approach. Some encourage to use a fracture table to get
a better approach to the femur [12] while others use the standard operating table. [13]

Even though many total hip arthroplasties and even resurfacing hip replacements are done
using this approach [10] due to limited access and technical demanding nature [14] this may
not be a popular approach among arthroplasty surgeons.

d. Specific complications, [15]

Damage to lateral cutaneous nerve and the anterior cutaneous nerve should be kept in mind. [16]
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e. Common surgical procedures

Even though hip arthroplasty is not commonly done some surgeons still prefer to do total hip
arthroplasty [17] and hip resurfacing [10] through an anterior approach.

f. Modifications to the approach

The modification of this approach includes two incision direct anterior approach and minimal‐
ly invasive direct anterior approaches. [18], [19] Low blood loss, early recovery, early mobilisa‐
tion reduced operating time are the advantages of the minimally invasive anterior approach. [20]

5. Antero-lateral approach (Watson-Jones)

Described initially by Watson-Jones [21] approaches the hip between tensor fascia lata and the
gluteus medius muscle planes.

a. Key Steps:

Position: The patient can be positioned supine or laterally on the table

In the supine position a sand bag may be placed under the pelvis on the operating side.

Incision: Longitudinal incision is made while flexing the hip slightly extending over the centre
of the greater trochanter running posteriorly along the shaft of the femur.

Soft tissue dissection: This is done by identifying the plane between the tensor fasciae latae and
the gluteus medius taking care not to damage the inferior branch of the superior gluteal nerve
as it supplies the former muscle.

Vastus lateralis is identified and the muscle is detached from the origin and the capsule
identified.

Internervous plane: Since the superior gluteal nerve supply both gluteus medius and tensor
fasciae latae it is difficult to define a true internervous plane for this approach. However as
long as the plane between these muscles are not dissected superiorly up to the origin the nerve
will remain intact.

Arthrotomy: The capsule is divided longitudinally over the anterior superior femoral neck.

Dislocation: This is done by applying external rotation, traction and adduction to dislocate the
hip.

Closure: The wound is closed in layers starting with the capsule. If a trochanteric osteotomy is
performed it has to be re attached.

b. Key advantages

The key advantages of the approach include stability, less chance of posterior dislocation, less
risk to sciatic nerve damage unless during dislocation where traction can stretch the nerve.
Precautions should also be taken not to damage the superior gluteal nerve.
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c. Key limitations

One of the key limitations is that possibility of abductors getting weak during dissection or by
denervation of the nerve supply. [22]

d. Specific complications

Damage to superior gluteal nerve and lateral circumflex femoral artery (LCFA) should be kept
in mind.

Damage to the femoral nerve and vessels are a relatively rare complication.

e. Modifications

Mueller modified the approach to avoid trochanteric osteotomy.

Another recent modification for this approach is the minimally invasive approach.[4] Antero
lateral minimally invasive approach (ALM) has been described as a good alternative [23] to
traditional approaches as it reduces hospital stay, surgical time, blood loss, morbidity, and
encourages early mobilisations, and recovery. Even though some report high complication
rates [24] with this approach over all this is an approach with many advantages in the modern
day practice. However this is a technically demanding procedure that needs expertise.

Trochanteric flip approach developed by Ganz et al is can be considered as a modification or
combined type approach where steps of posterior approach is used but the hip is dislocated
anteriorly by performing a trochanteric flip osteotomy.[2]

f. Advantages

The key advantage of this approach is the protection of medial circumflex femoral artery
thus preserving the main blood supply to the hip. Therefore this becomes an important ap‐
proach to use in conservative hip surgery and the surface replacement of the hip joint as this
can protect the femoral head and neck from developing avascular necrosis (AVN). [25] The
key step of this approach is the trochanteric flip osteotomy where a bony flip of around
1.5cm made over the greater trochanter and reflected anteriorly along with vastus lateralis,
gluteus medius and minimus and the hip is dislocated anteriorly thus avoiding and dissec‐
tion of short external rotators.

g. Key limitations

The key limitations include the patient need to be non-weight bearing for six weeks or until
the trochanteric osteotomy is healed. Non-union and separation of the osteotomy are other
potential complications. [6] (Fig 4)

6. Direct lateral approach

Direct lateral approach also called as the trans-gluteal approach initially described by Kocher
in 1903 [26] popularised by Hardinge in the modern age [27] gives good exposure to the hip
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joint preserving most of gluteus medius minimus and vastus lateralis, and the vascularity. It
exposes the femur well with good access to the joint.

a. Key steps

Position: This can either be done on lateral or supine position

Incision: from mid point of greater trochanter longitudinally along the femoral shaft extending
around 8-10 cm with proximal extension up to anterior superior iliac spine. [27]

Incision: Usually it is made about 7-10 cm below the tip of the greater trochanter along the
anterior border of the femur.

Soft tissue dissection: Gluteal fascia and illio tibial band divided and plane between tensor facia
late and gluteus maximus is identified. Gluteus medius incised and approach via gluteus
medius and vastus muscles.

Internervous plane: As the gluteus medius tendon and muscle fibres and the vastus lateralis
muscles are split there is no true internervous plane. However it is important are split protect
the superior gluteal nerve by making the incision distal to the point which it enters the muscle.

Dislocation: Leg can be externally rotated and abducted for dislocation [27].

Closure: Illio tibial ligament initially re attached followed by gluteus medius suturing.

Figure 4. Post-operative X ray of patient showing Hip resurfacing done through Posterior approach (Left Hip) and Tro‐
chanteric flip approach (Right hip), note the re-attachment of the osteotomy with screws and loosening of the lower
screw.
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b. Key advantages

This approach gives good access to the hip and yet preserves vascularity and minimise risk of
damage to sciatic nerve as compared to the posterior approach.

c. Key limitations

Damage to gluteal muscle mainly medius can increase recovery time,

d. Specific complications

Complications are relatively rare with low dislocation rates. Heterotopic ossification may be
a problem in selected cases. [28]

e. Common surgical procedures

Total hip replacements, hip resurfacing, [29] trauma, and many procedures can be done via
this.

f. Modifications

Modifications include the trans gluteal approach. [30] This has been compared with Watson
Jones approach and appear to be a good alternative to the traditional approach. [31] According
to some authors the surgical exposure can be improved by modifying the way muscle fibres
are split, fascia is cut retractors are placed and closing the wound. [32]

Lateral trans trochanteric approach was initially described in 1881 by Ollier and popularised
by Sir John Charnley provide a good exposure hip joint is mainly used in revision arthroplas‐
ties. [33]

7. Posterior approach

Also called, as the Southern approach is one of the commonest approaches used by the
orthopaedic surgeons at present.

a. Key Steps

Position: Mostly done in lateral position

Incision: standard incision is 10-15 cm long curve-linear extending from posterior superior iliac
spine to greater trochanter and extending down in a variable distance along the shaft of the
femur. The modern incisions are shorter than the standard. As this can be extended if needed
it is sensible to initially make a smaller incision and extend if needed.

Soft tissue dissection: Initially fascia lata and vastus lateralis is cut. The gluteus maximus fibres
are split. Then the hip is internally rotated and short external rotators are cut after holding
them with stay sutures.

Obturator internus and piriformis is detached and reflected backwards to protect the sciatic
nerve.
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Internervous plane: As we split through the fibres of gluteus maximus rather than between
muscle planes it is difficult to find a true internervous plane. How ever as the nerve enters the
muscle medial to the split the muscle denervation is unlikely.

Arthrotomy: Capsule is incised with a T shaped incision

Closure: Capsular closure is described but the practicality is an issue mainly following hip
arthroplasty procedures.

It is important re-attached the external rotators and obturator internus and piriformis.

b. Key advantages

This is a good approach that provides excellent exposure to both acetabulum and the femoral
head and neck equally making it easier to surgical procedures well.

c. Key Limitations

Due to the possibility that blood supply may get damaged resulting in AVN has limited it’s
used in conservative hip surgery such as open hip debridement, open surgery for hip im‐
pingement and use of this in paediatric population is not recommended.

d. Specific Complications

The posterior approach has specific complications these are

1. Damage to sciatic nerve, which could be either stretching which recover usually, or
permanent damage, which will result in a foot drop.

2. Damage to inferior gluteal vessels, branches of profunda femoris vessels and rarely
femoral vessels.

3. Invariably branches of medial circumflex femoral artery are cut during this approach,
which can theoretically give rise to AVN of femoral head and neck. This does not matter
in total hip replacement as the head and neck is removed but in conservative procedures
including hip resurfacing arthroplasty. Many authors have challenged however the
clinical implications of this blood flow drop. [34]- [37] Some argue the blood supply drop
is transient which may recover during post-operative period. [38]

e. Common surgical procedures

This is in an approach commonly used to do Primary and revision total hip replacements, hip
resurfacings, and other procedures such as open reduction of hip dislocations and fixation of
acetabular fractures.

f. Modifications

Minimally invasive (MIS) posterior approach is a modification. This approach when compared
with standard lateral approach has similar outcomes during early post-operative period such
as surgical duration, blood loss and hospital stay but long term results such as Harris Hip score
is higher in the MIS. [39] Similar results have been achieved when compared with postero-
lateral approaches. [40] When compared with the standard posterior approach it was found
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orthopaedic surgeons at present.

a. Key Steps

Position: Mostly done in lateral position

Incision: standard incision is 10-15 cm long curve-linear extending from posterior superior iliac
spine to greater trochanter and extending down in a variable distance along the shaft of the
femur. The modern incisions are shorter than the standard. As this can be extended if needed
it is sensible to initially make a smaller incision and extend if needed.

Soft tissue dissection: Initially fascia lata and vastus lateralis is cut. The gluteus maximus fibres
are split. Then the hip is internally rotated and short external rotators are cut after holding
them with stay sutures.

Obturator internus and piriformis is detached and reflected backwards to protect the sciatic
nerve.
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Internervous plane: As we split through the fibres of gluteus maximus rather than between
muscle planes it is difficult to find a true internervous plane. How ever as the nerve enters the
muscle medial to the split the muscle denervation is unlikely.

Arthrotomy: Capsule is incised with a T shaped incision

Closure: Capsular closure is described but the practicality is an issue mainly following hip
arthroplasty procedures.

It is important re-attached the external rotators and obturator internus and piriformis.

b. Key advantages

This is a good approach that provides excellent exposure to both acetabulum and the femoral
head and neck equally making it easier to surgical procedures well.

c. Key Limitations

Due to the possibility that blood supply may get damaged resulting in AVN has limited it’s
used in conservative hip surgery such as open hip debridement, open surgery for hip im‐
pingement and use of this in paediatric population is not recommended.

d. Specific Complications

The posterior approach has specific complications these are

1. Damage to sciatic nerve, which could be either stretching which recover usually, or
permanent damage, which will result in a foot drop.

2. Damage to inferior gluteal vessels, branches of profunda femoris vessels and rarely
femoral vessels.

3. Invariably branches of medial circumflex femoral artery are cut during this approach,
which can theoretically give rise to AVN of femoral head and neck. This does not matter
in total hip replacement as the head and neck is removed but in conservative procedures
including hip resurfacing arthroplasty. Many authors have challenged however the
clinical implications of this blood flow drop. [34]- [37] Some argue the blood supply drop
is transient which may recover during post-operative period. [38]

e. Common surgical procedures

This is in an approach commonly used to do Primary and revision total hip replacements, hip
resurfacings, and other procedures such as open reduction of hip dislocations and fixation of
acetabular fractures.

f. Modifications

Minimally invasive (MIS) posterior approach is a modification. This approach when compared
with standard lateral approach has similar outcomes during early post-operative period such
as surgical duration, blood loss and hospital stay but long term results such as Harris Hip score
is higher in the MIS. [39] Similar results have been achieved when compared with postero-
lateral approaches. [40] When compared with the standard posterior approach it was found
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to be less blood loss, less post-operative pain and early recovery. [41] Gibson approach [42] is
another modification and can be considered a poster-lateral type of approach.

8. Postero-lateral approach

Initially described by Langenback in 1874 [43] is another approach that can be used in hip
arthroplasty surgery. Compared with trans trochanteric approach it is believed that this has
less blood loss and shorter hospital stay. [44]

6.Medial approaches are mainly used developmental dysplasia of the hip, in young patients
and children as it protects most soft tissues and blood supply to the hip joint.

The medial approaches can be further sub classified to antero-medial, postero-medial (Fergu‐
son) and Ludloff’s approach

a. Antero-medial approach,

b. Postero-medial approach

c. Ludloff’s approach

These approaches are mainly used in children to treat DDH and open reduction of CDH and
other conservative procedures. [45], [46]

The minimally invasive approaches to the hip joint used in hip arthroplasty.

Due to ion crease blood loss, slow recovery increase intra operative time, and delay in discharge
more and more orthopaedic surgeons have been keen to develop minimally invasive ap‐
proaches. These are usually modifications of existing approaches so that a surgeon preferring
a certain standard approach can try the minimally approaches. The commonest minimally
invasive approaches are minimally invasive antero lateral, minimally invasive direct lateral
[24] minimally invasive posterior, minimally invasive anterior

The principles include shorter skin incision either single or multiple, minimal soft tissue
dissection, without compromising the access or the quality of the surgery.

Optimal incision is around 8-9 cm either used as single or two separate incisions. [47] [48]

The results suggests better immediate outcomes and similar long term out comes in total hip
arthroplasty for antero lateral MIS [23], postero-lateral MIS [49]

The reasons for developing Modified and modern approaches to the hip joint was mainly
driven by the concept of minimal invasive surgeries being developed through out the surgical
fields as they are supposed to be less invasive with low intra-operative complications such as
low blood loss, less tissue dissection and less operative time, with early recovery, early
mobilisation and early discharge from hospital. With development of smaller implants better
instrumentation, better pre-operative planning, use of navigation, and better intra-operative
imaging it has been possible to develop and use minimally invasive approaches to major
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surgeries like total hip arthroplasty or revision hip surgery. How ever at present there is debate
over the long term out comes quality of surgery including implant positioning and learning
curve for minimally invasive approaches over standard surgical approach. The answers to
these questions will come from the research done comparing minimally invasive approaches
versus the standard surgical approaches.

9. Conclusion

In conclusion it is important note that there are multiple surgical approaches to the hip joint
and some better suited for arthroplasty and some for more conservative hip surgery. A
checklist of factors one should consider before an approach is selected is,

1. What type of surgery? Is it conservative or hip arthroplasty?

2. If is arthroplasty, is it Total hip replacement, Hip resurfacing or a Revision hip replace‐
ment?

3. Age of patient? Adult young adult or a child

4. What part of the hip do you need the best exposure to? Acetabular socket, Femoral head
and neck or both

5. Surgeon’s preference and competence in doing the approach.

6. Whether the surgery is elective or trauma/emergency.

Surgical 
considerations 
Type of surgery

Arthroplasty
Total Hip
Resurfacing
Revision

Patient Factors
Age
Paediatric, young 
adult, adult
Sex

Exposure needed
Acetabular
Femoral head
Both

Other Surgeries
Conservative hip 
Trauma

Surgeon 
Preference
And expertise

Figure 5. Show different factors that has to be taken to consideration when selecting
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The relationship between the outcome of surgery and the surgical approach is still less
understood, even though many comparison studies have been done. [50] [51] The final decision
on what surgical approach to use is a clinical decision that has to be made by the operating
surgeon.
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1. Introduction

Total knee replacement (TKR) surgery is the gold standard method in the treatment of end
stage knee arthritis with a high success. Relieving pain effectively, restoring range of motion
and improving function are the major goals of arthroplasy. Patient satisfaction rates were
reported as 90% to 95% after TKR. [1-3] Better clinical results were gained in younger popu‐
lation than the older patients. Unfortunately, primary osteoarthritis is seen mainly in the
elderly. However, inflamatory arthritis, trauma, avascular necrosis and hemophilia are some
of the secondary causes leading osteoarthritis in younger population.. Nearly 1 million TKR
surgeries are performed on earth per year and this number is increasing day by day, with the
novel designed surface technologies. Despite the fact that new implant technologies secure
better results, a revision procedure may be required in some of the patients. Ofcourse the
amount of revision surgeries is also increasing in parallel with primary TKR surgeries.
Unfortunately, the clinical result of revision total knee arthroplasty isn’t succesfull enough as
primary total knee arthroplasty.

Polyethylene (PE) wear, aseptic loosening, instability and infections are counted among the
factors leading revision surgery [4,5]. The incidence of PE wear is decreased nowadays by the
development of ultra high cross-linked polyethilens (UHMWPE). PE wear is a serious problem
leading to aseptic loosening. Malalingment, malrotation and soft tissue imbalance after TKR
surgery are the other factors which may cause in aseptic loosening. Instability and problems
related with patella are among the other situations in which revision surgery may be requiredIt
is very clear that surgical technique of primary TKR is the main risk factor for early failures [6,
7]. Extensive preoperative planning is very important considering aforementioned particulars
to achieve accurate prosthetic seating with proper axial alignment. In this chapter, the
preoperative planning issues including pre-operative preparations of patient and surgeon will
be discussed.

© 2013 Erdogan et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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2. Pre-operative clinical evaluation

Pre-operative clinical evaluation is very substantial in assessing the current medical status and
determining the relative risk profile of the patient. It is very important for the orthopaedic
surgeon to understand the basic principles and nuances involved. Preoperative planning
initiates with selection of an apropriate candidate for TKR procedure. The patient’s expecta‐
tions and general risk factors plays an import role in this decision. Questioning of the patient’s
complaints and life quality, assesment of the medical condition and detailed physical exami‐
nation are the essentials of preoperative clinical evaluation.

3. Indication of TKR

Total knee replacement was found to be quite effective in terms of improvement in health-
related quality of life dimensions, with the occasional exception of the social dimension. The
underlying disease is not a life threatening one. The primary indications for total knee
arthroplasty are pain and loss of function. Clinical evaluation of the patient has to be initiated
by questioning of the complaints and disabilities.

There must be a significant and disabling pain which is resistant to the medical treatment.
Spinal disease, ipsilateral hip pathologies, peripheral vascular disease, meniscal pathologies,
and bursitis of the knee should be considered in differential diagnosis. The real source of the
knee pain must be displayed.

The patient's quality of life should be questioned and significant reduction might be taken into
consideration It should be remembered that the patients, which are less satisfied following TKR,
are the ones with mild pre-operative complaints. All conservative treatment modalities should
be exhausted before surgery. The frequent indications for TKR surgery are given on table 1.

Osteoarthritis

Inflammatory arthritis

Rheumatoid arthritis

Osteochondromatosis

Villonodular synovitis

Metabolic arthritis

Osteonecrosis

Gout, pseudogout

Posttraumatic arthritis

Intraarticular fractures

Malaligned ankylosis

Failed high tibial osteotomies

Table 1. The major indications for total knee arthroplasty
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4. Contrendications of TKR

Contraindications must be well known and considered before the surgery decision. Absolute
contraindications for total knee arthroplasty include knee sepsis, chronic infection, extansor
mechanism dysfunction, severe vascular disease, recurvatum deformity secondary to muscu‐
lar weakness, presence of well functioning knee arthrodesis. There are also relative and
contraversial contraindications. These include medical conditions that preclude safe anesthe‐
sia, inadequate soft tissue coverage, morbid obesity, neuropathic arthropathy, and history of
osteomyelitis around knee joint. A preoperative condition that can adversly affect the patient’s
outcome can be considered as a relative contraindication.

5. Medical condition of the patient

A comprehensive medical history and physical examination are the cornerstones of the
preoperative assessment. Patient’s medical comorbidities should be optimized preoperatively.
Cardiovascular diseases, cerebrovascular diseases, pulmonary diseases, neurologic condi‐
tions, rheumatoid arthritis, uropathy, morbid obesity, haematologic and endocrine diseases
are the important situations which may affect the intraoperative and postoperative morbidity
and mortality.. Drug history of the patient must be questioned too. Sources of infection such
as dental, dermatological, urological or respiratory tract infections must be ruled out. Age
alone was not found to be an obstacle for an effective surgery, however age related comor‐
bidities should be considered. Additional risks for infection, previous surgeries should be
adressed before surgery. Every patient must have a general medical evaluation including
laboratory tests, electrocardiogram and chest graphy. The type of the procedure also may
enhance the medical risks. For example, simultaneously performed bilateral TKR may be
associated with an increased risk of cardiac, respiratory or neurological complications. Low
preoperative mental health has also an influence on outcome after TKR [10].

The detailed physical examination should include the range of motion, ligament status,
circulation and skin condition evaluation. Furthermore alignment of lower extremities,
patellar instability and gait analysis should to be assessed. Additional knowledge and scientific
dissemination of surgery outcomes should help to ensure better management of the patients
after total knee arthroplasty and to optimize the procedure [12].

Underlying or predisposing orthopaedic diseases, which may interact the outcome of TKR
should be reviewed previously. Examples of such common musculoskeletal conditions are as
follows: 1) Nerve entrapments affecting motor functions of lower extremity, 2) Adjacent joint
degenerative arthritis 3) Presence of any inflamatory arthritis, which may flare after surgery
4) Any musculoskletal disability affecting postoperative mobility 5) Thromboembolic history
or predispositions.
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6. Radiographic assesment

An apropriate musculoskeletal radiologic study is essential in planning of TKR. The presence
of bone defects might be detected and pre-operative decision whether to use a primary or
revision implant should be given. Determination of the joint line is also important in deter‐
mining the flexion/extension space and balance of the ligaments.

Tracking of the quadriceps mechanism and rotational deformites are other important issues
for patellar stability, however may not be assessed on direct radiographs especially in
deformed knees with fixed valgus position.

Conventional radiographs are usually adequate for initial radiographic evaluation to confirm
the diagnosis or assess the severity of the disease. Preoperative radiographic planning for total
knee arthroplasty begins by obtaining a high quality standing antero-posterior (AP) and lateral
52-inch casette graphies. Additional views such as Merchant, tunnel, patella sunrise, orthor‐
oentgenogram or advanced imaging modalities such as CT, MRI may be necessary in extra‐
ordinary conditions such as congenital dislocation of the patella, post traumatic deformities,
severe deformities, tumors and congenital anomalies.

6.1. AP view

The AP view should be obtained with the patient in a standing position. The joint space on the
weight bearing AP film should be more than 3 mm or within 50% of the joint space of the
contralateral knee. Normally, the lateral joint space is wider than the medial space. Articular
surfaces of the medial and lateral joint compartments may be best assessed on this view. The
presence of associated osteophytes and subcondral bone changes are some of the findings
which may be seen on AP graphies.

6.2. Lateral view

The lateral aspect of the knee is leaned against the x ray film cassette and flexed 30°. The
excessive glide in flexion may be an indicator of posterior cruciate ligament tightness and
therefore PCL sacrifiying prosthesis must be considered before the surgery. Patellar height
should be assessed on this view using Insall-Salvati ratio. The Insall-Salvati is the ratio of the
patellar tendon length (LT) to the length of the patella (LP) (Figure 1). The values above 1,2 is
considered as “Patella Alta”, while the values belove 0,8 is considered as “Patella İnfera”.
Suprapatellar and posterior regions must be evaluated in terms of detecting the loose bodies.

Posterior of the knee joint is easily observed on this view and overhanging bone structure or
osteophytes should be determined. If left unresected, this overhanging bone can impinge on
tibial PE and result with flexion limitation and early wear of the PE.

The lateral view may also allow size selection of the femoral component (Figure 2). Oversizing
will create tightness in fexion and increased tension in quadriceps mechanism and undersizing
will create looseness in flexion and anterior cortical notching of the femur is also inevitable.
Careful preoperative planning with using templates aims to achieve the correct AP dimension
for restoring normal kinematics and quadriceps muscle function.
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6.3. Standing orthorontgenogram (52-inch casette three joint view)

Standing ap view of the lower extremities from hips to ankles is helpful preoperatively for
assessing overall alignment (mechanical axis) of the lower extremity. The knee is normally in
7 degree of valgus alignment on AP view.

6.2. Lateral view 

The  lateral aspect of  the knee  is  leaned against  the x  ray  film cassette and  flexed 30°. The excessive glide  in  flexion may be an 
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Patellar height should be assessed on this view using Insall‐Salvati ratio. The Insall‐Salvati is the ratio of the patellar tendon length 
(LT) to the length of the patella (LP) (Figure 1). The values above 1,2 is considered as “Patella Alta”, while the values belove 0,8 is 
considered as “Patella İnfera”. Suprapatellar and posterior regions must be evaluated in terms of detecting the loose bodies. 

 

Figure 1. Patella height is assessed via measuring Insall‐Salvati ratio (LP/P) on lateral graphies 

Posterior of the knee joint is easily observed on this view and overhanging bone structure or osteophytes should be determined. If 
left unresected, this overhanging bone can impinge on tibial PE and result with flexion limitation and early wear of the PE. 

The lateral view may also allow size selection of the femoral component (Figure 2). Oversizing will create tightness in fexion and 
increased tension  in quadriceps mechanism and undersizing will create  looseness in flexion and anterior cortical notching of the 
femur is also inevitable. Careful preoperative planning with using templates aims to achieve the correct AP dimension for restoring 
normal kinematics and quadriceps muscle function. 

6.3. Standing orthorontgenogram (52‐inch casette three joint view) 

Standing ap view of the lower extremities from hips to ankles is helpful preoperatively for assessing overall alignment (mechanical 
axis) of the lower extremity. The knee is normally in 7 degree of valgus alignment on AP view.  

 

Figure 2. Proper size of the femoral component is assessed via evaluation of the pre‐operative lateral radiographs.  
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Figure 2. Proper size of the femoral component is assessed via evaluation of the pre-operative lateral radiographs.

The orthorontgenogram allows the surgeon to determine the varus or valgus alignment of the
knees, leg length discrepancy and the presence of extraarticular deformities.
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Figure 1. Patella height is assessed via measuring Insall-Salvati ratio (LP/P) on lateral graphies
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It is essential to ensure to take this radiograph in neutral rotation of the legs to obtain the most
accurate measurements. It should be confirmed via inspecting the relationship between the
tibia and the fibula, distally and proximally.

6.4. Merchant view

Merchant view helps to assess the patellofemoral alignment, trochlear grove and articular
surfaces. Preoperatively patellar subluxation seen on this view should alert the surgeon for
lateral release of the patella during TKR. Merchant view demonstrates both the patellar and
trochlear surfaces. Subluxation can be assessed by measuring the congruence angle (Figure
3). Congruence angle demonstrates the relationship of apex of patella with the trochlear
grove’s bisector. Two lines are drawn to measure the congruence angle. First line is the bisector
line of femoral sulcus angle and it establishes a zero reference line. Second line is drawn from
the apex of the sulcus angle to the lowest point of the patellar articular ridge.

  
Lateral Medial 

Figure 3. The congruence angle (α) lower than 16° to lateral or medial direction is considered as normal.

If congruence angle is lateral to the reference line this means the angle is positive while angles
medial to the reference lines are considered as negative. The angles lower than 16 degree are
considered as normal.

6.5. Tunnel view

Tunnel view shows the posterior aspect of the intercondylar notch and it is useful to evaluate
osteocondritis dissecans or intraarticular loose bodies in young patients.

6.6. Patella sunrise view

This is called the sunrise view because the patella appears to be rising over the horizon. The
sunrise view also helps to identify the patellar malalignment.
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7. Surgeon’s preperation

Preoperative planning is essential component for surgeon in TKR to obtain desired clinical
outcome and radiographic result. Correct implant selection with proper size is one of the
important stage in preoperative planning. Patient’s and surgeon’s expectations should be
taken into consideration pre-operatively to improve the outcomes and increase the satisfaction
after operation [12]. Pre-operative planning of the bone cuts may simplify the surgery.
Positioning of the components is very important in acquiring the accurate alignment. Me‐
chanical axis measurement and alignment evaluation on AP and lateral planes may performed
on standing X-rays. Also entry points for intramedullary guide pins should be determined for
the correct component position.

During the process of planning of TKR, the surgeon aims to obtain the optimal fitting of the
implant and the optimal extremity alignment. This is possible for the surgeon by thinking
three-dimensionally. The prediction of the surgery pre-operatively should improve the
precision of the process and shorten the length of the operation. It should also reduce the
complication rate.

8. Templating

Most of the knee replacement systems provide a large number of options for treating condi‐
tions that are encountered during surgery. The different systems serve the surgeons different
sizes of implants in a wide range. Intra-operative determination of the implant sizes was found
more accurate than the pre-operative templating. However pre-operative templating is useful
in obtaining proper implant positioning. Working with templates is widely accepted approach,
which can help determine component sizes, predict amounts of bony resection, and anticipate
surgical steps. Acetate templating was found accurate and reliabile [13]. However, with
widespread use of digital radiographs the use of digital templating has recently grown due to
advances in reducing errors associated with manipulating films and templates (Figure 4).

Combining digital templating with picture archiving and communication system PACS brings
advantages include saving health care costs, quick and reproducible planning, remote access,
and the ability to keep a permanent digital record of the surgical plan.

Templating should also work in preparing the surgeon to some extreme scenarios which may
be encountered during surgery. For example; Standart cruciate retaining or sacrifiying implant
systems are usually enough to solve the problem in large majority of cases. Constrained or
even more complicated sytems with extension stems or wedges may be necessiated in small
number of primary cases (Figure 5). Modular systems should be required due to intraoperative
complications such as fractures or ligament tears.

Constrained condylar knee prosthesis (CCK) is commonly used in total knee replacement to
overcome the severe ligamentous imbalance problem. CCK may also be preferred if the lateral
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collateral ligament laxity more than 2 mm persists, even after adequate medial soft tissue
release in patients with varus deformity of greater than 20°.

Although women have greater functional limitations than men, at the time of the surgery, they
recover faster in early post-operative period. Women also have a greater improvement in
WOMAC scores than men after primary surgery. Specific anatomic differences are blamed to
be responsible for gender-specific differences after TKR. However, there are conflicting data
in the literature regarding these gender-specific outcomes [14].

There are also efforts in reducing costs and improving quality of care, which may planned in
preoperative period. Template-directed instrumentation was proposed for simplifying the
surgical instruments and saving sterilization costs of unnecessary implant trays as saving
measurement. In this novel approach, surgical planning combines digital templating with
prepared instruments and components used intraoperatively [15].

Computer based navigation should be prefered in complex cases to overcome the heavily
distorded anatomy or malalignment. There are also several quite recent technologies, like
patient specific surgical cutting guide systems or robotic assisted implantations in cases of
surgeon’s special interest. Beside the medical aspects surgeons have to deal with cost consid‐
erations and even discuss with the patient in preoperative planning period [16].

Figure 4. Templating
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1. Introduction

Human body is a unique correlation between anatomy and physiology. It is mandatory to
have adequate knowledge on this issue former to perform any kind of surgery. As in all
parts of human body, there are several variations in human knee concerning middle-eastern
and Asian ethnicity, which should be considered for performing total knee arthroplasty
among these races. These differences involve both in anatomical and physiological features,
causing variations in a wide spectrum from metabolic syndromes to morphology of knee
components.

During total knee replacement, the accurate bone cutting, adequate balancing of the soft tis‐
sues and proper coverage of the resected surface were important factors for achieving a suc‐
cessful outcome. In recent years, many studies have identified shape differences in the knee
within the Caucasian population. Total knee replacement is a precise procedure, requiring
accurate soft tissue balancing and resection of bone thickness equal to the thickness of the
implanted prosthetic component. Proper bone cuts for rotational alignment of the femur and
tibia in the axial plane represents the key for a balanced flexion gap and proper patella
tracking. Both represent important parameters for high flexion. [1] A properly shaped pros‐
thesis can provide the best coverage and avoid soft tissue impingement. Thus, it becomes
important to obtain the anthropometric data to achieve the best stability and longevity for
implant. Total knee prostheses based on the accurately morphologic data of knee, gender
morphologic difference, and the morphologic correlations between tibia and femur may be
expected to give better results.

© 2013 Hosseinzadeh et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
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Differences among males and females have been widely reported, with females having a
smaller mediolateral to anteroposterior ratio and more narrow distal femurs and different
proximal tibia geometry. [2, 3] However, ethnic differences have not received much focus
given that most existing TKA implant designs are based on the Caucasian population. But,
many studies have determined that the prostheses designed for Caucasian patients are not
suitable for Asian patients. Anatomic differences have been identified between both sex and
ethnicity, with Caucasian subjects having a higher tibial torsion angle and lower varus
alignment than Japanese.

As mentioned above, accurate sizing and proper placement of prosthetic components plays
a major role in the success and long term survival of total knee arthroplasty (TKA). The fem‐
oral component sizing is an important determinant for achieving a well-balanced flexion-ex‐
tension gap in a TKA. Mediolateral sizing of the femoral component is necessary for proper
patellofemoral tracking and uniform stress distribution over the resected distal femoral sur‐
face; this contributes to the long term stability of the prosthesis. [1] Most of the total knee
prostheses currently available have been developed using measurements from Caucasians.
Caucasian knees have been shown to be generally larger than Asian knees. [4] It follows that
these discrepancies may give rise to implant size mismatch with the resected bony surface of
Asian patients. Several studies have found that the femoral aspect ratio (mediolateral [fML]/
anteroposterior [fAP]) of the prostheses used in Asia were not suitable for Asian patients.
For instance, Ho et al reported that 3 of 5 TKA systems used in China tended to cause me‐
diolateral overhang of the component across the width of the resected femurs of Chinese pa‐
tients. The authors also found a larger femoral aspect ratio in small knees and a
proportionally smaller ratio in large knees, but all the 5 sets of implant systems examined in
the study showed little changes in the aspect ratio with AP length. [2]

Iorio et al showed that the Japanese patients had a significantly less postoperative range of
motion than white patients. Furthermore, 4.1% Japanese patients required revision after pri‐
mary posterior cruciate-retaining TKA within an average follow-up of 6.6 years, whereas
only 2.6% of their American cohort needed revision within an average follow-up of 9 years.
The authors suggested that the racial morphologic differences might be a factor causing the
differences in outcome. [5]

Systematic differences have also been observed. ACL laxity among Japanese is higher than
Caucasians. [4] It has also been proven that the ACL laxity is significantly different between
Malaysians and Caucasians. [6] This could be the result of different life style. The systematic
differences are explained further through the chapter.

Some rare complications accompanied by TKA are more common among the ethnicity, such
as insufficiency fracture. This could be as a result of having greater rates of risk factors like:
osteoporosis, overweight and gross varus deformity. Insufficiency fracture would be pre‐
sented by no history of trauma, sudden unset pain, knee instability and deformity. The pa‐
tient surprisingly is unable to walk. Unfortunately it is common to be misdiagnosed as MCL
insufficiency.
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That’s why it is very important to have special consideration while performing total knee
arthroplasty among Asian or middle-eastern ethnicity.

These findings on TKA mismatching have led some researchers to suggest that Asia Pacific
people should have special designs of TKA prosthesis system.

2. Three-dimensional morphology of the knee reveals ethnic differences

In recent years, many studies have identified shape differences in the knee within the Cau‐
casian population. [7, 8, 9] Shape analyses have identified sex differences in the femoral
midshaft, distal femur, and patella. [10] Ethnic differences have not received much focus
given that most existing TKA implant designs are based on the Caucasian population. Many
studies have reported the anatomy and comparison of East Asian populations (Japanese,
Chinese, Indian) to existing implant systems. Mahfouz et al in a comprehensive, 3D analysis
of the knee morphology identified shape differences in the distal femur and proximal tibia
among the ethnic groups. [11]

They found AMs (East Asian Male) had a smaller ML/AP (mediolateral/anteroposterior) ra‐
tio than CMs (Caucasian Male) (1.33 ± 0.12 versus 1.4 ± 0.06), contrary to Yue et al. The mean
and SD values of the ML for CMs (79 ± 4.6 mm) and CFs (Caucasian Female) (68.6 ± 4.8 mm)
were comparable to those published by Yue et al. The normalized ratios and nonlinear
shape analysis in this research supported differences between East Asians and Caucasians
independent of any scale factor. They also found differences in the ratio between AAF/CF
(African American Female/Caucasian Female) and AAM/CM (African American Male/
Caucasian Male), with the mean ratio being larger in CMs compared to AAMs and CFs com‐
pared to AAFs. [11, 12, 13]

This finding conflicts with Gillespie et al. who reported a larger ML/AP ratio in African
Americans than in Caucasians; however, their African American population was from the
early 20th century, which could account for differing anatomic features from the current pop‐
ulation. [3, 13] The radii of curvature analysis on both the medial and lateral condyles re‐
vealed AMs and AFs (American Female) tend to have more curved condyles (ie, smaller
radius of curvature) than Caucasians, implying a larger ROM. This finding agrees with
Leszko et al. who found an increased ROM of 153o for AF and 151o for AM compared to 146o

for CM. [14] Women from all ethnic groups had smaller, narrower knees with a smaller
ML/AP ratio.

This study by Mahfouz et al. shows that AAMs and AAFs have larger AP dimensions than
their Asian and Caucasian counterparts and AMs and AFs have smaller AP dimensions than
CMs and CFs. When compared to CFs with similar AP dimensions, AMs have larger ML di‐
mensions. In analyzing ethnic differences in tibial anatomy, AAMs have larger LAPs (lateral
anteroposterior diameter) and smaller MAPs (medial anteroposterior diameter) (Figure 1-B)
than CMs, while also having larger ML and AP dimensions than AMs. AMs and AFs have
smaller ML and AP dimensions than CMs and CFs. This study also identifies shape differen‐
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given that most existing TKA implant designs are based on the Caucasian population. But,
many studies have determined that the prostheses designed for Caucasian patients are not
suitable for Asian patients. Anatomic differences have been identified between both sex and
ethnicity, with Caucasian subjects having a higher tibial torsion angle and lower varus
alignment than Japanese.

As mentioned above, accurate sizing and proper placement of prosthetic components plays
a major role in the success and long term survival of total knee arthroplasty (TKA). The fem‐
oral component sizing is an important determinant for achieving a well-balanced flexion-ex‐
tension gap in a TKA. Mediolateral sizing of the femoral component is necessary for proper
patellofemoral tracking and uniform stress distribution over the resected distal femoral sur‐
face; this contributes to the long term stability of the prosthesis. [1] Most of the total knee
prostheses currently available have been developed using measurements from Caucasians.
Caucasian knees have been shown to be generally larger than Asian knees. [4] It follows that
these discrepancies may give rise to implant size mismatch with the resected bony surface of
Asian patients. Several studies have found that the femoral aspect ratio (mediolateral [fML]/
anteroposterior [fAP]) of the prostheses used in Asia were not suitable for Asian patients.
For instance, Ho et al reported that 3 of 5 TKA systems used in China tended to cause me‐
diolateral overhang of the component across the width of the resected femurs of Chinese pa‐
tients. The authors also found a larger femoral aspect ratio in small knees and a
proportionally smaller ratio in large knees, but all the 5 sets of implant systems examined in
the study showed little changes in the aspect ratio with AP length. [2]

Iorio et al showed that the Japanese patients had a significantly less postoperative range of
motion than white patients. Furthermore, 4.1% Japanese patients required revision after pri‐
mary posterior cruciate-retaining TKA within an average follow-up of 6.6 years, whereas
only 2.6% of their American cohort needed revision within an average follow-up of 9 years.
The authors suggested that the racial morphologic differences might be a factor causing the
differences in outcome. [5]

Systematic differences have also been observed. ACL laxity among Japanese is higher than
Caucasians. [4] It has also been proven that the ACL laxity is significantly different between
Malaysians and Caucasians. [6] This could be the result of different life style. The systematic
differences are explained further through the chapter.

Some rare complications accompanied by TKA are more common among the ethnicity, such
as insufficiency fracture. This could be as a result of having greater rates of risk factors like:
osteoporosis, overweight and gross varus deformity. Insufficiency fracture would be pre‐
sented by no history of trauma, sudden unset pain, knee instability and deformity. The pa‐
tient surprisingly is unable to walk. Unfortunately it is common to be misdiagnosed as MCL
insufficiency.
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That’s why it is very important to have special consideration while performing total knee
arthroplasty among Asian or middle-eastern ethnicity.

These findings on TKA mismatching have led some researchers to suggest that Asia Pacific
people should have special designs of TKA prosthesis system.

2. Three-dimensional morphology of the knee reveals ethnic differences

In recent years, many studies have identified shape differences in the knee within the Cau‐
casian population. [7, 8, 9] Shape analyses have identified sex differences in the femoral
midshaft, distal femur, and patella. [10] Ethnic differences have not received much focus
given that most existing TKA implant designs are based on the Caucasian population. Many
studies have reported the anatomy and comparison of East Asian populations (Japanese,
Chinese, Indian) to existing implant systems. Mahfouz et al in a comprehensive, 3D analysis
of the knee morphology identified shape differences in the distal femur and proximal tibia
among the ethnic groups. [11]

They found AMs (East Asian Male) had a smaller ML/AP (mediolateral/anteroposterior) ra‐
tio than CMs (Caucasian Male) (1.33 ± 0.12 versus 1.4 ± 0.06), contrary to Yue et al. The mean
and SD values of the ML for CMs (79 ± 4.6 mm) and CFs (Caucasian Female) (68.6 ± 4.8 mm)
were comparable to those published by Yue et al. The normalized ratios and nonlinear
shape analysis in this research supported differences between East Asians and Caucasians
independent of any scale factor. They also found differences in the ratio between AAF/CF
(African American Female/Caucasian Female) and AAM/CM (African American Male/
Caucasian Male), with the mean ratio being larger in CMs compared to AAMs and CFs com‐
pared to AAFs. [11, 12, 13]

This finding conflicts with Gillespie et al. who reported a larger ML/AP ratio in African
Americans than in Caucasians; however, their African American population was from the
early 20th century, which could account for differing anatomic features from the current pop‐
ulation. [3, 13] The radii of curvature analysis on both the medial and lateral condyles re‐
vealed AMs and AFs (American Female) tend to have more curved condyles (ie, smaller
radius of curvature) than Caucasians, implying a larger ROM. This finding agrees with
Leszko et al. who found an increased ROM of 153o for AF and 151o for AM compared to 146o

for CM. [14] Women from all ethnic groups had smaller, narrower knees with a smaller
ML/AP ratio.

This study by Mahfouz et al. shows that AAMs and AAFs have larger AP dimensions than
their Asian and Caucasian counterparts and AMs and AFs have smaller AP dimensions than
CMs and CFs. When compared to CFs with similar AP dimensions, AMs have larger ML di‐
mensions. In analyzing ethnic differences in tibial anatomy, AAMs have larger LAPs (lateral
anteroposterior diameter) and smaller MAPs (medial anteroposterior diameter) (Figure 1-B)
than CMs, while also having larger ML and AP dimensions than AMs. AMs and AFs have
smaller ML and AP dimensions than CMs and CFs. This study also identifies shape differen‐

Special Considerations in Asian Knee Arthroplasty
http://dx.doi.org/10.5772/53595

35



ces in the distal femur and proximal tibia between sexes in each ethnic population. Males
across all ethnicities have average 9-mm larger ML and 5-mm larger AP dimensions than
their female counterparts. AAMs and CFs have shallower patellar grooves than AAFs and
CMs. Females have more curved femurs in all ethnicities. Males have larger tibial AP di‐
mensions than females. AAMs and CMs have larger ML dimensions than AAFs and CFs,
respectively. Differences in femoral and tibial shapes are also identified in comparing
shapes across populations based on differences in ML/AP, AML/PML (anterior mediolateral
length/posterior mediolateral length), and MAP/LAP ratios. [11] (Figure 1-A)

(a) (b) 

Figure 1. A) Diagram illustrating measurements on the distal femur. AML = Anterior mediolateral length, PML = Poste‐
rior mediolateral length, LAP = Lateral anteroposterior diameter, MAP = Medial anteroposterior diameter. B) Diagram
illustrating measurements on the proximal tibia. ML = Mediolateral width, AP = Anteroposterior length, MAP = Medial
anteroposterior length, LAP = Lateral anteroposterior length.

3. Normal development of the knee angle

Development of the knee angle from bowlegs (varus) in the infant to knock knees (valgus)
in early childhood is a part of normal and physiological development. Several researchers
have studied knee angle variation in various parts of the world and many of them have
tried to set standards for certain ethnic/social groups. [15, 16, 17]

The TFA has been described as the angle defined by the mechanical axis of the femur inter‐
secting the mechanical axis of the tibia.

There are studies available regarding normal development of the knee angle in whites, Chi‐
nese, Nigerians, Koreans, and Turkish children. Saini UC et al. have found that none of the
subjects had a varus knee alignment in the more than 3 years age groups. Also, even for the
children in the 2 years age group, the mean TFA was positive, indicating a mean valgus
alignment in Indian children, even at the age of 2 years. [18] This was contrary to the find‐
ings of the largest study carried to date by Cheng et al. in the Chinese population, which
showed a mean varus TFA at the age of 2 years. After 3 years, the authors noted a rapid
decrease in the mean IMD in the Chinese children, reaching 0 cm at the age of 8 years, with
a normal range of ±3 cm. [19] In Turkish children, Arazi et al noted a significantly higher

Arthroplasty - Update36

degree of valgus angle than that in previous reports. The maximal mean valgus angle was
9.6o at 7 years of age for boys and 9.8o at 6 years of age for girls. These differences were con‐
sidered to be racial differences between Turkish children and those of other races. Turkish
children aged between 3 and 17 years were found to exhibit up to 11o physiologic valgus.
The authors concluded that a measurable varus angle or a valgus higher than 11o during this
period should be considered as abnormal. [20] In a study conducted by Heath and Staheli in
white children, using clinical measurements of the TFA and the ICD and IMD, children
were maximally bow-legged at the age of 6 months and progressed toward approximately
neutral knee angles (0.0o) by the age of 18 months. They found the greatest mean knock knee
of 8o at the age of 4 years, which was followed by a gradual decrease to a mean of 6o at 11
years of age. Normal children aged 2–11 years had knock knee up to 12o and IMD up to 8
cm. The existence of bowlegs after the age of 2 years was found to be abnormal. [21] Yoo et
al. carried out a study on normal healthy Korean children, with full-length anteroposterior
view standing radiographs. They found that the overall patterns of the chronological
changes in the knee angle were similar to those described previously in western or Asian
children, but the knee angle development was delayed, i.e., genu varum before 1 year, neu‐
tral at 1.5 years, increasing genu valgum with a maximum value of 7.8o at 4 years, followed
by a gradual decrease to approximately 5–6o of genu valgum of the adult level at 7–8 years
of age. Although the use of different techniques to estimate the knee angles might be re‐
sponsible for variations in observations in different studies, it is more likely that these varia‐
tions are possibly due to the ethnical and racial differences that might exist in different
population groups. [22] Arazi et al found the weight of children at a specific age to have a
negative correlation with the ICD of the subject. However, this correlation was found to be
weak and although statistically significant, it might not be of any clinical significance. The
only possible explanation to this might be the relatively thick thighs of the heavier children,
which is expected to subjectively decrease the ICD. However, considering the fact that fixed
body landmarks on the body should not change even in obese children, this result is hard to
explain. [20]

Oginni et al. who measured the knee angles of 2,036 normal Nigerian children up to an age
of 12 years. In their study, they found the majority of the knees to be bowed (varus) in the
first 6 months. At 21–23 months of age, the distribution of angles became strongly bimodal:
about half being varus and half being valgus (knock-kneed). After this, the knee angle was
found to be valgus in most of the children. They concluded that the change from varus to
valgus in individual infants might be sudden (a few weeks), although the changeover of the
whole population appeared smooth and gradual. The authors also concluded that varus
knee alignment was uncommon after 2 years in Nigerian children and large knee angles be‐
tween 2 and 5 years suggested rickets. However, in their study, the children became maxi‐
mally and uniformly knock-kneed (-7.1o ± 1.4o) between 3 and 3.5 years, with little change
thereafter. [23] This is contrary to the findings in Indian children, in whom the maximum
valgus has been found to occur at an age of 5–6 years. [18] As the literature shows, there is a
wide variation in the normal development of the knee angle, which might be physiological.
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ces in the distal femur and proximal tibia between sexes in each ethnic population. Males
across all ethnicities have average 9-mm larger ML and 5-mm larger AP dimensions than
their female counterparts. AAMs and CFs have shallower patellar grooves than AAFs and
CMs. Females have more curved femurs in all ethnicities. Males have larger tibial AP di‐
mensions than females. AAMs and CMs have larger ML dimensions than AAFs and CFs,
respectively. Differences in femoral and tibial shapes are also identified in comparing
shapes across populations based on differences in ML/AP, AML/PML (anterior mediolateral
length/posterior mediolateral length), and MAP/LAP ratios. [11] (Figure 1-A)

(a) (b) 

Figure 1. A) Diagram illustrating measurements on the distal femur. AML = Anterior mediolateral length, PML = Poste‐
rior mediolateral length, LAP = Lateral anteroposterior diameter, MAP = Medial anteroposterior diameter. B) Diagram
illustrating measurements on the proximal tibia. ML = Mediolateral width, AP = Anteroposterior length, MAP = Medial
anteroposterior length, LAP = Lateral anteroposterior length.

3. Normal development of the knee angle

Development of the knee angle from bowlegs (varus) in the infant to knock knees (valgus)
in early childhood is a part of normal and physiological development. Several researchers
have studied knee angle variation in various parts of the world and many of them have
tried to set standards for certain ethnic/social groups. [15, 16, 17]

The TFA has been described as the angle defined by the mechanical axis of the femur inter‐
secting the mechanical axis of the tibia.

There are studies available regarding normal development of the knee angle in whites, Chi‐
nese, Nigerians, Koreans, and Turkish children. Saini UC et al. have found that none of the
subjects had a varus knee alignment in the more than 3 years age groups. Also, even for the
children in the 2 years age group, the mean TFA was positive, indicating a mean valgus
alignment in Indian children, even at the age of 2 years. [18] This was contrary to the find‐
ings of the largest study carried to date by Cheng et al. in the Chinese population, which
showed a mean varus TFA at the age of 2 years. After 3 years, the authors noted a rapid
decrease in the mean IMD in the Chinese children, reaching 0 cm at the age of 8 years, with
a normal range of ±3 cm. [19] In Turkish children, Arazi et al noted a significantly higher
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degree of valgus angle than that in previous reports. The maximal mean valgus angle was
9.6o at 7 years of age for boys and 9.8o at 6 years of age for girls. These differences were con‐
sidered to be racial differences between Turkish children and those of other races. Turkish
children aged between 3 and 17 years were found to exhibit up to 11o physiologic valgus.
The authors concluded that a measurable varus angle or a valgus higher than 11o during this
period should be considered as abnormal. [20] In a study conducted by Heath and Staheli in
white children, using clinical measurements of the TFA and the ICD and IMD, children
were maximally bow-legged at the age of 6 months and progressed toward approximately
neutral knee angles (0.0o) by the age of 18 months. They found the greatest mean knock knee
of 8o at the age of 4 years, which was followed by a gradual decrease to a mean of 6o at 11
years of age. Normal children aged 2–11 years had knock knee up to 12o and IMD up to 8
cm. The existence of bowlegs after the age of 2 years was found to be abnormal. [21] Yoo et
al. carried out a study on normal healthy Korean children, with full-length anteroposterior
view standing radiographs. They found that the overall patterns of the chronological
changes in the knee angle were similar to those described previously in western or Asian
children, but the knee angle development was delayed, i.e., genu varum before 1 year, neu‐
tral at 1.5 years, increasing genu valgum with a maximum value of 7.8o at 4 years, followed
by a gradual decrease to approximately 5–6o of genu valgum of the adult level at 7–8 years
of age. Although the use of different techniques to estimate the knee angles might be re‐
sponsible for variations in observations in different studies, it is more likely that these varia‐
tions are possibly due to the ethnical and racial differences that might exist in different
population groups. [22] Arazi et al found the weight of children at a specific age to have a
negative correlation with the ICD of the subject. However, this correlation was found to be
weak and although statistically significant, it might not be of any clinical significance. The
only possible explanation to this might be the relatively thick thighs of the heavier children,
which is expected to subjectively decrease the ICD. However, considering the fact that fixed
body landmarks on the body should not change even in obese children, this result is hard to
explain. [20]

Oginni et al. who measured the knee angles of 2,036 normal Nigerian children up to an age
of 12 years. In their study, they found the majority of the knees to be bowed (varus) in the
first 6 months. At 21–23 months of age, the distribution of angles became strongly bimodal:
about half being varus and half being valgus (knock-kneed). After this, the knee angle was
found to be valgus in most of the children. They concluded that the change from varus to
valgus in individual infants might be sudden (a few weeks), although the changeover of the
whole population appeared smooth and gradual. The authors also concluded that varus
knee alignment was uncommon after 2 years in Nigerian children and large knee angles be‐
tween 2 and 5 years suggested rickets. However, in their study, the children became maxi‐
mally and uniformly knock-kneed (-7.1o ± 1.4o) between 3 and 3.5 years, with little change
thereafter. [23] This is contrary to the findings in Indian children, in whom the maximum
valgus has been found to occur at an age of 5–6 years. [18] As the literature shows, there is a
wide variation in the normal development of the knee angle, which might be physiological.
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3.1. Development of tibiofemoral angle in Indian children

Saini et al. observed the highest mean IMD of 4.5 cm in children aged 5 years, with a mini‐
mum mean of 1 cm at the age of 9 years. They also found that the maximum mean valgus
was seen at the age of 6 years in Indian children. Thereafter, the valgus alignment decreased
in Indian children and the mean TFA stabilized to lie between 4 and 5o in most of the chil‐
dren after the age of 10 years. Indian girls overall showed more valgus at the knees than
boys and the results were statistically significant, especially at the age of 6 years, when peak
valgus was achieved in Indian children. The maximum TFA of 11o was seen in a 6-year-old
perfectly healthy girl. They also found a boy with a valgus knee angle of 10.5o at the age of 5
years. [18]

In India, there are statistically significant differences between the mean TFA of boys and
girls in the age groups of 3, 5, and 6 years (Table 2). The mean TFA is significantly higher in
Indian girls of age groups 3 and 6 years, while Indian boys of age group 5 years showed a
significantly higher mean TFA. After the age of 6 years, there are no statistically significant
differences between the mean TFA of Indian boys and girls.

Neither height nor body mass of a child at a specific age group have statistically significant
correlation with the mean TFA or the ICD or IMD. [18]

Age in years Mean TFA of males (±SD) Mean TFA of females (±SD)

2 1.0 ± 3.1 1.0 ± 3.6

3 1.6 ± 3.6 3.4 ± 1.5

4 3.9 ± 1.4 4.8 ± 1.3

5 7.5 ± 2.2 5.9 ± 1.8

6 7.2 ± 2.6 9.0 ± 1.9

7 5.8 ± 1.5 6.4 ± 2.0

8 5.7 ± 2.5 6.7 ± 1.8

9 5.3 ± 2.2 5.9 ± 1.0

10 5.3 ± 2.3 5.6 ± 1.9

11 4.58 ± 2.35 5.30 ± 2.49

12 4.70 ± 2.15 5.16 ± 0.98

13 4.68 ± 1.95 5.10 ± 0.87

14 4.56 ± 1.45 5.00 ± 0.63

15 4.55 ± 2.13 5.00 ± 0.81

Total 4.61 ± 2.96 5.39 ± 2.45

Table 1. Mean TFA ± SD distribution amongst male and female children at different ages
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3.2. Development of tibiofemoral angle in Korean children

Yoo JH et al found that in Korean children, knee alignment or aTFA was in varus alignment
in infancy, and became neutral at an average age of 1.5 yr. Development into valgus align‐
ment continued until age 4 yr when it peaked at 7.8°. It then decreased slowly to plateau at
5-6° at age 7 to 8 yr, and remained at this level thereafter. This pattern of knee alignment
change is similar to that found previously in other ethnic groups, except that the valgus
peak occurred later. [22]

3.3. Axial alignment of the lower extremity in Chinese adults

Achieving normal axial alignment of the lower extremity is important to surgeons who per‐
form reconstructive surgery of the knee. The normal alignment of the lower extremity in
Caucasians has been documented by Moreland et al. with use of radiographs of the lower
extremity. [24]

Tang WM et al. showed that the extremities of the Chinese women had a mean of 2.2 ± 2.5
degrees of varus alignment, and those of the Chinese men had a mean of 2.2 ± 2.7 degrees of
varus alignment. The knees of Chinese female subjects, therefore, were in more varus align‐
ment than were those in the white female subjects in the study by Hsu et al. [17, 25]

The inferolateral angle (Angle A in figure 2) between the knee joint surface and the mechani‐
cal axis of the tibia is an index of knee joint obliquity. If this angle is 90 degrees, the knee-
joint surface is perpendicular to the mechanical axis. The knee-joint surface is inclined
toward the medial side if this angle is larger than 90 degrees. This angle was a mean (and
standard deviation) of 95.4 ± 2.5 degrees (range, 89.0 to 100.0 degrees) in the women and
94.9 ± 2.3 deegrees (range, 90.5 to 102.0 degrees) in the men in this study. The mean medial
inclination (Angle B in figure 2) of the knee joint surfaces in Chinese female and male sub‐
jects therefore was 5.4 ± 2.5 degrees and 4.9 ± 2.3 degrees, respectively, which is significantly
more oblique than the commonly reported 3 degrees. The inferolateral angle in both the
right and the left extremity in Chinese male subjects was significantly larger than that in the
white subjects in the study by Moreland et al. In the study by Hsu et al., this angle was a
mean of 91.0 ± 1.4 degrees in thirty white men (sixty lower extremities) who ranged in age
from twenty-five to forty years and a mean of 90.1 ± 1.9 degrees in thirty white women who
ranged in age from twenty-five to forty years. [24, 25]

As noted by Insall, one should be cautious in describing what is “normal” because of the
substantial individual variations. Currently, designers of most total knee arthroplasty sys‐
tems recommend placement of the components in such a way that the transverse axis of the
artificial knee joint is perpendicular to the mechanical axes of the tibia and the femur. The
resulting alignment of the lower extremity, therefore, is in close proximity to the alignment
documented by Moreland et al. and Hsu et al. The mechanical axes of the femur and the ti‐
bia did not form a straight line in either Chinese males or females. This finding is in contrast
to the general consensus that has been described previously. The Chinese females had more
varus alignment of the knee than did the white female subjects in the study by Hsu et al.
The authors did not find the same difference between the Chinese male subjects and the
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3.1. Development of tibiofemoral angle in Indian children

Saini et al. observed the highest mean IMD of 4.5 cm in children aged 5 years, with a mini‐
mum mean of 1 cm at the age of 9 years. They also found that the maximum mean valgus
was seen at the age of 6 years in Indian children. Thereafter, the valgus alignment decreased
in Indian children and the mean TFA stabilized to lie between 4 and 5o in most of the chil‐
dren after the age of 10 years. Indian girls overall showed more valgus at the knees than
boys and the results were statistically significant, especially at the age of 6 years, when peak
valgus was achieved in Indian children. The maximum TFA of 11o was seen in a 6-year-old
perfectly healthy girl. They also found a boy with a valgus knee angle of 10.5o at the age of 5
years. [18]

In India, there are statistically significant differences between the mean TFA of boys and
girls in the age groups of 3, 5, and 6 years (Table 2). The mean TFA is significantly higher in
Indian girls of age groups 3 and 6 years, while Indian boys of age group 5 years showed a
significantly higher mean TFA. After the age of 6 years, there are no statistically significant
differences between the mean TFA of Indian boys and girls.

Neither height nor body mass of a child at a specific age group have statistically significant
correlation with the mean TFA or the ICD or IMD. [18]

Age in years Mean TFA of males (±SD) Mean TFA of females (±SD)

2 1.0 ± 3.1 1.0 ± 3.6

3 1.6 ± 3.6 3.4 ± 1.5

4 3.9 ± 1.4 4.8 ± 1.3

5 7.5 ± 2.2 5.9 ± 1.8

6 7.2 ± 2.6 9.0 ± 1.9

7 5.8 ± 1.5 6.4 ± 2.0

8 5.7 ± 2.5 6.7 ± 1.8

9 5.3 ± 2.2 5.9 ± 1.0

10 5.3 ± 2.3 5.6 ± 1.9

11 4.58 ± 2.35 5.30 ± 2.49

12 4.70 ± 2.15 5.16 ± 0.98

13 4.68 ± 1.95 5.10 ± 0.87

14 4.56 ± 1.45 5.00 ± 0.63

15 4.55 ± 2.13 5.00 ± 0.81

Total 4.61 ± 2.96 5.39 ± 2.45

Table 1. Mean TFA ± SD distribution amongst male and female children at different ages
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3.2. Development of tibiofemoral angle in Korean children

Yoo JH et al found that in Korean children, knee alignment or aTFA was in varus alignment
in infancy, and became neutral at an average age of 1.5 yr. Development into valgus align‐
ment continued until age 4 yr when it peaked at 7.8°. It then decreased slowly to plateau at
5-6° at age 7 to 8 yr, and remained at this level thereafter. This pattern of knee alignment
change is similar to that found previously in other ethnic groups, except that the valgus
peak occurred later. [22]

3.3. Axial alignment of the lower extremity in Chinese adults

Achieving normal axial alignment of the lower extremity is important to surgeons who per‐
form reconstructive surgery of the knee. The normal alignment of the lower extremity in
Caucasians has been documented by Moreland et al. with use of radiographs of the lower
extremity. [24]

Tang WM et al. showed that the extremities of the Chinese women had a mean of 2.2 ± 2.5
degrees of varus alignment, and those of the Chinese men had a mean of 2.2 ± 2.7 degrees of
varus alignment. The knees of Chinese female subjects, therefore, were in more varus align‐
ment than were those in the white female subjects in the study by Hsu et al. [17, 25]

The inferolateral angle (Angle A in figure 2) between the knee joint surface and the mechani‐
cal axis of the tibia is an index of knee joint obliquity. If this angle is 90 degrees, the knee-
joint surface is perpendicular to the mechanical axis. The knee-joint surface is inclined
toward the medial side if this angle is larger than 90 degrees. This angle was a mean (and
standard deviation) of 95.4 ± 2.5 degrees (range, 89.0 to 100.0 degrees) in the women and
94.9 ± 2.3 deegrees (range, 90.5 to 102.0 degrees) in the men in this study. The mean medial
inclination (Angle B in figure 2) of the knee joint surfaces in Chinese female and male sub‐
jects therefore was 5.4 ± 2.5 degrees and 4.9 ± 2.3 degrees, respectively, which is significantly
more oblique than the commonly reported 3 degrees. The inferolateral angle in both the
right and the left extremity in Chinese male subjects was significantly larger than that in the
white subjects in the study by Moreland et al. In the study by Hsu et al., this angle was a
mean of 91.0 ± 1.4 degrees in thirty white men (sixty lower extremities) who ranged in age
from twenty-five to forty years and a mean of 90.1 ± 1.9 degrees in thirty white women who
ranged in age from twenty-five to forty years. [24, 25]

As noted by Insall, one should be cautious in describing what is “normal” because of the
substantial individual variations. Currently, designers of most total knee arthroplasty sys‐
tems recommend placement of the components in such a way that the transverse axis of the
artificial knee joint is perpendicular to the mechanical axes of the tibia and the femur. The
resulting alignment of the lower extremity, therefore, is in close proximity to the alignment
documented by Moreland et al. and Hsu et al. The mechanical axes of the femur and the ti‐
bia did not form a straight line in either Chinese males or females. This finding is in contrast
to the general consensus that has been described previously. The Chinese females had more
varus alignment of the knee than did the white female subjects in the study by Hsu et al.
The authors did not find the same difference between the Chinese male subjects and the
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white male subjects described by Moreland et al. and Hsu et al. Insall and Hungerford et al.
described a 3-degree varus alignment of the knee-joint surface with reference to the mechan‐
ical axis of the tibia. Although Moreland et al. confirmed this 3-degree varus in white men,
the finding was not reproduced in the study by Hsu et al. In this study of Chinese subjects,
the surface of the knee joint had a medial inclination with respect to the tibia that was a
mean of 5.4 degrees in the women and 4.9 degrees in the men. The values were found to be
significantly different from those of the white subjects in the studies of Moreland et al. and
Hsu et al. Therefore, if the tibial cut in a total knee arthroplasty is placed perpendicular to
the mechanical axis of the tibia, 5 degrees of external rotation of the femoral component in‐
stead of the commonly reported 3 degrees might be necessary to produce a rectangular flex‐
ion gap in Chinese patients. [24, 25]

Fang et al. showed that femora in Chinese individuals are more bowed. In such patients, a
short intramedullary rod entering the femur at the apex of the inter-condylar notch (femoral
anatomical axis I) with a 4-degree distal cutting block is more likely to produce a distal fem‐
oral cut that is perpendicular to the mechanical axis of the femur. However, the choice of the
cutting block should be individualized according to the preoperative planning on weight-
bearing radiographs of the whole lower extremity. It is also interesting to note that the de‐
signers of some instrumentation systems have recommended use of a distal femoral cutting
block with a smaller angle in taller individuals on the basis of the assumption that taller pa‐
tients have a smaller physiological valgus angle of the femur. [26]

Figure 2. Diagram showing the anatomic (red) and mechanical (green) axes of the lower limb and the angles be‐
tween them.
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3.4. Axial alignment of the lower extremity in healthy Indian adults

Mullaji et al showed that the mean HKTA angle in healthy indian adults was 1.3° ± 0.8° of
varus,mean distal femoral axis-femoral mechanical axis angle was 5.5° ± 0.8°, mean femoral
condylarmechanical axis angle was 93.1° ± 1.6°, and mean femoral bow was 0.4° ± 1.2°. [27]

3.5. Variances in sagittal femoral shaft bowing

Tang WM et al have confirmed in Chinese patients distal sagittal bowing is a constant and
important feature, and it affects the positioning of the femoral component on the sagittal
plane. There is a dilemma of implanting the femoral component either according to the anat‐
omy of the distal femur ignoring the bowing, or according the longitudinal axis of the femur
on the sagittal plane. On one hand, following the distal anatomy might sufficiently flex the
femoral component that it results in an undesirable impingement of the anterior aspect of
the polyethylene post on knee extension if posterior-stabilized implants are used and thus
become a source of osteolysis-inducing polyethylene particles. However, following the lon‐
gitudinal axis of the femur might result in an extended femoral component that could com‐
promise the anterior cortex of the distal femur. In Chinese patients who have undergone
TKA, distal sagittal bowing of the femur is common but the common pattern is posterome‐
dial osteoarthritis. This apparent inconsistency could be the result of differences in tibial
slope and the joint line obliquity in Chinese patients. [28]

4. Three dimensional morphometry of the Chinese knees

4.1. Proximal tibial morphology

The average tibial mediolateral (tML) and tibial anteroposterior (tAP) measurement for Chi‐
nese knees are 73.0±4.6 mm and 48.8±3.4 mm, respectively. Males have larger values for tML
and tAP compared with females. The male subject have larger values than female subject in
the mediolateral dimension under a given anteroposterior dimension. [29] To evaluate pos‐
sible differences between the medial and lateral plateau, Bo Cheng et al measured the tMAP
and tLAP, and found that the tMAP was larger than the tLAP by an average of 5.6±3.2 mm
in males and 5.1±2.2 in females, the CL had larger values than CM (Figure 1, B) by an aver‐
age of 4.9±2.2 mm in males and 4.3±1.7 mm in females. They also calculated the aspect ratio
of the tibia (tML/tAP%). The average aspect ratio of the tibia was 149.7±5.2. (Table 2) The
aspect ratio showed a definitely negative correlation with tAP. From the relationship be‐
tween the aspect ratio (tML/tAP %) and tAP, the authors found that there were large values
in the aspect ratio with the smaller tAP, and that males have larger values in the aspect ratio
than females having the same values for anteroposterior dimension. Compared with the five
tibial components, only one of the prostheses had a declining change in the aspect ratio par‐
allel with the increasing tAP. Even so, but the rate of change did not match that of the Chi‐
nese population. [29]
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short intramedullary rod entering the femur at the apex of the inter-condylar notch (femoral
anatomical axis I) with a 4-degree distal cutting block is more likely to produce a distal fem‐
oral cut that is perpendicular to the mechanical axis of the femur. However, the choice of the
cutting block should be individualized according to the preoperative planning on weight-
bearing radiographs of the whole lower extremity. It is also interesting to note that the de‐
signers of some instrumentation systems have recommended use of a distal femoral cutting
block with a smaller angle in taller individuals on the basis of the assumption that taller pa‐
tients have a smaller physiological valgus angle of the femur. [26]
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Mullaji et al showed that the mean HKTA angle in healthy indian adults was 1.3° ± 0.8° of
varus,mean distal femoral axis-femoral mechanical axis angle was 5.5° ± 0.8°, mean femoral
condylarmechanical axis angle was 93.1° ± 1.6°, and mean femoral bow was 0.4° ± 1.2°. [27]

3.5. Variances in sagittal femoral shaft bowing

Tang WM et al have confirmed in Chinese patients distal sagittal bowing is a constant and
important feature, and it affects the positioning of the femoral component on the sagittal
plane. There is a dilemma of implanting the femoral component either according to the anat‐
omy of the distal femur ignoring the bowing, or according the longitudinal axis of the femur
on the sagittal plane. On one hand, following the distal anatomy might sufficiently flex the
femoral component that it results in an undesirable impingement of the anterior aspect of
the polyethylene post on knee extension if posterior-stabilized implants are used and thus
become a source of osteolysis-inducing polyethylene particles. However, following the lon‐
gitudinal axis of the femur might result in an extended femoral component that could com‐
promise the anterior cortex of the distal femur. In Chinese patients who have undergone
TKA, distal sagittal bowing of the femur is common but the common pattern is posterome‐
dial osteoarthritis. This apparent inconsistency could be the result of differences in tibial
slope and the joint line obliquity in Chinese patients. [28]

4. Three dimensional morphometry of the Chinese knees

4.1. Proximal tibial morphology

The average tibial mediolateral (tML) and tibial anteroposterior (tAP) measurement for Chi‐
nese knees are 73.0±4.6 mm and 48.8±3.4 mm, respectively. Males have larger values for tML
and tAP compared with females. The male subject have larger values than female subject in
the mediolateral dimension under a given anteroposterior dimension. [29] To evaluate pos‐
sible differences between the medial and lateral plateau, Bo Cheng et al measured the tMAP
and tLAP, and found that the tMAP was larger than the tLAP by an average of 5.6±3.2 mm
in males and 5.1±2.2 in females, the CL had larger values than CM (Figure 1, B) by an aver‐
age of 4.9±2.2 mm in males and 4.3±1.7 mm in females. They also calculated the aspect ratio
of the tibia (tML/tAP%). The average aspect ratio of the tibia was 149.7±5.2. (Table 2) The
aspect ratio showed a definitely negative correlation with tAP. From the relationship be‐
tween the aspect ratio (tML/tAP %) and tAP, the authors found that there were large values
in the aspect ratio with the smaller tAP, and that males have larger values in the aspect ratio
than females having the same values for anteroposterior dimension. Compared with the five
tibial components, only one of the prostheses had a declining change in the aspect ratio par‐
allel with the increasing tAP. Even so, but the rate of change did not match that of the Chi‐
nese population. [29]
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4.2. Distal femoral morphology

The femoral mediolateral (fML) and femoral anteroposterior (fAP) measurements are
71.0±3.0 mm and 64.1±2.7 mm, respectively. The male have larger values in fML and fAP
compared with female. Comparing the morphological data with similar values for five con‐
ventional femoral components currently used in China, Bo Cheng et al found that two of the
prostheses had large values in fML dimension with all range of the fAP. This was more evi‐
dent with reference to female. They found that males have larger values in mediolateral di‐
mension than females under the same value in the anteroposterior dimension. They also
found that the fMAP had larger values than fLAP by an average of 0.8±0.3 mm in males and
0.5±0.2 mm in females. The average aspect ratio was 111.1±2.7 (Table 3) and had a negative
correlation with the fAP. The femoral aspect ratio was higher for smaller knees and propor‐
tionally lower for larger knees. Female subjects had a smaller aspect ratio with the same an‐
teroposterior dimension. Only one of the five femoral components showed a similar
negative correlation with the fAP. Even so, the rate of change was not the same as that of the
Chinese population. [29]

4.2.1. Morphologic relationships between the tibia and femur

Bo Cheng et al also analyzed the correlation between the tibial mediolateral (tML) and femo‐
ral mediolateral (fML) dimension, and between the tibial mediolateral (tML) and femoral
anteroposterior (fAP)measurement. The results showed that the fML and fAP were strongly
correlated with the tML. As the tML increasing, the fML and fAP also increased. [29]

Parameters Male Female Combined

Tibial mediolateral (tML) 76.4±2.8 68.8±4.6 73.0±4.6

Tibial middle

anteroposterior(tAP)

51.3±2.0 45.7±1.9 48.8±3.4

Tibial medial

anteroposterior (tMAP)

53.3±2.5 47.5±2.4 50.7±2.4

Tibial lateral

anteroposterior (tLAP)

47.7±2.7 42.4±2.3 45.3±2.5

Medial to central distance

(CM)

13.2±2.6 11.9±2.0 12.7±2.1

Lateral to central distance

(CL)

18.1±2.4 16.2±2.3 17.3±2.3

Aspect ratio (tML/tAP) 149.0±5.7 150.7±6.1 149.7±5.2

tMAP–tLAP 5.6±3.2 5.1±2.2 5.4±2.8

Table 2. Average values of the tibia morphology measurement (mm).
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Parameters Male Female Combined

Femoral anteroposterior

(fAP)

66.6±2.4 61.0±2.7 64.1±2.7

Femoral mediolateral (fML) 74.4±2.9 66.8±3.1 71.0±3.0

Femoral medial

anteroposterior (fMAP)

52.6±2.4 49.8±3.2 51.3±3.3

Femoral lateral

anteroposterior (fLAP)

51.8±3.7 49.3±4.1 50.7±4.0

Aspect ratio

(fML/fAP %)

111.7±3.3 109.6±3.6 111.1±2.7

fMAP–fLAP 0.8±0.3 0.5±0.2 0.6±0.3

Table 3. Average values of the femur morphology measurement (mm).

4.2.2. Utility

Quantification of the tML and tAP revealed that the female has a smaller tibial surface than
the male, and both have smaller values than the Caucasian population. In the tibia of the
Chinese population, the morphologic data showed a decreasing aspect ratio (tML/tAP %) as
the tAP dimension increased, which is similar in many studies. In contrast, a majority of the
implants had a relatively constant aspect ratio. Comparing five major conventional prosthe‐
ses, it is evident that tML is undersized with the smaller tAP, and overhang with the larger
tAP. This is more evident in male knee. In the morphology of the femur, females have a
smaller aspect ratio with the same femoral anteroposterior dimension, which suggest that
women have generally narrower femora than men when the femoral anteroposterior dimen‐
sion is adequate. These results suggest that the prostheses which are suitable for Caucasian
patients may be larger than ideal for Chinese patients. Bo Cheng et al also found that the
femoral condyles in the Chinese population are asymmetric. These results may imply that
asymmetric femoral component could prevent soft tissue irritation.

Since the tML is strongly correlated with the fML and fAP, it is important to consider the
tibia and femur as a whole. Therefore, the tML and fAP should be considered as the criteria
to design gender-specific proper prostheses suitable for most of Chinese population.

4.3. Distal rotational alignment of the chinese femur

Yip et al showed a statistically significant difference in Whiteside-epicondylar angle when
using the mechanical (2.3°) compared with the anatomic (1.1°) axes in Chinese population.
The posterior condylar angle in this study was shown to be 5.1° (for men) and 5.8° (for
women). [30] (Figure 3)
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4.2. Distal femoral morphology
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prostheses had large values in fML dimension with all range of the fAP. This was more evi‐
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mension than females under the same value in the anteroposterior dimension. They also
found that the fMAP had larger values than fLAP by an average of 0.8±0.3 mm in males and
0.5±0.2 mm in females. The average aspect ratio was 111.1±2.7 (Table 3) and had a negative
correlation with the fAP. The femoral aspect ratio was higher for smaller knees and propor‐
tionally lower for larger knees. Female subjects had a smaller aspect ratio with the same an‐
teroposterior dimension. Only one of the five femoral components showed a similar
negative correlation with the fAP. Even so, the rate of change was not the same as that of the
Chinese population. [29]

4.2.1. Morphologic relationships between the tibia and femur

Bo Cheng et al also analyzed the correlation between the tibial mediolateral (tML) and femo‐
ral mediolateral (fML) dimension, and between the tibial mediolateral (tML) and femoral
anteroposterior (fAP)measurement. The results showed that the fML and fAP were strongly
correlated with the tML. As the tML increasing, the fML and fAP also increased. [29]

Parameters Male Female Combined

Tibial mediolateral (tML) 76.4±2.8 68.8±4.6 73.0±4.6

Tibial middle

anteroposterior(tAP)

51.3±2.0 45.7±1.9 48.8±3.4

Tibial medial

anteroposterior (tMAP)

53.3±2.5 47.5±2.4 50.7±2.4

Tibial lateral

anteroposterior (tLAP)

47.7±2.7 42.4±2.3 45.3±2.5

Medial to central distance

(CM)

13.2±2.6 11.9±2.0 12.7±2.1

Lateral to central distance

(CL)

18.1±2.4 16.2±2.3 17.3±2.3

Aspect ratio (tML/tAP) 149.0±5.7 150.7±6.1 149.7±5.2

tMAP–tLAP 5.6±3.2 5.1±2.2 5.4±2.8

Table 2. Average values of the tibia morphology measurement (mm).
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Parameters Male Female Combined

Femoral anteroposterior

(fAP)

66.6±2.4 61.0±2.7 64.1±2.7

Femoral mediolateral (fML) 74.4±2.9 66.8±3.1 71.0±3.0

Femoral medial

anteroposterior (fMAP)

52.6±2.4 49.8±3.2 51.3±3.3

Femoral lateral

anteroposterior (fLAP)

51.8±3.7 49.3±4.1 50.7±4.0

Aspect ratio

(fML/fAP %)

111.7±3.3 109.6±3.6 111.1±2.7

fMAP–fLAP 0.8±0.3 0.5±0.2 0.6±0.3

Table 3. Average values of the femur morphology measurement (mm).

4.2.2. Utility

Quantification of the tML and tAP revealed that the female has a smaller tibial surface than
the male, and both have smaller values than the Caucasian population. In the tibia of the
Chinese population, the morphologic data showed a decreasing aspect ratio (tML/tAP %) as
the tAP dimension increased, which is similar in many studies. In contrast, a majority of the
implants had a relatively constant aspect ratio. Comparing five major conventional prosthe‐
ses, it is evident that tML is undersized with the smaller tAP, and overhang with the larger
tAP. This is more evident in male knee. In the morphology of the femur, females have a
smaller aspect ratio with the same femoral anteroposterior dimension, which suggest that
women have generally narrower femora than men when the femoral anteroposterior dimen‐
sion is adequate. These results suggest that the prostheses which are suitable for Caucasian
patients may be larger than ideal for Chinese patients. Bo Cheng et al also found that the
femoral condyles in the Chinese population are asymmetric. These results may imply that
asymmetric femoral component could prevent soft tissue irritation.

Since the tML is strongly correlated with the fML and fAP, it is important to consider the
tibia and femur as a whole. Therefore, the tML and fAP should be considered as the criteria
to design gender-specific proper prostheses suitable for most of Chinese population.

4.3. Distal rotational alignment of the chinese femur

Yip et al showed a statistically significant difference in Whiteside-epicondylar angle when
using the mechanical (2.3°) compared with the anatomic (1.1°) axes in Chinese population.
The posterior condylar angle in this study was shown to be 5.1° (for men) and 5.8° (for
women). [30] (Figure 3)
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Figure 3. The whiteside-epicondylar (a) and Posterior condylar (b) angles.

4.3.1. The offset of the tibial shaft from the tibial plateau in Chinese people

Tang et al conducted a study to identify the location of the tibial shaft axis on the tibial pla‐
teau with the use of magnetic resonance imaging scans in a Chinese population. All of the
measurements were made at three resection levels. The first resection level was just distal to
the subchondral bone of the medial tibial plateau, which represented the clinical situation of
the level of a bone cut in a proximal tibial segment with mild bone loss. The second resec‐
tion level was 5mm distal to the subchondral bone of the medial tibial plateau, which repre‐
sented the level of a bone cut in a proximal tibial segment with moderate bone loss. The
third resection level was 10 mm distal to the subchondral bone of the medial tibial plateau,
which represented the level of a bone cut in a proximal tibial segment with severe bone loss.
They showed that the mean offset (and standard deviation) of the tibial shaft from the tibial
plateau was 7.23 ± 2.44 mm (range, 1.62 to 12.26 mm), 6.33 ± 2.26 mm (range, 1.31 to 11.36
mm), and 4.75 ± 2.07 mm (range, 0.46 to 9.36 mm) at the first, second, and third resection
levels, respectively. In almost all the knees that were examined, the tibial shaft axis was lo‐
cated anterolateral to the center of the tibial plateau at all resection levels. The anteroposteri‐
or and mediolateral offsets and the anteroposterior and mediolateral dimensions of the tibial
plateau in the male group were significantly larger than those in the female group at each
resection level. [31]

4.3.2. Utility

Several studies have revealed that the axis of the tibial shaft is, on the average, located ante‐
romedial to the center of the tibial plateau in the Western population, for whom a medially
offset stem seems more suitable. [32-34]

But, these results confirm that the axis of the tibial shaft does not overlap the center of the
tibial plateau in Chinese people. Abraham et al. performed total knee arthroplasty in twenty
cadaver tibiae and found that the average distance between the center of the tibial diaphysis
and the center of the tibial metaphysis was 4.1 mm at the resection level of the fibular head.
In view of the findings of Abraham et al. [35] as well as this study, it would appear that an
offset stem would be more suitable for Chinese patients who need a long-stemmed tibial
component. These authors also noted that there was a large variation in the offset of the tibi‐
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al shaft from the tibial plateau, ranging from0.46 to 12.26 mm, so it would be desirable to
have a wide range of offset stems available—for example, from 0 to 16 mm, in 2-mm or 4-
mm increments. [35]

In a study on Iranian normal adult knees, we assessed the tibial plateau shift angle (TPSA)
in order to assess our hypothesis that the proximal tibia of Iranian knee is not the same as
the western knees. Our TPSA findings demonstrate that tibial plateau was not symmetrical
and the Cp passes medial to Cs. This shows that the tibial plateaus in Iranian knees have a
medial offset in regard to tibial shaft. So we consider that the center of the tibial plateau
should not be used as a landmark of the tibial component.

Yoo et al. studied the placement of the tibial stem in close relation to the medial tibial cortex
when using total knee replacements (TKRs) with medially-offset tibial stems in Korean pa‐
tients. They found that the midline of the tibial stem was located medial to the tibial shaft
axis in 79.7% of knees. In 6.5% of knees there was radiological contact between the tibial
stem or cement mantle and the medial tibial cortex. This study has shown that the medially-
offset stem in the tibial component may not be a good option for knees undergoing replace‐
ment Korean patients. (Figure 4) These researches show that some tibial base-plates
specifically designed for Caucasians may not be suitable for Asian people and it remains a
necessity to design a special tibial base-plate for these ethnic groups. [36] (Figure 5)

Figure 4. Anteroposterior postoperative radiograph showing the distance between the tip of the stem and the tibial
shaft axis (between arrows)

4.4. Posterior slope of tibial plateau in Chinese

Kapandji found that the tibial plateau was inclined posteriorly for 5 ° to 6 ° with the hori‐
zontal and called this retroversion in the sagittal plane of the tibia. Insall and Kelly quoted
that the posterior slope was approximately 10 ° with respect to the shaft of the tibia in west‐
ern population. [38] Chiu et al. studied the posterior tibial slope in Chinese population. On
visual inspection, they found that the posterior slope of the medial tibial plateau was 14.8 °
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Figure 3. The whiteside-epicondylar (a) and Posterior condylar (b) angles.
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plateau in the male group were significantly larger than those in the female group at each
resection level. [31]
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Several studies have revealed that the axis of the tibial shaft is, on the average, located ante‐
romedial to the center of the tibial plateau in the Western population, for whom a medially
offset stem seems more suitable. [32-34]

But, these results confirm that the axis of the tibial shaft does not overlap the center of the
tibial plateau in Chinese people. Abraham et al. performed total knee arthroplasty in twenty
cadaver tibiae and found that the average distance between the center of the tibial diaphysis
and the center of the tibial metaphysis was 4.1 mm at the resection level of the fibular head.
In view of the findings of Abraham et al. [35] as well as this study, it would appear that an
offset stem would be more suitable for Chinese patients who need a long-stemmed tibial
component. These authors also noted that there was a large variation in the offset of the tibi‐
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al shaft from the tibial plateau, ranging from0.46 to 12.26 mm, so it would be desirable to
have a wide range of offset stems available—for example, from 0 to 16 mm, in 2-mm or 4-
mm increments. [35]

In a study on Iranian normal adult knees, we assessed the tibial plateau shift angle (TPSA)
in order to assess our hypothesis that the proximal tibia of Iranian knee is not the same as
the western knees. Our TPSA findings demonstrate that tibial plateau was not symmetrical
and the Cp passes medial to Cs. This shows that the tibial plateaus in Iranian knees have a
medial offset in regard to tibial shaft. So we consider that the center of the tibial plateau
should not be used as a landmark of the tibial component.

Yoo et al. studied the placement of the tibial stem in close relation to the medial tibial cortex
when using total knee replacements (TKRs) with medially-offset tibial stems in Korean pa‐
tients. They found that the midline of the tibial stem was located medial to the tibial shaft
axis in 79.7% of knees. In 6.5% of knees there was radiological contact between the tibial
stem or cement mantle and the medial tibial cortex. This study has shown that the medially-
offset stem in the tibial component may not be a good option for knees undergoing replace‐
ment Korean patients. (Figure 4) These researches show that some tibial base-plates
specifically designed for Caucasians may not be suitable for Asian people and it remains a
necessity to design a special tibial base-plate for these ethnic groups. [36] (Figure 5)

Figure 4. Anteroposterior postoperative radiograph showing the distance between the tip of the stem and the tibial
shaft axis (between arrows)

4.4. Posterior slope of tibial plateau in Chinese

Kapandji found that the tibial plateau was inclined posteriorly for 5 ° to 6 ° with the hori‐
zontal and called this retroversion in the sagittal plane of the tibia. Insall and Kelly quoted
that the posterior slope was approximately 10 ° with respect to the shaft of the tibia in west‐
ern population. [38] Chiu et al. studied the posterior tibial slope in Chinese population. On
visual inspection, they found that the posterior slope of the medial tibial plateau was 14.8 °
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(SD, 4.2°; range, 5°-25°), and that of the lateral tibial plateau was 11.8 ° (SD, 3.8°; range,
4°-23°). The association between the posterior slopes of the medial and lateral tibial plateau
was not strong.

Figure 5. Diagram showing a right tibial component with a medially-offset stem. The tip of the stem (s) is located me‐
dial to the center of the tibial tray (c) which is equidistant from the medial (m) and lateral (l) borders of the tibial com‐
ponent. The distance between c and s corresponds to the amount of medial offset.

The difference between the posterior slopes of the medial and lateral tibial plateau was stat‐
istically significant. On radiographic assessment, they showed that the posterior slope was
14.7 ° (SD, 3.7°; range, 5°-22 °) with the extramedullary alignment line and 11.5 ° (SD, 3.6°;
range, 2°-18.5 °) with the intramedullary alignment line. The association between the poste‐
rior slopes with the 2 alignment lines was strong. The difference between the posterior
slopes with the 2 alignment lines was statistically significant. The posterior slope of the me‐
dial tibial plateau on visual inspection showed stronger correlation to the posterior slopes
determined by radiographs. The posterior slope of the lateral tibial plateau on visual inspec‐
tion had weaker correlation to the posterior slopes with the intramedullary alignment line
and extramedullary alignment line in the radiographs. [38]

4.5. Ethnical differences of knee anthropometry

4.5.1. Between Chinese and white men and women

Recent anthropometric studies have suggested that current design of total knee arthroplasty
(TKA) does not cater to racial anthropometric differences. Most of the commercially availa‐
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ble TKA prostheses are designed according to the anthropometric data of white knees,
which has been suspected as the cause of the component mismatch in Asian people. Several
studies have compared the morphology of Asian knees to that of TKA prostheses currently
used in Asia and found that the femoral aspect ratio (mediolateral [fML]/anteroposterior
[fAP]) of these prostheses were not suitable for Asian patients. Iorio et al showed that the
Japanese patients had a significantly less postoperative range of motion than white patients.
Furthermore, 4.1% Japanese patients required revision after primary posterior cruciate-re‐
taining TKA within an average follow-up of 6.6 years, whereas only 2.6% of their American
cohort needed revision within an average follow-up of 9 years. The authors suggested that
the racial morphologic differences might be a factor causing the differences in outcome. [5]

Yue B et al showed that the fML dimension of Chinese females (72.8 ± 2.6 mm; range,
70.0-79.1 mm) was significantly smaller than that of white females (76.4 ± 4.0 mm; range,
70.3-82 mm) (P =.002). The fAP dimension was 58.8 ± 2.5 mm (range, 53.2-63 mm) for Chi‐
nese females and 59.7 ± 2.6 mm (range, 54.6-64.1 mm) for white females. The difference in
fAP dimension was not statistically significant. A statistically significant difference was not‐
ed between the fML/fAP ratios of Chinese females (1.24 ± 0.04; range, 1.17-1.32) and white
females (1.28 ± 0.06; range, 1.16-1.39). The morphological data showed a progressive decline
in the fML/fAP ratio with increasing fAP dimension for both races. However, there was a
distinct offset between the fML/fAP ratio of Chinese and white females, indicating that the
Chinese females had a smaller fML/fAP ratio than white females for the same fAP dimen‐
sion.(Table 5) Measurements of tibia showed that the tibial size of Chinese females was gen‐
erally smaller than that of white females. However, the tibial aspect ratio did not show any
significant difference between Chinese (1.78 ± 0.1; range, 1.56-1.96) and white females (1.76 ±
0.08; range, 1.58-1.89). The medial/lateral posterior tibial slopes showed no difference be‐
tween the 2 groups. The average medial slope was 5.4° ± 2.3° (range, 1.4°-10.1°) for Chinese
females and 6.5° ± 2.9° (range, 0.6°-10.7°) for white females. The average lateral slope was
4.8° ± 2.8° (range, 0.3°-10.6°) for Chinese females and 5.8° ± 2.7° (range, 0.8°-10.4°) for white
females. Chinese males had an average fML dimension of 82.6 ± 3.6 mm (range, 72.6-87.1
mm), which was significantly smaller than that of white males (86.0 ± 5.6 mm; range,
74.9-100.2 mm). The fAP size averaged 65.0 ± 2.8 mm (range, 59.4-70.3 mm) for Chinese
males and 67.5 ± 3.6 mm (range, 62.4-75.3 mm) for white males. The difference was statisti‐
cally significant between fAP size of Chinese and white males. The femoral aspect ratio
(fML/fAP) of Chinese males averaged 1.27 ± 0.03 (range, 1.22-1.33) and white males 1.28 ±
0.07 (range, 1.12-1.37), and there was no statistically significant difference. The tibial dimen‐
sion of Chinese males was generally smaller than that of white males. A significant differ‐
ence was noted for the tibial aspect ratio, with Chinese males averaging 1.82 ± 0.07 (range,
1.70-1.95) and white males averaging 1.75 ± 0.11 (range, 1.58-1.87). The morphological data
showed a progressive decline in the tibial aspect ratio with increasing average tAP dimen‐
sion for both races. The lines representing change in tibial aspect ratio with increasing aver‐
age tAP dimension for Chinese and white males were nearly coincident. Therefore, the
differences in tibial aspect ratios between the 2 groups may be caused by the average tAP
dimensions of Chinese males that were generally smaller than those of white males. The me‐
dial/lateral plateau posterior slope showed no significant difference between the 2 groups.
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(SD, 4.2°; range, 5°-25°), and that of the lateral tibial plateau was 11.8 ° (SD, 3.8°; range,
4°-23°). The association between the posterior slopes of the medial and lateral tibial plateau
was not strong.

Figure 5. Diagram showing a right tibial component with a medially-offset stem. The tip of the stem (s) is located me‐
dial to the center of the tibial tray (c) which is equidistant from the medial (m) and lateral (l) borders of the tibial com‐
ponent. The distance between c and s corresponds to the amount of medial offset.

The difference between the posterior slopes of the medial and lateral tibial plateau was stat‐
istically significant. On radiographic assessment, they showed that the posterior slope was
14.7 ° (SD, 3.7°; range, 5°-22 °) with the extramedullary alignment line and 11.5 ° (SD, 3.6°;
range, 2°-18.5 °) with the intramedullary alignment line. The association between the poste‐
rior slopes with the 2 alignment lines was strong. The difference between the posterior
slopes with the 2 alignment lines was statistically significant. The posterior slope of the me‐
dial tibial plateau on visual inspection showed stronger correlation to the posterior slopes
determined by radiographs. The posterior slope of the lateral tibial plateau on visual inspec‐
tion had weaker correlation to the posterior slopes with the intramedullary alignment line
and extramedullary alignment line in the radiographs. [38]

4.5. Ethnical differences of knee anthropometry

4.5.1. Between Chinese and white men and women

Recent anthropometric studies have suggested that current design of total knee arthroplasty
(TKA) does not cater to racial anthropometric differences. Most of the commercially availa‐
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ble TKA prostheses are designed according to the anthropometric data of white knees,
which has been suspected as the cause of the component mismatch in Asian people. Several
studies have compared the morphology of Asian knees to that of TKA prostheses currently
used in Asia and found that the femoral aspect ratio (mediolateral [fML]/anteroposterior
[fAP]) of these prostheses were not suitable for Asian patients. Iorio et al showed that the
Japanese patients had a significantly less postoperative range of motion than white patients.
Furthermore, 4.1% Japanese patients required revision after primary posterior cruciate-re‐
taining TKA within an average follow-up of 6.6 years, whereas only 2.6% of their American
cohort needed revision within an average follow-up of 9 years. The authors suggested that
the racial morphologic differences might be a factor causing the differences in outcome. [5]

Yue B et al showed that the fML dimension of Chinese females (72.8 ± 2.6 mm; range,
70.0-79.1 mm) was significantly smaller than that of white females (76.4 ± 4.0 mm; range,
70.3-82 mm) (P =.002). The fAP dimension was 58.8 ± 2.5 mm (range, 53.2-63 mm) for Chi‐
nese females and 59.7 ± 2.6 mm (range, 54.6-64.1 mm) for white females. The difference in
fAP dimension was not statistically significant. A statistically significant difference was not‐
ed between the fML/fAP ratios of Chinese females (1.24 ± 0.04; range, 1.17-1.32) and white
females (1.28 ± 0.06; range, 1.16-1.39). The morphological data showed a progressive decline
in the fML/fAP ratio with increasing fAP dimension for both races. However, there was a
distinct offset between the fML/fAP ratio of Chinese and white females, indicating that the
Chinese females had a smaller fML/fAP ratio than white females for the same fAP dimen‐
sion.(Table 5) Measurements of tibia showed that the tibial size of Chinese females was gen‐
erally smaller than that of white females. However, the tibial aspect ratio did not show any
significant difference between Chinese (1.78 ± 0.1; range, 1.56-1.96) and white females (1.76 ±
0.08; range, 1.58-1.89). The medial/lateral posterior tibial slopes showed no difference be‐
tween the 2 groups. The average medial slope was 5.4° ± 2.3° (range, 1.4°-10.1°) for Chinese
females and 6.5° ± 2.9° (range, 0.6°-10.7°) for white females. The average lateral slope was
4.8° ± 2.8° (range, 0.3°-10.6°) for Chinese females and 5.8° ± 2.7° (range, 0.8°-10.4°) for white
females. Chinese males had an average fML dimension of 82.6 ± 3.6 mm (range, 72.6-87.1
mm), which was significantly smaller than that of white males (86.0 ± 5.6 mm; range,
74.9-100.2 mm). The fAP size averaged 65.0 ± 2.8 mm (range, 59.4-70.3 mm) for Chinese
males and 67.5 ± 3.6 mm (range, 62.4-75.3 mm) for white males. The difference was statisti‐
cally significant between fAP size of Chinese and white males. The femoral aspect ratio
(fML/fAP) of Chinese males averaged 1.27 ± 0.03 (range, 1.22-1.33) and white males 1.28 ±
0.07 (range, 1.12-1.37), and there was no statistically significant difference. The tibial dimen‐
sion of Chinese males was generally smaller than that of white males. A significant differ‐
ence was noted for the tibial aspect ratio, with Chinese males averaging 1.82 ± 0.07 (range,
1.70-1.95) and white males averaging 1.75 ± 0.11 (range, 1.58-1.87). The morphological data
showed a progressive decline in the tibial aspect ratio with increasing average tAP dimen‐
sion for both races. The lines representing change in tibial aspect ratio with increasing aver‐
age tAP dimension for Chinese and white males were nearly coincident. Therefore, the
differences in tibial aspect ratios between the 2 groups may be caused by the average tAP
dimensions of Chinese males that were generally smaller than those of white males. The me‐
dial/lateral plateau posterior slope showed no significant difference between the 2 groups.
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The average medial slope was 6.0° ± 2.5° (range, 2.7°- 12.0°) for Chinese males and 5.1° ± 3.3°
(range, −3.0° to 11.1°) for white males. The average lateral slope was 5.2° ± 3.6° (range, −1.8°
to 14.0°) for Chinese males and 5.6° ± 2.7° (range, 2.5°-15.1°) for white males. [39] (Table 5)

fML (mm) fAP (mm) fML/fAP

Chinese female 72.8 ± 2.6 (70.0-79.1) 58.8 ± 2.5 (53.2-63) 1.24 ± 0.04 (1.17-1.32)

White female 76.4 ± 4.0 (70.3-82) 59.7 ± 2.6 (54.6-64.1) 1.28 ± 0.06 (1.16-1.39)

Chinese male 82.6 ± 3.6 (72.6-87.1) 65.0 ± 2.8 (59.4-70.3) 1.27 ± 0.03 (1.22-1.33)

White male 86.0 ± 5.6 (74.9-100.2) 67.5 ± 3.6 (62.4-75.3) 1.28 ± 0.07 (1.12-1.37)

Table 4. Femoral Measurements Categorized by Race and Sex.

Tibial Plateau Dimensions Posterior Tibial Slope (deg)

MPAP

(mm)

LPAP

(mm)

Average AP

(mm)

tML

(mm)

tML/Avg.

tAP
MPPS LPPS

Average

Posterior

Slope

Chinese

female

41.5 ± 3.0

(37.6-48.6)

33.2 ± 3.2

(28.7-40.2)

37.3 ± 2.8

(34.5-44.1)

66.2 ± 2.1

(63.1-69.5)

1.78 ± 0.10

(1.56-1.96)

5.4 ± 2.3

(1.4-10.1)

4.8 ± 2.8

(0.3-10.6)

5.1 ± 2.3

(1.4-9.9)

White

female

43.4 ± 1.9

(39.2-46.5)

35.2 ± 3.8

(26.5-40.0)

39.3 ± 2.6

(34.1-43.3)

69.0 ± 4.2

(61.3-74.4)

1.76 ± 0.08

(1.58-1.89)

6.5 ± 2.9

(0.6-10.7)

5.8 ± 2.7

(0.8-10.4)

6.1 ± 2.5

(0.7-9.8)

Chinese

male

46.1 ± 2.4

(42.0-49.5)

36.8 ± 2.1

(34.1-40.7)

41.5 ± 2.1

(38.0-45.1)

75.2 ± 3.6

(67.6-81.5)

1.82 ± 0.07

(1.70-1.95)

6.0 ± 2.5

(2.7-12.0)

5.2 ± 3.6

(-1.8-14.0)

5.6 ± 2.8

(0.4-11.9)

White male 49.3 ± 3.1

(42.5-53.5)

40.7 ± 2.9

(35.6-48.4)

45.0 ± 2.8

(39.9-50.2)

78.7 ± 5.4

(67.1-89.1)

1.75 ± 0.11

(1.58-1.97)

5.1 ± 3.3

(-3.0-11.1)

5.6 ± 2.7

(2.5-15.1)

5.3 ± 2.5

(0.8-12.7)

Table 5. Tibial Measurements Categorized by Race and Sex

The present study showed that the dimensions of Chinese knees were generally smaller
than white knees. In addition, Chinese females had a significantly narrower distal femur
than white females, whereas Chinese males had a wider proximal tibia than their white
counterparts. These results proved the hypothesis that there is a distinct difference in size
and shape between the Chinese and white knees. [39] Harvey et al also showed that there
are more valgus alignment of the distal femur in Chinese. [40]

A proper design of femoral aspect ratio of femoral TKA components is critical to obtain an
ideal coverage of the resected bone surface. It must be noted that the differences in average
values of femoral aspect ratio between Chinese and white females cannot be explained by
differences in knee size alone, and this may point to a distinct variation in femoral shape be‐
tween the 2 races. Given this, it is possible that the components designed based on white
knee data may produce a mediolateral component overhang in Chinese females. [41]

Arthroplasty - Update48

The geometry of tibial plateau has a direct influence on the biomechanics of tibiofemoral
joint and is considered as an important factor in TKA design and implantation. [9, 42]

The study by Yue et al. showed that Chinese subjects generally had a smaller size of proxi‐
mal tibia than white subjects in both sexes. Interestingly, the tibial aspect ratio of Chinese
males was significantly larger than that of white males (1.82 ± 0.07 vs 1.75 ± 0.11). However,
the present study also found a larger tibial aspect ratio in small knees and a proportionally
smaller ratio in large knees. Therefore, the differences of the tibial aspect ratios between the
2 groups may be caused by the average tAP dimensions of Chinese males that were general‐
ly smaller than those of white males. This study showed that there was no difference in me‐
dial/lateral posterior slope between Chinese and white subjects in either sex. [39]

4.5.2. Anthropometry of the Japanese proximal tibia

Uehara et al, in a comparative study between CT and intraoperative measurements of tibial
dimensions, showed that the average ML length on the CT scan was significantly larger
(74.3 ± 6.6 mm [mean ± SD]) compared with the intraoperative measurement (71.4 ± 5.0
mm). In contrast, the average AP length on the CT scan was significantly smaller (48.3 ± 5.4
mm) compared with the intraoperative measurement (50.3 ± 3.6 mm). [43]

4.5.3. Variations between Japanese and Caucasian populations in the healthy young adult knee joint

Hovinga et al showed that there was a significant difference in alignment between Caucasi‐
an and Japanese groups. The mechanical alignment in Caucasians was slightly varus (0.55 ±
0.338, 57%varus), while78% of Japanese subjects exhibited a varus alignment (1.64 ± 0.438).
A significant difference also existed between male and female subjects, with women exhibit‐
ing a higher percentage of valgus alignment (50%) than men (36%). The average torsion an‐
gle was 37.58 for all subjects. Tibial torsion measurements showed significant differences
with ethnicity; Caucasians demonstrated a higher torsion angle than Japanese. No difference
based on gender was observed. The tibial width for all subjects was 74.1 ± 0.77 mm. The lat‐
eral width was 39.4 ± 0.52 mm, while the medial width was 34.6 ± 0.42 mm. Medial and lat‐
eral widths were greater in males than in females, but no ethnic differences were found. The
laxity measurement for Caucasian females was 6.4 ± 0.36 mm, and for males was 4.9 ± 0.35
mm. For Japanese females, the laxity was 8.1 ± 0.65 mm, and for males 6.9 ± 0.56 mm. Signifi‐
cant differences were found for both gender and ethnicity. [4]

Based on this study, a higher varus alignment, lower tibial torsion, and higher ACL laxity
were found in Japanese compared to Caucasian populations. Males demonstrated a higher
varus alignment, larger tibial width, and lower ACL laxity compared to females. [4]

Tamari et al performed a clinical study aimed to investigate whether or not there were eth‐
nic, gender, and age-related differences in FTA and torsion of the lower limb among healthy
Japanese and Australian Caucasian populations. They found that the Japanese had signifi‐
cantly greater FTA than the Australian Caucasians. Moreover, there was gender difference
in this variable, that is, the female subjects had significantly smaller FTA than the males. The
femoral antetorsion was significantly smaller in middle and older age groups compared to
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The average medial slope was 6.0° ± 2.5° (range, 2.7°- 12.0°) for Chinese males and 5.1° ± 3.3°
(range, −3.0° to 11.1°) for white males. The average lateral slope was 5.2° ± 3.6° (range, −1.8°
to 14.0°) for Chinese males and 5.6° ± 2.7° (range, 2.5°-15.1°) for white males. [39] (Table 5)

fML (mm) fAP (mm) fML/fAP

Chinese female 72.8 ± 2.6 (70.0-79.1) 58.8 ± 2.5 (53.2-63) 1.24 ± 0.04 (1.17-1.32)

White female 76.4 ± 4.0 (70.3-82) 59.7 ± 2.6 (54.6-64.1) 1.28 ± 0.06 (1.16-1.39)

Chinese male 82.6 ± 3.6 (72.6-87.1) 65.0 ± 2.8 (59.4-70.3) 1.27 ± 0.03 (1.22-1.33)

White male 86.0 ± 5.6 (74.9-100.2) 67.5 ± 3.6 (62.4-75.3) 1.28 ± 0.07 (1.12-1.37)

Table 4. Femoral Measurements Categorized by Race and Sex.

Tibial Plateau Dimensions Posterior Tibial Slope (deg)

MPAP

(mm)

LPAP

(mm)

Average AP

(mm)

tML

(mm)

tML/Avg.

tAP
MPPS LPPS

Average

Posterior

Slope

Chinese

female

41.5 ± 3.0

(37.6-48.6)

33.2 ± 3.2

(28.7-40.2)

37.3 ± 2.8

(34.5-44.1)

66.2 ± 2.1

(63.1-69.5)

1.78 ± 0.10

(1.56-1.96)

5.4 ± 2.3

(1.4-10.1)

4.8 ± 2.8

(0.3-10.6)

5.1 ± 2.3

(1.4-9.9)

White

female

43.4 ± 1.9

(39.2-46.5)

35.2 ± 3.8

(26.5-40.0)

39.3 ± 2.6

(34.1-43.3)

69.0 ± 4.2

(61.3-74.4)

1.76 ± 0.08

(1.58-1.89)

6.5 ± 2.9

(0.6-10.7)

5.8 ± 2.7

(0.8-10.4)

6.1 ± 2.5

(0.7-9.8)

Chinese

male

46.1 ± 2.4

(42.0-49.5)

36.8 ± 2.1

(34.1-40.7)

41.5 ± 2.1

(38.0-45.1)

75.2 ± 3.6

(67.6-81.5)

1.82 ± 0.07

(1.70-1.95)

6.0 ± 2.5

(2.7-12.0)

5.2 ± 3.6

(-1.8-14.0)

5.6 ± 2.8

(0.4-11.9)

White male 49.3 ± 3.1

(42.5-53.5)

40.7 ± 2.9

(35.6-48.4)

45.0 ± 2.8

(39.9-50.2)

78.7 ± 5.4

(67.1-89.1)

1.75 ± 0.11

(1.58-1.97)

5.1 ± 3.3

(-3.0-11.1)

5.6 ± 2.7

(2.5-15.1)

5.3 ± 2.5

(0.8-12.7)

Table 5. Tibial Measurements Categorized by Race and Sex

The present study showed that the dimensions of Chinese knees were generally smaller
than white knees. In addition, Chinese females had a significantly narrower distal femur
than white females, whereas Chinese males had a wider proximal tibia than their white
counterparts. These results proved the hypothesis that there is a distinct difference in size
and shape between the Chinese and white knees. [39] Harvey et al also showed that there
are more valgus alignment of the distal femur in Chinese. [40]

A proper design of femoral aspect ratio of femoral TKA components is critical to obtain an
ideal coverage of the resected bone surface. It must be noted that the differences in average
values of femoral aspect ratio between Chinese and white females cannot be explained by
differences in knee size alone, and this may point to a distinct variation in femoral shape be‐
tween the 2 races. Given this, it is possible that the components designed based on white
knee data may produce a mediolateral component overhang in Chinese females. [41]
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The geometry of tibial plateau has a direct influence on the biomechanics of tibiofemoral
joint and is considered as an important factor in TKA design and implantation. [9, 42]

The study by Yue et al. showed that Chinese subjects generally had a smaller size of proxi‐
mal tibia than white subjects in both sexes. Interestingly, the tibial aspect ratio of Chinese
males was significantly larger than that of white males (1.82 ± 0.07 vs 1.75 ± 0.11). However,
the present study also found a larger tibial aspect ratio in small knees and a proportionally
smaller ratio in large knees. Therefore, the differences of the tibial aspect ratios between the
2 groups may be caused by the average tAP dimensions of Chinese males that were general‐
ly smaller than those of white males. This study showed that there was no difference in me‐
dial/lateral posterior slope between Chinese and white subjects in either sex. [39]

4.5.2. Anthropometry of the Japanese proximal tibia

Uehara et al, in a comparative study between CT and intraoperative measurements of tibial
dimensions, showed that the average ML length on the CT scan was significantly larger
(74.3 ± 6.6 mm [mean ± SD]) compared with the intraoperative measurement (71.4 ± 5.0
mm). In contrast, the average AP length on the CT scan was significantly smaller (48.3 ± 5.4
mm) compared with the intraoperative measurement (50.3 ± 3.6 mm). [43]

4.5.3. Variations between Japanese and Caucasian populations in the healthy young adult knee joint

Hovinga et al showed that there was a significant difference in alignment between Caucasi‐
an and Japanese groups. The mechanical alignment in Caucasians was slightly varus (0.55 ±
0.338, 57%varus), while78% of Japanese subjects exhibited a varus alignment (1.64 ± 0.438).
A significant difference also existed between male and female subjects, with women exhibit‐
ing a higher percentage of valgus alignment (50%) than men (36%). The average torsion an‐
gle was 37.58 for all subjects. Tibial torsion measurements showed significant differences
with ethnicity; Caucasians demonstrated a higher torsion angle than Japanese. No difference
based on gender was observed. The tibial width for all subjects was 74.1 ± 0.77 mm. The lat‐
eral width was 39.4 ± 0.52 mm, while the medial width was 34.6 ± 0.42 mm. Medial and lat‐
eral widths were greater in males than in females, but no ethnic differences were found. The
laxity measurement for Caucasian females was 6.4 ± 0.36 mm, and for males was 4.9 ± 0.35
mm. For Japanese females, the laxity was 8.1 ± 0.65 mm, and for males 6.9 ± 0.56 mm. Signifi‐
cant differences were found for both gender and ethnicity. [4]

Based on this study, a higher varus alignment, lower tibial torsion, and higher ACL laxity
were found in Japanese compared to Caucasian populations. Males demonstrated a higher
varus alignment, larger tibial width, and lower ACL laxity compared to females. [4]

Tamari et al performed a clinical study aimed to investigate whether or not there were eth‐
nic, gender, and age-related differences in FTA and torsion of the lower limb among healthy
Japanese and Australian Caucasian populations. They found that the Japanese had signifi‐
cantly greater FTA than the Australian Caucasians. Moreover, there was gender difference
in this variable, that is, the female subjects had significantly smaller FTA than the males. The
femoral antetorsion was significantly smaller in middle and older age groups compared to
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the younger age group in the Japanese subjects. Femoral antetorsion of the Japanese was sig‐
nificantly greater than that of the Australian subjects. Further, the females had greater femo‐
ral antetorsion than the male subjects. They also found that the tibiofibular torsion was
significantly larger in the younger and middle age groups compared to the older age group
of the females, whereas there were no significant age-related differences in the male sub‐
jects. But, there was no ethnic difference in tibiofibular torsion. Tibiofibular torsion of the fe‐
males was significantly smaller than that of the male subjects. [7]

4.5.4. Morphometry of the Korean proximal tibia

Kwak et al assessed the morphometry of the proximal tibia of Korean ethnicity. Their results
are as follows. (Table 6)

4.5.4.1. ML and AP dimensions

The average mediolateral (ML) and middle anteroposterior (AP) dimensions for the Korean
population were 73.5±5.6 mm and 47.3±3.8 mm, respectively. The males were found to have
larger values for the AP and ML dimensions when compared to the females. Comparison of
the AP and ML dimensions to the height of the person showed a statistically significant,
positive correlation with the height of the person. [44]

4.5.4.2. Medial and lateral anteroposterior dimensions of the tibial condyle

The medial tibial plateau is larger than the lateral tibial plateau anteroposteriorly by an
average of 3.9±2.9 mm in the males and 3.7±2.7 mm in the females. This result favors the
need for asymmetry in the tibial component for the Korean population.

Accordingly, the gross size of the proximal tibia (ML and AP) in the females was found to
be smaller than that in the males. Both the AP and ML lengths were found to be smaller
than the Caucasian population. This research shows that the ML dimension is more strongly
correlated to the height of the person when compared to the AP dimension. They also found
that the MAP was located closer to the centre of the tibial plateau (C) as compared to the
LAP, which further confirmed the asymmetry of the proximal tibia. [44]

This study revealed a higher aspect ratio for the smaller AP dimensions of the proximal tibia
and a lower aspect ratio for the larger AP dimensions of the proximal tibia. In other words,
this means that with every increase in the AP dimension of the proximal tibia, the shape of
the anticipated tibial component becomes less oval (mediolaterally) for use in the Korean
population. In the Japanese study, the aspect ratio in women varied from 138 to 142.86, how‐
ever, they found that as the ML dimensions increased the aspect ratio increased. In contrast,
to the pattern of the study population, the majority of the symmetric conventional implants
showed a relatively constant aspect ratio or an increase in the aspect ratio (NexGen) with the
increase of the AP dimension of the proximal cut. Thus, a tibial component that would be
suitable for the Korean population would be one whose aspect ratio decreased with increase
in the anteroposterior dimension. [44]
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4.5.5. Anthropometric measurements of knee joints in Thai population

Chaichankul et al assessed the knee morphology in Thai population and found that the fem‐
oral aspect ratio and the tibial aspect ratio were significantly different between males and
females. This study also demonstrated that when the tibial AP dimension increased, there
was a decreasing tibial AP/ML aspect ratio, while most implants had a relatively constant
aspect ratio. [45] (Table 7 and 8)

Parameter Male Female Combined

Mediolateral length (ML) 76.1±4.0 67.64±3.12 71.9±5.6

Middle anteroposterior length (AP) 48.2±3.3 43.2±2.3 45.7±3.8

Medial anteroposterior (MAP) 48.5±3.7 43.5±2.9 45.9±4.2

Lateral anteroposterior (LAP) 44.6±3.2 39.8±2.5 42.2±3.7

Medial to centre distance (CM) 14.4±5.1 12.9±3.5 13.7±4.4

Lateral to centre distance (CL) 19.7±3.5 15.9±5.6 17.8±5.1

Aspect ratio 158 156 157

Height (cm) 165.9±4.8 156.4±5.0 161.2±6.8

MAP–LAP difference 3.9±2.9 3.7±2.7 3.8±2.8

Table 6. Average values (in mm) of the measured data from the cadavers

Parameters Total Male Female

Mean±SD (range) Mean±SD (range) Mean±SD (range)

Resected AP length (mm) 45.43±4.5 (35–56.9) 48.55±3.73 (40–56.9) 43.32±3.69 (35–55)

Resected ML width (mm) 64.06±6.31 (52–78.9) 70.15±3.87 (61.4–78.9) 59.91±3.75 (52–76.3)

Aspect ratio (ML width/AP

length)×100

141±12 (111–177) 145±11 (124–177) 139±12 (111–177)

Table 7. The distal femoral condyle dimensions.

Parameters Total Male Female

Mean±SD (range) Mean±SD (range) Mean±SD (range)

Resected AP length (mm) 46.04±4.4 (37.6–56.6) 50.15±3.09 (44–56.6) 43.23±2.57 (37.6–52)

Resected ML width (mm) 68.8±5.8 (57.8–86) 74.44±3.44 (65.6–86) 64.95±3.45 (57.8–78.6)

Aspect ratio (ML width/AP

length)×100

67±3 (59–77) 67±3 (61–75) 67±3 (59–77)

Table 8. The proximal tibial dimensions.
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the younger age group in the Japanese subjects. Femoral antetorsion of the Japanese was sig‐
nificantly greater than that of the Australian subjects. Further, the females had greater femo‐
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significantly larger in the younger and middle age groups compared to the older age group
of the females, whereas there were no significant age-related differences in the male sub‐
jects. But, there was no ethnic difference in tibiofibular torsion. Tibiofibular torsion of the fe‐
males was significantly smaller than that of the male subjects. [7]
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Kwak et al assessed the morphometry of the proximal tibia of Korean ethnicity. Their results
are as follows. (Table 6)
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population were 73.5±5.6 mm and 47.3±3.8 mm, respectively. The males were found to have
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The medial tibial plateau is larger than the lateral tibial plateau anteroposteriorly by an
average of 3.9±2.9 mm in the males and 3.7±2.7 mm in the females. This result favors the
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Accordingly, the gross size of the proximal tibia (ML and AP) in the females was found to
be smaller than that in the males. Both the AP and ML lengths were found to be smaller
than the Caucasian population. This research shows that the ML dimension is more strongly
correlated to the height of the person when compared to the AP dimension. They also found
that the MAP was located closer to the centre of the tibial plateau (C) as compared to the
LAP, which further confirmed the asymmetry of the proximal tibia. [44]

This study revealed a higher aspect ratio for the smaller AP dimensions of the proximal tibia
and a lower aspect ratio for the larger AP dimensions of the proximal tibia. In other words,
this means that with every increase in the AP dimension of the proximal tibia, the shape of
the anticipated tibial component becomes less oval (mediolaterally) for use in the Korean
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increase of the AP dimension of the proximal cut. Thus, a tibial component that would be
suitable for the Korean population would be one whose aspect ratio decreased with increase
in the anteroposterior dimension. [44]

Arthroplasty - Update50

4.5.5. Anthropometric measurements of knee joints in Thai population
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4.5.6. Anthropometric measurements of the Indian population

Vaidya et al examined the anthropometric characteristics of Indian normal knees by CT scan
and dry bone measurement. They found that the mean anteroposterior diameter of the fe‐
mur in men was 61.09 mm and in women was 55.58 mm. Most men (27 of 38) had a range of
anteroposterior diameter between 55 and 65 mm, whereas most women (40 of 48) had a
range between 49 and 59 mm. In the cadaveric study, the mean anteroposterior diameter
was 55.26 mm, and most (19 of 25) had a range between 52 and 60 mm. [46]

Assuming the lowest cut-off value of the anteroposterior diameter of the lower end of the
femur in the study population to be 55 mm (55 mm being the smallest size of commercially
available prosthetic femoral component), it was observed that a statistically significant num‐
ber of Indian population (approximately 40%) had measurements lower than this value.
This percentage was more significant in women (60.4%), in whom the mean anteroposterior
diameter was 52.01 mm, than in men. The clinical implication of this statistical analysis is
that there is a substantial number of Indians in whom the problem of component oversizing
is likely to occur. [46]

4.5.7. Morphology of proximal tibia in Iranian

4.5.7.1. Lateral offset of tibial shaft in relation to tibial plateau

In a study on Iranian normal adult knees, we assessed the tibial plateau shift angle (TPSA)
in order to assess our hypothesis that the proximal tibia of Iranian knee is not the same as
the western knees. TPSA is the angle formed between central line (Cs)of the tibial shaft and
the mechanical axis of the tibia which goes through the central point (Cp) of the tibial articu‐
lar surface and the center of ankle. Our results are shown in Table 9.

Our study Japanese Americans France

Parameter Mean SD Range Mean SD Range Mean SD Range Mean

TA 93.8 1.54 90.3-98 97.2 3.8 89-106 93 1.6 90-96.5 93

TPSA 2.11 3.64 -3.4-7.4 2.21 1.5 -3.0-7.0 - - - -

Table 9. Representation of the amount of tibial shaft offset in Iranian and its comparison with other studies.

Our TPSA findings demonstrate that tibial plateau was not symmetrical and the Cp passes
medial to Cs. This shows that the tibial plateaus in Iranian knees have a medial offset in re‐
gard to tibial shaft. So we consider that the center of the tibial plateau should not be used as
a landmark of the tibial component.

4.5.7.2. Posterior tibial slope

We assessed the tibial slope in normal adults in Iran. The mean slope angle was 9.4±1.8 de‐
grees. We found no statistical relationship between age and gender and posterior tibial
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slope. The normal posterior tibial slope angle in this Iranian population was different from
other ethnic groups (Table 10). It may be necessary to consider these differences in design‐
ing tibial components for knee arthroplasty. [47]

Study Ethnic group Number Range of slope

(degrees)

Mean ± (SD)

Moore et al (1974) American 50 7 – 22 14 ± 3.7

Jiang et al (1994) Thai 50 0 – 20 10 ± 4

Matsuda et al (1999) Japanese 30 5 – 15.5 10.7

Chiou et al (2000) Chinese 25 5 – 22 14.7 ± 3.7

Our study (2009) Iranian 108 2 – 18 9.4 ± 1.8

Table 10. Comparison of posterior tibial slope between Iranians and other ethnic groups

5. Patella

Patella-related problems are among the issues of concern during and after TKA. Information
regarding anthropometric patellar dimensions can play an important role during the design
of patellar prostheses and the development of surgical techniques. [48] Thickness, height/
width ratio, and relative position of the median ridge all have implications relating to the
selection of patellar components, patellofemoral contact stress, and patellar tracking in the
trochlear groove. [49]

Patellar thickness is a challenging consideration during patellar resurfacing for TKA. A thin
patella can reduce patellofemoral contact force but also poses the potential risk of stress frac‐
ture and anteroposterior instability. Increasing patellar thickness might be expected to in‐
crease effective quadriceps moment arm at low flexion angles of the knee but potentially
reduces range of motion and predisposes to patellar subluxation. It commonly is assumed
that it is desirable for a resurfaced patella to be equal to its original thickness, and a bony
patellar thickness of at least 15 mm should be maintained. However, it is not uncommon to
find, intraoperatively, the patella is too thin to simultaneously satisfy these criteria. Three
surgical options should be considered with a thin patella: (1) leave the patella unresurfaced;
(2) restore the original patellar thickness by removing bone to account for the thickness of
the prosthesis, while accepting thin residual bone; and (3) leave residual bone of adequate
thickness, while accepting an increase in overall patellar thickness. To solve this problem,
the only versatile option is to use a specifically designed patellar prosthesis with less thick‐
ness. [9, 50]

Patellar height/width ratios and the position of the median patellar ridge have clinical impli‐
cations for TKA with patellar resurfacing. Because the mediolateral width of a patella typi‐
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Our TPSA findings demonstrate that tibial plateau was not symmetrical and the Cp passes
medial to Cs. This shows that the tibial plateaus in Iranian knees have a medial offset in re‐
gard to tibial shaft. So we consider that the center of the tibial plateau should not be used as
a landmark of the tibial component.

4.5.7.2. Posterior tibial slope

We assessed the tibial slope in normal adults in Iran. The mean slope angle was 9.4±1.8 de‐
grees. We found no statistical relationship between age and gender and posterior tibial
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slope. The normal posterior tibial slope angle in this Iranian population was different from
other ethnic groups (Table 10). It may be necessary to consider these differences in design‐
ing tibial components for knee arthroplasty. [47]

Study Ethnic group Number Range of slope
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Mean ± (SD)
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Chiou et al (2000) Chinese 25 5 – 22 14.7 ± 3.7
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Table 10. Comparison of posterior tibial slope between Iranians and other ethnic groups
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Patella-related problems are among the issues of concern during and after TKA. Information
regarding anthropometric patellar dimensions can play an important role during the design
of patellar prostheses and the development of surgical techniques. [48] Thickness, height/
width ratio, and relative position of the median ridge all have implications relating to the
selection of patellar components, patellofemoral contact stress, and patellar tracking in the
trochlear groove. [49]

Patellar thickness is a challenging consideration during patellar resurfacing for TKA. A thin
patella can reduce patellofemoral contact force but also poses the potential risk of stress frac‐
ture and anteroposterior instability. Increasing patellar thickness might be expected to in‐
crease effective quadriceps moment arm at low flexion angles of the knee but potentially
reduces range of motion and predisposes to patellar subluxation. It commonly is assumed
that it is desirable for a resurfaced patella to be equal to its original thickness, and a bony
patellar thickness of at least 15 mm should be maintained. However, it is not uncommon to
find, intraoperatively, the patella is too thin to simultaneously satisfy these criteria. Three
surgical options should be considered with a thin patella: (1) leave the patella unresurfaced;
(2) restore the original patellar thickness by removing bone to account for the thickness of
the prosthesis, while accepting thin residual bone; and (3) leave residual bone of adequate
thickness, while accepting an increase in overall patellar thickness. To solve this problem,
the only versatile option is to use a specifically designed patellar prosthesis with less thick‐
ness. [9, 50]

Patellar height/width ratios and the position of the median patellar ridge have clinical impli‐
cations for TKA with patellar resurfacing. Because the mediolateral width of a patella typi‐
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cally is larger than its height, a dome-shaped patella component chosen by the height does
not cover the entire resected surface of the patella. It has been recommended the patella be
placed at the medial margin of a resected patella to help patellofemoral tracking by decreas‐
ing the Q angle. In addition, the position of the median ridge is another factor to consider
when selecting the size of a patellar component. The median ridge can act as a fulcrum for
patellofemoral tracking and thus can influence restoration of normal kinematics after TKA
with patellar resurfacing. If an orthopaedic surgeon attempts to restore the original position
of the median ridge, he or she may have to select a smaller component, which reduces patel‐
lofemoral articulation contact area. [9]

The only article in the literature that we could find on this subject was by Kyun Kim et al.
They performed an anthropometric assessment of patella on Korean knees (Figure 6) and its
comparison to the western knees. They found that Koreans had thinner and smaller patellae
than Westerners. The mean central ridge thickness was 21.2 mm in women and 23.1 mm in
men, whereas corresponding reported mean thicknesses in Western patients are 21.8 to 22.5
mm and 23.9 to 26.1 mm. In Koreans, mean heights and widths were 33.1 mm and 41.0 mm
in women and 36.2 mm and 45.6 mm in men, whereas corresponding values in Western pa‐
tients are 35.0 mm and 42.7 mm in women and 39.4 mm and 49.5 mm in men. However,
despite these differences in thicknesses, widths, and heights, the width/height ratios and
ridge positions were similar in Koreans and Westerners. [50] (Table 11)

Some studies have advocated reestablishment of original thickness and adequate residual
bony thickness as key surgical guidelines. However, in Korean patients, these two guide‐
lines often cannot be satisfied. In such cases, the surgeon is forced to choose between restor‐
ing the original thickness while accepting a low residual bony thickness and retaining
sufficient residual bony thickness while accepting an increased overall thickness. But if Ko‐
reans can have a specifically designed patellar prosthesis with less thickness, this problem
will be better resolved. [51]

Figure 6. The schematic drawings show anthropometric dimensions before bone resection, including medial facet
width (MFW), whole patella width (WW), and thickness at the median ridge (RT).
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Study Thickness

at

central

ridge (mm)

Ridge

position

Mediolateral

width (mm)

Superoinferior

height (mm)

Width/height

Ratio

Residual

bony

thickness

after bone

resection

(mm)

Overall

thickness

after

implantation

(mm)

This study

Female (n = 713) 21.2

(17–26)

0.45

(0.23–0.67)

41.0

(25–51)

33.1

(23–43)

1.24

(0.72–1.78)

12.5

(10–15)

21.2

(17–25)

Male (n = 39) 23.1

(20–26)

0.44

(0.23–0.52)

45.6

(36–52)

36.2

(31–52)

1.27

(0.81–1.50)

13.5

(12–16)

22.7

(20–26)

Baldwin and House (2005)

Female (n = 57) 21.8

(18–27)

0.43 42.7

(32–50)

35.0

(28–43)

1.22

(1.06–1.56)

Male (n = 35) 23.9

(20–30)

0.42 49.5

(44–64)

39.4

(34–45)

1.26

(1.05–1.51)

Chmell et al.(1996)

Female (n = 123) 22.6

(17.5–28)

Male (n = 75) 26.1

(20–33)

Hitt et al.(2003)

Female (n = 209) 22.5

Male (n = 128) 25.3

Table 11. Comparisons of the anthropometric dimensions of the patellae of Korean and Western patients (based on
published values)

6. Is ethnicity influencing in vivo normal knee kinematics?

Current TKA reduces pain, restores mobility, and provides satisfactory longevity. Surgery is
sometimes refused in non-Western cultures due to the anticipated limited postoperative
ROM. [52]

Therefore, improvements to facilitate deep flexion activities are required in the present TKA
designs to be accepted by Asian people. To make design changes, it is important to under‐
stand which factors influence deep flexion capabilities. Since Asian populations can achieve
more flexion than Caucasians (156.9o, 157.3o, 159.6o, 160o, 162o or even 165o for Asian popula‐
tions and 143.8o, 145o for Caucasian), ethnicity might reveal certain factors leading to higher
knee flexion. [53 - 55]

Physiologic and anatomic characteristics can vary considerably between individuals. Re‐
search data originating from different regions of the world suggest ROM may be a function
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They performed an anthropometric assessment of patella on Korean knees (Figure 6) and its
comparison to the western knees. They found that Koreans had thinner and smaller patellae
than Westerners. The mean central ridge thickness was 21.2 mm in women and 23.1 mm in
men, whereas corresponding reported mean thicknesses in Western patients are 21.8 to 22.5
mm and 23.9 to 26.1 mm. In Koreans, mean heights and widths were 33.1 mm and 41.0 mm
in women and 36.2 mm and 45.6 mm in men, whereas corresponding values in Western pa‐
tients are 35.0 mm and 42.7 mm in women and 39.4 mm and 49.5 mm in men. However,
despite these differences in thicknesses, widths, and heights, the width/height ratios and
ridge positions were similar in Koreans and Westerners. [50] (Table 11)

Some studies have advocated reestablishment of original thickness and adequate residual
bony thickness as key surgical guidelines. However, in Korean patients, these two guide‐
lines often cannot be satisfied. In such cases, the surgeon is forced to choose between restor‐
ing the original thickness while accepting a low residual bony thickness and retaining
sufficient residual bony thickness while accepting an increased overall thickness. But if Ko‐
reans can have a specifically designed patellar prosthesis with less thickness, this problem
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Figure 6. The schematic drawings show anthropometric dimensions before bone resection, including medial facet
width (MFW), whole patella width (WW), and thickness at the median ridge (RT).
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6. Is ethnicity influencing in vivo normal knee kinematics?

Current TKA reduces pain, restores mobility, and provides satisfactory longevity. Surgery is
sometimes refused in non-Western cultures due to the anticipated limited postoperative
ROM. [52]

Therefore, improvements to facilitate deep flexion activities are required in the present TKA
designs to be accepted by Asian people. To make design changes, it is important to under‐
stand which factors influence deep flexion capabilities. Since Asian populations can achieve
more flexion than Caucasians (156.9o, 157.3o, 159.6o, 160o, 162o or even 165o for Asian popula‐
tions and 143.8o, 145o for Caucasian), ethnicity might reveal certain factors leading to higher
knee flexion. [53 - 55]

Physiologic and anatomic characteristics can vary considerably between individuals. Re‐
search data originating from different regions of the world suggest ROM may be a function

Special Considerations in Asian Knee Arthroplasty
http://dx.doi.org/10.5772/53595

55



of ethnicity or a lifestyle. Caucasians can flex to about 140o, while in societies where daily
activities require full kneeling or squatting as in Japan, India, or the Middle East, subjects
achieve up to 165o, providing an energy-saving flexed posture. Saudi Arabian men flex their
knees, on average, to 159.6o, 15o more than Scandinavians. Muslims maintain the flexion of
157.3o in their prayer position. [54, 55]

Leszko et al. assessed the knee kinematics in Asian and Caucasian population. They found
that Caucasian women achieved similar maximum flexion as the Japanese women and Japa‐
nese men. These three groups also outnumbered the Caucasian males capable of achieving
knee flexion greater than 150o. Consequently, the average maximum flexion was lower for
Caucasian men than for Caucasian women or Japanese men. These differences were also ap‐
parent when comparing the flexion ROM; the highest was attained by Japanese women, fol‐
lowed by Japanese men, Caucasian women, and Caucasian men. The maximum axial
rotation was lower for Caucasian men compared to Caucasian women. Caucasian women
and both Japanese groups achieved similar average maximum axial rotation. The absolute
range of axial rotation revealed a similar trend; it was lower for Caucasian men than for the
three other groups, and there was no difference among the three other groups. When com‐
pared at each flexion increment, the femur rotated externally with increasing flexion, in a
similar pattern for all four groups. [9]

However, in deep flexion, Caucasian men had the least amount of external rotation. For all
groups, the femur was slightly abducted at the beginning of the activity but adducted with
increasing knee flexion. Above 120o of flexion, the femur remained about 4o adducted for
Caucasian women and both Japanese groups, while for Caucasian men, the adduction re‐
duced and the femur became slightly abducted at 150o of flexion. The lateral tibio-femoral
contact point translated posteriorly in virtually the same pattern for all four groups and
there was no difference at any flexion increment or in the absolute range of translation be‐
tween any of the groups. The AP translation of the medial tibio-femoral contact point was
also similar for all groups, except at maximum flexion where it was more posterior for Cau‐
casian men than for Caucasian women. Similarly, the AP translation of the lateral femoral
flexion facet center was similar between the groups at any flexion as was the medial femoral
flexion facet center translation at each flexion increment. However, the posterior translation
of the femoral flexion facet center from full extension to maximum flexion was higher for
Caucasian men than for any other group. The medial and lateral condyles moved in differ‐
ent modes. The lateral condyle was spinning and rolling posteriorly throughout the ROM.
However, the medial condyle counter-translated in the early flexion and then was spinning
until 120o. Above 120o, the motion changed to more of a rolling type for both condyles,
which may justify the use of the term ‘‘posterior femoral rollback.’’ There were no differen‐
ces in the type of motion of the lateral condyle between the analyzed groups at any flexion
increment. However, above 120o of flexion, the medial condyle revealed more rolling for
Caucasian men compared to Caucasian women and both Japanese groups. [9]

This study suggested higher axial rotation is not related to the lateral condyle, as its motion
was almost identical for all three groups (the lateral femoral condyle was spinning and rolling
in the same manner for all four groups). The differences were observed on the medial condyle.
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From full extension to maximum flexion, for Caucasian men, the medial tibio-femoral contact
point and flexion facet center translated more posteriorly than for any other group. The medi‐
al condyle was also rolling more for the Caucasian men than for any other group above 120o. In
fact, for the three other groups, the medial condyle remained more stationary, spinning close
to the center of the tibial plateau, possibly allowing the lateral condyle to pivot about it and to
rotate more externally. The ability to achieve more external rotation may also be related to ACL
laxity, as it was higher for Japanese than for Caucasians. [9]

7. Conclusion

Almost all prosthetic implants have been designed and manufactured to accommodate the
knee anatomy of Western Caucasians, and there is some doubt about the application of
these systems to Asians, as the size of Asians differs from that of Caucasians. Moreover,
even if the smallest size from each Western prosthesis company is used, it may be too big for
some Asian subjects.

However, all the problems with matching a conventional knee prosthesis with Asian knees
is not the mere size. It is important not to consider Asian knees as a smaller western Cauca‐
sian knees. As we reviewed in above paragraphs, there are many differences in various ana‐
tomic parameters between Asian and Caucasian knees. In Chinese, Korean and Iranian
knees, it has been shown that the tibial anatomic axis does not pass through the same point
of plateau as the western Caucasian knees. It is a noteworthy point to consider while mark‐
ing the tibial entry point, otherwise, in Asian knees, the tibial component would be inserted
in varus or the tibial medial cortex would be fractured.

Besides, the relationship between these parameters in Asian knees are far different from
western Caucasian knees. As it was described in multiple studies in Chinese, Japanese, Ko‐
rean and Indian population, the mediolateral diameter of the distal femur is smaller than
their counterpart in western population with the same AP diameter. There is also a more im‐
portant aspect of difference between these two groups of knees, which is great disparity
among changes in these parameters. In other words, in contrast to western Caucasian knees,
there are some parameters in the Asian knees which decrease upon increasing the other pa‐
rameters and the size of the knee. As it has been shown in Chinese knees, the femoral aspect
ratio was higher for smaller knees and proportionally lower for larger knees and female sub‐
jects had a smaller aspect ratio with the same anteroposterior dimension. On the tibial side,
the aspect ratio (tML/tAP %) showed a definitely negative correlation with tAP, which
means that there were large values in the aspect ratio with the smaller tAP, and that males
have larger values in the aspect ratio than females having the same values for anteroposteri‐
or dimension. Although, there are some prostheses that consider this negative correlation
between tibial aspect ratio and tAP, however, the rate of change did not match that of the
Asian population.

There is also a huge number of differences in the angular parameters between Asian and
western Caucasian knees. Distal femoral coronal angle, posterior femoral condylar angle,
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of ethnicity or a lifestyle. Caucasians can flex to about 140o, while in societies where daily
activities require full kneeling or squatting as in Japan, India, or the Middle East, subjects
achieve up to 165o, providing an energy-saving flexed posture. Saudi Arabian men flex their
knees, on average, to 159.6o, 15o more than Scandinavians. Muslims maintain the flexion of
157.3o in their prayer position. [54, 55]

Leszko et al. assessed the knee kinematics in Asian and Caucasian population. They found
that Caucasian women achieved similar maximum flexion as the Japanese women and Japa‐
nese men. These three groups also outnumbered the Caucasian males capable of achieving
knee flexion greater than 150o. Consequently, the average maximum flexion was lower for
Caucasian men than for Caucasian women or Japanese men. These differences were also ap‐
parent when comparing the flexion ROM; the highest was attained by Japanese women, fol‐
lowed by Japanese men, Caucasian women, and Caucasian men. The maximum axial
rotation was lower for Caucasian men compared to Caucasian women. Caucasian women
and both Japanese groups achieved similar average maximum axial rotation. The absolute
range of axial rotation revealed a similar trend; it was lower for Caucasian men than for the
three other groups, and there was no difference among the three other groups. When com‐
pared at each flexion increment, the femur rotated externally with increasing flexion, in a
similar pattern for all four groups. [9]

However, in deep flexion, Caucasian men had the least amount of external rotation. For all
groups, the femur was slightly abducted at the beginning of the activity but adducted with
increasing knee flexion. Above 120o of flexion, the femur remained about 4o adducted for
Caucasian women and both Japanese groups, while for Caucasian men, the adduction re‐
duced and the femur became slightly abducted at 150o of flexion. The lateral tibio-femoral
contact point translated posteriorly in virtually the same pattern for all four groups and
there was no difference at any flexion increment or in the absolute range of translation be‐
tween any of the groups. The AP translation of the medial tibio-femoral contact point was
also similar for all groups, except at maximum flexion where it was more posterior for Cau‐
casian men than for Caucasian women. Similarly, the AP translation of the lateral femoral
flexion facet center was similar between the groups at any flexion as was the medial femoral
flexion facet center translation at each flexion increment. However, the posterior translation
of the femoral flexion facet center from full extension to maximum flexion was higher for
Caucasian men than for any other group. The medial and lateral condyles moved in differ‐
ent modes. The lateral condyle was spinning and rolling posteriorly throughout the ROM.
However, the medial condyle counter-translated in the early flexion and then was spinning
until 120o. Above 120o, the motion changed to more of a rolling type for both condyles,
which may justify the use of the term ‘‘posterior femoral rollback.’’ There were no differen‐
ces in the type of motion of the lateral condyle between the analyzed groups at any flexion
increment. However, above 120o of flexion, the medial condyle revealed more rolling for
Caucasian men compared to Caucasian women and both Japanese groups. [9]

This study suggested higher axial rotation is not related to the lateral condyle, as its motion
was almost identical for all three groups (the lateral femoral condyle was spinning and rolling
in the same manner for all four groups). The differences were observed on the medial condyle.

Arthroplasty - Update56

From full extension to maximum flexion, for Caucasian men, the medial tibio-femoral contact
point and flexion facet center translated more posteriorly than for any other group. The medi‐
al condyle was also rolling more for the Caucasian men than for any other group above 120o. In
fact, for the three other groups, the medial condyle remained more stationary, spinning close
to the center of the tibial plateau, possibly allowing the lateral condyle to pivot about it and to
rotate more externally. The ability to achieve more external rotation may also be related to ACL
laxity, as it was higher for Japanese than for Caucasians. [9]

7. Conclusion

Almost all prosthetic implants have been designed and manufactured to accommodate the
knee anatomy of Western Caucasians, and there is some doubt about the application of
these systems to Asians, as the size of Asians differs from that of Caucasians. Moreover,
even if the smallest size from each Western prosthesis company is used, it may be too big for
some Asian subjects.

However, all the problems with matching a conventional knee prosthesis with Asian knees
is not the mere size. It is important not to consider Asian knees as a smaller western Cauca‐
sian knees. As we reviewed in above paragraphs, there are many differences in various ana‐
tomic parameters between Asian and Caucasian knees. In Chinese, Korean and Iranian
knees, it has been shown that the tibial anatomic axis does not pass through the same point
of plateau as the western Caucasian knees. It is a noteworthy point to consider while mark‐
ing the tibial entry point, otherwise, in Asian knees, the tibial component would be inserted
in varus or the tibial medial cortex would be fractured.

Besides, the relationship between these parameters in Asian knees are far different from
western Caucasian knees. As it was described in multiple studies in Chinese, Japanese, Ko‐
rean and Indian population, the mediolateral diameter of the distal femur is smaller than
their counterpart in western population with the same AP diameter. There is also a more im‐
portant aspect of difference between these two groups of knees, which is great disparity
among changes in these parameters. In other words, in contrast to western Caucasian knees,
there are some parameters in the Asian knees which decrease upon increasing the other pa‐
rameters and the size of the knee. As it has been shown in Chinese knees, the femoral aspect
ratio was higher for smaller knees and proportionally lower for larger knees and female sub‐
jects had a smaller aspect ratio with the same anteroposterior dimension. On the tibial side,
the aspect ratio (tML/tAP %) showed a definitely negative correlation with tAP, which
means that there were large values in the aspect ratio with the smaller tAP, and that males
have larger values in the aspect ratio than females having the same values for anteroposteri‐
or dimension. Although, there are some prostheses that consider this negative correlation
between tibial aspect ratio and tAP, however, the rate of change did not match that of the
Asian population.

There is also a huge number of differences in the angular parameters between Asian and
western Caucasian knees. Distal femoral coronal angle, posterior femoral condylar angle,
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proximal tibial varus angle and posterior tibial slope have all been shown to be different in
Asian from western Caucasian knees. It means that standard considerations while preparing
and cutting distal femur and proximal tibia may not be appropriate for Asian knees, other‐
wise, soft tissue tension, ligament balancing and ROM of the joint may be disturbed.

Patellar dimensions are also different between these two ethnic groups, so although specific
considerations in patellar resurfacing techniques for Asians are necessary, a specifically de‐
signed patellar prosthesis with less thickness is imperative to accommodate thinner patella
of Asian ethnicity.

Aside from technical considerations for Asian knees which of course must be different from
western knees, there seems to be necessary to have some specifically designed knee prosthe‐
ses for Asian population. These prostheses must take into account not only the differences in
size, but also the variations in aspect ratios in size parameters and their specific changes
with changes in other parameters. Another consideration in Asian knee prostheses is their
need for more flexion than their western counterparts. For achieving deep flexion after TKA,
prosthesis design, although not as important as the technical consideration, is an significant
point.

8. Summary

As you’ve read through the chapter it is clear that knees are different in different ethnic pop‐
ulation.

These differences vary in a wide spectrum. For example, three-dimensional morphology of
the Knee represents that the shape of the distal femur and proximal tibia is different among
the ethnic groups. The normalized ratios and nonlinear shape analysis of the studies sup‐
ported differences between East Asians and Caucasians independent of any scale factor.

There is a strong correlation between the femoral mediolateral (fML) and femoral anteropos‐
terior (fAP) dimensions with the tibial mediolateral (tML) measurements, and as the latter
increases, there is an increase in the formers.

Quantification of the tML and tAP (tibial anteroposterior) revealed that among Chinese pop‐
ulation females have a smaller tibial surface than males, and both have smaller values than
the Caucasian population. The morphologic data of the tibia showed a decreasing aspect ra‐
tio (tML/tAP %) as the tAP dimension increased, which is similar in many studies. In con‐
trast, a majority of the implants had a relatively constant aspect ratio. Comparing five major
conventional prostheses, it is evident that tML is undersized with the smaller tAP, and over‐
hang with the larger tAP. This is more evident in male knees. In the morphology of the fe‐
mur, females have a smaller aspect ratio with the same femoral anteroposterior dimension,
which suggest that women have generally narrower femora than men when the femoral an‐
teroposterior dimension is adequate. These results suggest that the prostheses which are
suitable for Caucasian patients may be larger than ideal for Chinese patients. Since the tML
is strongly correlated with the fML and fAP, it is important to consider the tibia and femur
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as a whole. Therefore, the tML and fAP should be considered as the criteria to design gen‐
der-specific proper prostheses suitable for most of Chinese population.

Dimensions of Chinese knees were generally smaller than white knees. In addition, Chinese
females had a significantly narrower distal femur than white females, whereas Chinese
males had a wider proximal tibia than their white counterparts. These prove the hypothesis
that there is a distinct difference in size and shape between the Chinese and white knees.
Another point is that the femoral condyles are asymmetric among Chinese population.

Anatomical differences could be observed even during childhood developments. Arazi et al
found a negative correlation between the weight of children at a specific age with the ICD of
the subject. However, this correlation was found to be weak and although statistically signif‐
icant, it might not be of any clinical significance. The only possible explanation to this might
be the relatively thick thighs of the heavier children, which is expected to subjectively de‐
crease the ICD. Literature shows that there is a wide variation in the normal development of
the knee angle, which might be physiological.

Axial alignment of the lower extremity has also seemed to be different among different
races. Achieving normal axial alignment of the lower extremity is important to surgeons
who perform reconstructive surgery of the knee.

In the study by Tang et al, the extremities of Chinese women had a mean of 2.2 ± 2.5 degrees
of varus alignment, demonstrating that the knees of Chinese female is in more varus align‐
ment than those in the white females.

Several studies have revealed that the axis of the tibial shaft is, on the average, located ante‐
romedial to the center of the tibial plateau in the Western population, for whom a medially
offset stem seems more suitable. But, some studies confirm that the axis of the tibial shaft
does not overlap the center of the tibial plateau in Chinese people. It seems that an offset
stem would be more suitable for Chinese patients who need a long-stemmed tibial compo‐
nent. Among Asian population, there is a large variation in the offset of the tibial shaft from
the tibial plateau, ranging from 0.46 to 12.26 mm.

In a study on Iranian normal adult knees, we assessed the tibial plateau shift angle (TPSA)
in order to assess our hypothesis that the proximal tibia of Iranian knee is not the same as
the western knees. Our TPSA findings demonstrate that tibial plateau was not symmetrical
and the central point (Cp) passes medial to central shaft line (Cs). This shows that the tibial
plateaus in Iranian knees have a medial offset in regard to tibial shaft. So we suggest that the
center of the tibial plateau should not be used as a landmark of the tibial component. There‐
fore, some tibial base-plates specifically designed for Caucasians may not be suitable for
Asian people and it remains a necessity to design a special tibial base-plate for these ethnic
groups.

Some variances have also been observed in sagittal femoral shaft bowing. In Chinese pa‐
tients  distal  sagittal  bowing is  a  constant and important feature,  and it  affects  the posi‐
tioning of the femoral component on the sagittal plane. There is a dilemma of implanting
the femoral component either according to the anatomy of the distal femur ignoring the
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proximal tibial varus angle and posterior tibial slope have all been shown to be different in
Asian from western Caucasian knees. It means that standard considerations while preparing
and cutting distal femur and proximal tibia may not be appropriate for Asian knees, other‐
wise, soft tissue tension, ligament balancing and ROM of the joint may be disturbed.

Patellar dimensions are also different between these two ethnic groups, so although specific
considerations in patellar resurfacing techniques for Asians are necessary, a specifically de‐
signed patellar prosthesis with less thickness is imperative to accommodate thinner patella
of Asian ethnicity.

Aside from technical considerations for Asian knees which of course must be different from
western knees, there seems to be necessary to have some specifically designed knee prosthe‐
ses for Asian population. These prostheses must take into account not only the differences in
size, but also the variations in aspect ratios in size parameters and their specific changes
with changes in other parameters. Another consideration in Asian knee prostheses is their
need for more flexion than their western counterparts. For achieving deep flexion after TKA,
prosthesis design, although not as important as the technical consideration, is an significant
point.

8. Summary

As you’ve read through the chapter it is clear that knees are different in different ethnic pop‐
ulation.

These differences vary in a wide spectrum. For example, three-dimensional morphology of
the Knee represents that the shape of the distal femur and proximal tibia is different among
the ethnic groups. The normalized ratios and nonlinear shape analysis of the studies sup‐
ported differences between East Asians and Caucasians independent of any scale factor.

There is a strong correlation between the femoral mediolateral (fML) and femoral anteropos‐
terior (fAP) dimensions with the tibial mediolateral (tML) measurements, and as the latter
increases, there is an increase in the formers.

Quantification of the tML and tAP (tibial anteroposterior) revealed that among Chinese pop‐
ulation females have a smaller tibial surface than males, and both have smaller values than
the Caucasian population. The morphologic data of the tibia showed a decreasing aspect ra‐
tio (tML/tAP %) as the tAP dimension increased, which is similar in many studies. In con‐
trast, a majority of the implants had a relatively constant aspect ratio. Comparing five major
conventional prostheses, it is evident that tML is undersized with the smaller tAP, and over‐
hang with the larger tAP. This is more evident in male knees. In the morphology of the fe‐
mur, females have a smaller aspect ratio with the same femoral anteroposterior dimension,
which suggest that women have generally narrower femora than men when the femoral an‐
teroposterior dimension is adequate. These results suggest that the prostheses which are
suitable for Caucasian patients may be larger than ideal for Chinese patients. Since the tML
is strongly correlated with the fML and fAP, it is important to consider the tibia and femur
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as a whole. Therefore, the tML and fAP should be considered as the criteria to design gen‐
der-specific proper prostheses suitable for most of Chinese population.

Dimensions of Chinese knees were generally smaller than white knees. In addition, Chinese
females had a significantly narrower distal femur than white females, whereas Chinese
males had a wider proximal tibia than their white counterparts. These prove the hypothesis
that there is a distinct difference in size and shape between the Chinese and white knees.
Another point is that the femoral condyles are asymmetric among Chinese population.

Anatomical differences could be observed even during childhood developments. Arazi et al
found a negative correlation between the weight of children at a specific age with the ICD of
the subject. However, this correlation was found to be weak and although statistically signif‐
icant, it might not be of any clinical significance. The only possible explanation to this might
be the relatively thick thighs of the heavier children, which is expected to subjectively de‐
crease the ICD. Literature shows that there is a wide variation in the normal development of
the knee angle, which might be physiological.

Axial alignment of the lower extremity has also seemed to be different among different
races. Achieving normal axial alignment of the lower extremity is important to surgeons
who perform reconstructive surgery of the knee.

In the study by Tang et al, the extremities of Chinese women had a mean of 2.2 ± 2.5 degrees
of varus alignment, demonstrating that the knees of Chinese female is in more varus align‐
ment than those in the white females.

Several studies have revealed that the axis of the tibial shaft is, on the average, located ante‐
romedial to the center of the tibial plateau in the Western population, for whom a medially
offset stem seems more suitable. But, some studies confirm that the axis of the tibial shaft
does not overlap the center of the tibial plateau in Chinese people. It seems that an offset
stem would be more suitable for Chinese patients who need a long-stemmed tibial compo‐
nent. Among Asian population, there is a large variation in the offset of the tibial shaft from
the tibial plateau, ranging from 0.46 to 12.26 mm.

In a study on Iranian normal adult knees, we assessed the tibial plateau shift angle (TPSA)
in order to assess our hypothesis that the proximal tibia of Iranian knee is not the same as
the western knees. Our TPSA findings demonstrate that tibial plateau was not symmetrical
and the central point (Cp) passes medial to central shaft line (Cs). This shows that the tibial
plateaus in Iranian knees have a medial offset in regard to tibial shaft. So we suggest that the
center of the tibial plateau should not be used as a landmark of the tibial component. There‐
fore, some tibial base-plates specifically designed for Caucasians may not be suitable for
Asian people and it remains a necessity to design a special tibial base-plate for these ethnic
groups.

Some variances have also been observed in sagittal femoral shaft bowing. In Chinese pa‐
tients  distal  sagittal  bowing is  a  constant and important feature,  and it  affects  the posi‐
tioning of the femoral component on the sagittal plane. There is a dilemma of implanting
the femoral component either according to the anatomy of the distal femur ignoring the

Special Considerations in Asian Knee Arthroplasty
http://dx.doi.org/10.5772/53595

59



bowing,  or  according  the  longitudinal  axis  of  the  femur  on  the  sagittal  plane.  On  one
hand, following the distal anatomy might sufficiently flex the femoral component that it
results in an undesirable impingement of the anterior aspect of the polyethylene post on
knee extension if posterior-stabilized implants are used and thus become a source of os‐
teolysis-inducing polyethylene particles.  However,  following the longitudinal  axis  of  the
femur might result in an extended femoral component that could compromise the anteri‐
or cortex of the distal femur. In Chinese patients who have undergone TKA, distal sagit‐
tal  bowing  of  the  femur  is  common  but  the  common  pattern  is  posteromedial
osteoarthritis. This apparent inconsistency could be the result of differences in tibial slope
and the joint line obliquity in Chinese patients.

The posterior tibial slope has also a unique feature in Asians. Kapandji found that the tibial
plateau was inclined posteriorly for 5 ° to 6 ° according to the horizontal plane and called
this retroversion in the sagittal plane of the tibia. We assessed the tibial slope in normal
adults in Iran. The mean slope angle was 9.4±1.8 degrees. We found no statistical relation‐
ship between age and gender and posterior tibial slope. The normal posterior tibial slope an‐
gle in this Iranian population was different from other ethnic groups. It may be necessary to
consider these differences in designing tibial components for knee arthroplasty.

Special considerations in total knee arthroplasty for Asians: Recent anthropometric stud‐
ies have suggested that current design of total knee arthroplasty (TKA) does not cater to ra‐
cial anthropometric differences. Most of the commercially available TKA prostheses are
designed according to the anthropometric data of white knees, which has been suspected as
the cause of the component mismatch in Asian people. Several studies have compared the
morphology of Asian knees to that of TKA prostheses currently used in Asia and found that
the femoral aspect ratio (medio-lateral [fML]/antero-posterior [fAP]) of these prostheses
were not suitable for Asian patients.

Patella-related problems are among the issues of concern during and after TKA. Information
regarding anthropometric patellar dimensions can play an important role during the design
of patellar prostheses and the development of surgical techniques. Thickness, height/width
ratio, and relative position of the median ridge all have implications relating to the selection
of patellar components, patella-femoral contact stress, and patellar tracking in the trochlear
groove. The only article in the literature that we could find on this subject was by Kyun Kim
et al. They found that Koreans had thinner and smaller patellae than Westerners. Patellar
thickness is a challenging consideration during patellar resurfacing for TKA. A thin patella
can reduce patella-femoral contact force but also poses the potential risk of stress fracture
and anteroposterior instability. It commonly is assumed that it is desirable for a resurfaced
patella to be equal to its original thickness, and a bony patellar thickness of at least 15 mm
should be maintained. However, it is not uncommon to find, intra-operatively, the patella is
too thin to simultaneously satisfy these criteria. To solve this problem, the only versatile op‐
tion is to use exclusively designed patellar prosthesis with less thickness.

Yet the importance of these issues is more distinguished when one considers the geographi‐
cal variation in the epidemiology of osteoarthritis, which has been well documented. The ra‐
tio of knee osteoarthritis to hip osteoarthritis is 9:1 for Chinese individuals in Hong Kong,
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3:1 for white individuals in the United States, and 1:2 for Swedish individuals. The racial dif‐
ferences in the axial alignment of the lower extremity may contribute to the variation in this
ratio. The authors suspect that the larger knee-joint-obliquity angle in Chinese individuals
may contribute to the higher ratio of knee osteoarthritis to hip osteoarthritis among Chinese
adults.

One should be cautious in describing what is “normal” because of the substantial individual
variations. Currently, designers of most total knee arthroplasty systems recommend place‐
ment of the components in such a way that the transverse axis of the artificial knee joint is
perpendicular to the mechanical axes of the tibia and the femur. The resulting alignment of
the lower extremity, therefore, is in close proximity to the alignment documented by More‐
land et al. and Hsu et al. The mechanical axes of the femur and the tibia did not form a
straight line in either Chinese males or females. This finding is in contrast to the general con‐
sensus that has been described previously.

And ultimately, the answer to this question: “Are in vivo normal knee kinematics influenced
by ethnicity?” is, YES.
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bowing,  or  according  the  longitudinal  axis  of  the  femur  on  the  sagittal  plane.  On  one
hand, following the distal anatomy might sufficiently flex the femoral component that it
results in an undesirable impingement of the anterior aspect of the polyethylene post on
knee extension if posterior-stabilized implants are used and thus become a source of os‐
teolysis-inducing polyethylene particles.  However,  following the longitudinal  axis  of  the
femur might result in an extended femoral component that could compromise the anteri‐
or cortex of the distal femur. In Chinese patients who have undergone TKA, distal sagit‐
tal  bowing  of  the  femur  is  common  but  the  common  pattern  is  posteromedial
osteoarthritis. This apparent inconsistency could be the result of differences in tibial slope
and the joint line obliquity in Chinese patients.

The posterior tibial slope has also a unique feature in Asians. Kapandji found that the tibial
plateau was inclined posteriorly for 5 ° to 6 ° according to the horizontal plane and called
this retroversion in the sagittal plane of the tibia. We assessed the tibial slope in normal
adults in Iran. The mean slope angle was 9.4±1.8 degrees. We found no statistical relation‐
ship between age and gender and posterior tibial slope. The normal posterior tibial slope an‐
gle in this Iranian population was different from other ethnic groups. It may be necessary to
consider these differences in designing tibial components for knee arthroplasty.

Special considerations in total knee arthroplasty for Asians: Recent anthropometric stud‐
ies have suggested that current design of total knee arthroplasty (TKA) does not cater to ra‐
cial anthropometric differences. Most of the commercially available TKA prostheses are
designed according to the anthropometric data of white knees, which has been suspected as
the cause of the component mismatch in Asian people. Several studies have compared the
morphology of Asian knees to that of TKA prostheses currently used in Asia and found that
the femoral aspect ratio (medio-lateral [fML]/antero-posterior [fAP]) of these prostheses
were not suitable for Asian patients.

Patella-related problems are among the issues of concern during and after TKA. Information
regarding anthropometric patellar dimensions can play an important role during the design
of patellar prostheses and the development of surgical techniques. Thickness, height/width
ratio, and relative position of the median ridge all have implications relating to the selection
of patellar components, patella-femoral contact stress, and patellar tracking in the trochlear
groove. The only article in the literature that we could find on this subject was by Kyun Kim
et al. They found that Koreans had thinner and smaller patellae than Westerners. Patellar
thickness is a challenging consideration during patellar resurfacing for TKA. A thin patella
can reduce patella-femoral contact force but also poses the potential risk of stress fracture
and anteroposterior instability. It commonly is assumed that it is desirable for a resurfaced
patella to be equal to its original thickness, and a bony patellar thickness of at least 15 mm
should be maintained. However, it is not uncommon to find, intra-operatively, the patella is
too thin to simultaneously satisfy these criteria. To solve this problem, the only versatile op‐
tion is to use exclusively designed patellar prosthesis with less thickness.

Yet the importance of these issues is more distinguished when one considers the geographi‐
cal variation in the epidemiology of osteoarthritis, which has been well documented. The ra‐
tio of knee osteoarthritis to hip osteoarthritis is 9:1 for Chinese individuals in Hong Kong,
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3:1 for white individuals in the United States, and 1:2 for Swedish individuals. The racial dif‐
ferences in the axial alignment of the lower extremity may contribute to the variation in this
ratio. The authors suspect that the larger knee-joint-obliquity angle in Chinese individuals
may contribute to the higher ratio of knee osteoarthritis to hip osteoarthritis among Chinese
adults.

One should be cautious in describing what is “normal” because of the substantial individual
variations. Currently, designers of most total knee arthroplasty systems recommend place‐
ment of the components in such a way that the transverse axis of the artificial knee joint is
perpendicular to the mechanical axes of the tibia and the femur. The resulting alignment of
the lower extremity, therefore, is in close proximity to the alignment documented by More‐
land et al. and Hsu et al. The mechanical axes of the femur and the tibia did not form a
straight line in either Chinese males or females. This finding is in contrast to the general con‐
sensus that has been described previously.

And ultimately, the answer to this question: “Are in vivo normal knee kinematics influenced
by ethnicity?” is, YES.
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1. Introduction

Osteoarthritis (OA) is one of the most disabling diseases in developed countries and is re‐
sponsible for significant disability in over 43 million people worldwide, 27 million of whom
are 60 years of age or older [1]. Age is the strongest predictor of the development and pro‐
gression of osteoarthritis, as such the number of people suffering with OA is expected to
continue to increase over the coming years due to the ageing population [2]. Other predic‐
tors associated with OA include; gender, obesity, physical inactivity, smoking, excess alco‐
hol and injuries [2].

Total joint replacement is the treatment of choice (among suitably ‘fit’ candidates) for end-
stage OA [3]. It is a high-cost and high-volume procedure, which dominates surgical waiting
lists and this is expected to become critical with the rapidly ageing population [4]. The num‐
ber of hip and knee replacement being performed each year has risen markedly over the
past decade in most OECD countries [2]. On average, the rate of hip replacement has in‐
creased by over 25% and the rate of knee replacement has nearly doubled. While joint re‐
placement surgery is mainly carried out in people aged 60 and over, the rate of surgery is
also increasing in younger people due to the increasing prevalence of obesity, advances in
surgery and greater patient demand.

Many studies have confirmed the beneficial impact of TJR on pain, disability and quality of
life [5, 6]. However, surgery is not without risk. In the immediate post-operative period,
there is a small but important risk of severe complications [7-9] and in the longer term there
is the risk of prosthesis failure, primarily through loosening, resulting in the need for com‐
plex revision surgery [10]. While the majority can expect improvements in pain and function
in the intermediate period, there is a minority who remain dissatisfied after TJR and this is
despite procedurally excellent outcomes. There are a number of risk factors for continuing

© 2013 Dowsey and Choong; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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pain and disability after surgery and given the increasing demand for TJR, understanding
more about the determinants of good and bad outcomes has become an imperative.

This chapter provides an overview of baseline patient characteristics and predictors associ‐
ated with pain and function following total joint replacement.

2. Incidence

The incidence of dissatisfaction or suboptimal outcome following total joint replacement var‐
ies in the literature. Quantifying the influence of a single patient factor on the functional and
quality of life outcomes in joint replacement is a complex process. Variations in reporting may
in part be due to the range of instruments used to measure patient centred outcomes and the
lack of consensus and consistency amongst health professionals in how these tools are used
[11-14]. Furthermore, to understand the complexities of what contributes to a suboptimal out‐
come, large data sets with samples representative of the total study population and extensive
follow-up are essential, however this is a labour intensive and challenging process.

In 1998 our institution established a joint replacement registry to respond to this issue and to
contribute to our understanding of what constitutes and predicts a good versus poor out‐
come following TJR. The St Vincent’s Total Joint Replacement Registry (SVHM JRR) current‐
ly contains over 8000 procedures undertaken in over 7000 consecutive patients, and grows
by approximately 800 procedures each year. Data include patient demographics, diagnoses,
and type of surgery, prostheses, co-morbidities and peri-operative interventions, and an ex‐
tensive range of outcomes including death, re-hospitalisation and complications. The regis‐
try includes marginalised and disadvantaged groups and is characterised by i) cultural and
linguistic diversity (15% from a non-English speaking background representing over 20 lan‐
guages); ii) 15% rural representation; and iii) socio-economic diversity (20% are ranked as
living in the most “disadvantaged” socio-economic areas (Australian Bureau of Statistics
[15]). Since 2006, we have obtained near complete (> 99%) 12 month follow-up of our cohort.
Pain and functional outcomes as well as quality of life (QoL) are measured using validated
surveys including; the Harris Hip Score [13, 16], the International Knee Society Score[17, 18]
and Short Form Health Survey[12, 13, 19].

From our registry and that of the literature, dissatisfaction (variously measured) is as high
as 50% among patients undergoing total joint replacement [20-25]. The level of dissatisfac‐
tion amongst recipients of hip and knee replacement is considerably different with a much
higher rate of satisfaction reported amongst patients undergoing hip than knee replacement.

2.1. Pain

Chronic pain is a major global health care problem reported in 1 in 5 adults. The major caus‐
es of non-cancer chronic pain are; arthritis (40%) and surgery or injury (25%). For many,
chronic pain substantially impairs daily physical activities, social activities and ability to en‐
joy life [26]. It carries a major economic burden with estimated costs running into billions in
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many OECD countries; US$635 billion in America [27], EUR$32 billion in Sweden [28] and
AU$34 billion in Australia [29].

Chronic disabling pain is the primary indicator for recommending TJR in those with radio‐
graphic evidence of arthritis. For those that present with early disease, conservative treat‐
ment modalities including physical and pharmacological therapies are the first line of
treatment [30, 31] however arthritis is a progressive disease and non-surgical modalities can
effectively delay but not negate the need for eventual surgical intervention. Surgical inter‐
ventions such as arthroscopy, bone marrow stimulation or osteotomy, may be recommend‐
ed in carefully selected patients, however TJR remains the most effective and cost effective
intervention for relieving pain and restoring function in suitably fit patients [32, 33]

Total joint replacement is a major surgical procedure that requires multidisciplinary input
prior to and after surgery to ensure the best possible outcome. Recovery from surgery is op‐
timized with the inclusion of rehabilitation programs which are tailored to restore mobility
and independence [34]. Time to recovery can vary following TJR and most patients will re‐
port substantial gains between 3 to 6 months after surgery. Patients undergoing THR report
faster recovery in terms of both pain and function, with significant improvements occurring
within the first 3 months of surgery [35]. In comparison patients undergoing TKR are more
likely to report improvement between 3 to 6 months [36, 37]. Overall a continuing pattern of
improvement can be observed up to 12 months following surgery [5, 38].

While on average a majority of patients report an improvement in pain following total joint
replacement [39, 40] for a substantial number of individuals the level of improvement is sub‐
optimal or does not meet expectation at 12 months or more after surgery. In total knee re‐
placement ongoing pain has been reported in as many as 53% of patients and for hip
replacement the incidence is as high as 38% (Table 1).

The causes of ongoing pain following TJR are not clearly understood. Recent literature re‐
ports a high prevalence of features of pain sensitisation in knee OA patients. Wylde et al
(2011) identified 70% of patients as having various somatosensory abnormalities in a study
of 117 knee OA patients [44]. Hochman et al (2011) reported neuropathic symptoms in 28%
of older adults with chronic symptomatic knee OA [52]. Ohtori et al (2012) reported similar
findings with neuropathic symptoms in as many as 20.6% of patients with radiographically
confirmed knee OA [53]. These mechanisms of pain are not necessarily addressed by under‐
going joint replacement.

Recent trials of the use of second-generation antiepileptic drugs (AED’s), which are com‐
monly used to treat neuropathic pain however, report mixed results in TJR studies. Both Ga‐
bapentin and Pregalbin use are associated with a reduction in post-operative opioid
consumption following knee replacement [54, 55]. A randomized controlled trial comparing
pre-operative Pregalbin to placebo has also reported a significant reduction in neuropathic
pain at 6 months post TKR [54]. In contrast, Gabapentin had no effect on post-operative
opioid consumption or pain scores at 6 months following total hip replacement [56]. While
pre-operative Pregalbin has shown to reduce post-operative opioid consumption following
THR, the longer term effects on post surgery pain have not been reported.
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pain and disability after surgery and given the increasing demand for TJR, understanding
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many OECD countries; US$635 billion in America [27], EUR$32 billion in Sweden [28] and
AU$34 billion in Australia [29].

Chronic disabling pain is the primary indicator for recommending TJR in those with radio‐
graphic evidence of arthritis. For those that present with early disease, conservative treat‐
ment modalities including physical and pharmacological therapies are the first line of
treatment [30, 31] however arthritis is a progressive disease and non-surgical modalities can
effectively delay but not negate the need for eventual surgical intervention. Surgical inter‐
ventions such as arthroscopy, bone marrow stimulation or osteotomy, may be recommend‐
ed in carefully selected patients, however TJR remains the most effective and cost effective
intervention for relieving pain and restoring function in suitably fit patients [32, 33]

Total joint replacement is a major surgical procedure that requires multidisciplinary input
prior to and after surgery to ensure the best possible outcome. Recovery from surgery is op‐
timized with the inclusion of rehabilitation programs which are tailored to restore mobility
and independence [34]. Time to recovery can vary following TJR and most patients will re‐
port substantial gains between 3 to 6 months after surgery. Patients undergoing THR report
faster recovery in terms of both pain and function, with significant improvements occurring
within the first 3 months of surgery [35]. In comparison patients undergoing TKR are more
likely to report improvement between 3 to 6 months [36, 37]. Overall a continuing pattern of
improvement can be observed up to 12 months following surgery [5, 38].

While on average a majority of patients report an improvement in pain following total joint
replacement [39, 40] for a substantial number of individuals the level of improvement is sub‐
optimal or does not meet expectation at 12 months or more after surgery. In total knee re‐
placement ongoing pain has been reported in as many as 53% of patients and for hip
replacement the incidence is as high as 38% (Table 1).

The causes of ongoing pain following TJR are not clearly understood. Recent literature re‐
ports a high prevalence of features of pain sensitisation in knee OA patients. Wylde et al
(2011) identified 70% of patients as having various somatosensory abnormalities in a study
of 117 knee OA patients [44]. Hochman et al (2011) reported neuropathic symptoms in 28%
of older adults with chronic symptomatic knee OA [52]. Ohtori et al (2012) reported similar
findings with neuropathic symptoms in as many as 20.6% of patients with radiographically
confirmed knee OA [53]. These mechanisms of pain are not necessarily addressed by under‐
going joint replacement.

Recent trials of the use of second-generation antiepileptic drugs (AED’s), which are com‐
monly used to treat neuropathic pain however, report mixed results in TJR studies. Both Ga‐
bapentin and Pregalbin use are associated with a reduction in post-operative opioid
consumption following knee replacement [54, 55]. A randomized controlled trial comparing
pre-operative Pregalbin to placebo has also reported a significant reduction in neuropathic
pain at 6 months post TKR [54]. In contrast, Gabapentin had no effect on post-operative
opioid consumption or pain scores at 6 months following total hip replacement [56]. While
pre-operative Pregalbin has shown to reduce post-operative opioid consumption following
THR, the longer term effects on post surgery pain have not been reported.

Predictors of Pain and Function Following Total Joint Replacement
http://dx.doi.org/10.5772/53245

69



Overall higher rates of persistent pain are reported after knee replacement as compared to hip
replacement (Table 1). Features of pain sensitisation and neuropathic type symptoms are also
predominately reported in knee OA patients. This may explain the differences in response to
AED’s between hip and knee replacement recipients and is an indication that the underlying
mechanisms of persistent pain following surgery differ according to the surgical site.

Author Cohort Follow-up Pain Measure Incidence of Ongoing Pain

Liu

et al 2012 [41]

TJR = 1030 Minimum 1 year

32% response rate

McGill Pain

Questionnaire [42]

Persistent pain

THR = 38.0%

TKR = 53.0%

Dowsey et al

2012 [40]

TKR = 478 99.4% at 1 year

93.5% at 2 years

IKSS [43] pain Moderate to severe pain

29.5% at 12 months

30.6% at 2 years

Wylde et al 2011

[44]

THR = 909

TKR = 860

3 to 4 years

73.0% hip and knee

WOMAC [45] pain Persistent pain

THR = 27.0%

TKR = 44.0%

Singh & Lewallen

2010 [46]

THR =

9,154 (2yrs)

6,243 (5yrs)

62.3% at 2 years

52.7 at 5 years

Mayo [47] Hip Score Moderate to severe pain

8.1% at 2 years

10.6% at 5 years

Czurda et al

2010 [5, 48]

TKR = 411 18 to 42 months

80.3%

WOMAC [45] pain Knee pain

13.9%

Wylde et al

2009 [49]

THR = 1,534

TKR = 857

5 to 8 years

72.5% hip

71.5% knee

Oxford [50]

pain

Moderate to severe pain

THR = 13.0%

TKR = 26.0%

Baker et al

2007 [51]

TKR = 9417 87.4% at 1 year Oxford [50] pain Persistent pain

19.8% at 1 year

(IKSS – International Knee Society Score, WOMAC – Western Ontario and McMaster Universities Arthritis Index)

Table 1. Incidence of self reported pain > 12 months following TJR

2.2. Function

While arthritis accounts for 40% of non-cancer chronic pain it is the leading cause of disabili‐
ty in most developed countries. [57-59]. For many sufferers of arthritis even the most basic
daily activities such as dressing, walking and stair climbing are substantially restricted. Pain
and deformity associated with the progression of arthritis are the main contributors to im‐
peding function and activity. As such joint replacement surgery that results in amelioration
of pain and correction of deformity should lead to improved function and activity participa‐
tion. However poor function and difficulty with daily activities have been reported up to
51% of TJR recipients, (Table 2).
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A decrease in activity participation outside those required for basic daily functioning has al‐
so been noted in a proportion of patients who have undergone TJR. Wylde et.al interviewed
56 hip and 60 knee replacement patients about their leisure activities [60]. They reported
that THR patients participated in 209 leisure activities but rated 82% of these activities as
difficult to perform prior to surgery and TKR patients participated in 171 leisure activities
86% of which were rated as difficult to perform prior to surgery due to joint problems. At 1
year post surgery THR patients still rated 25% of leisure activities as difficult to perform and
TKR patients rate 32% of leisure activities difficult to perform. In a larger study Groen et.al
measured adherence to an activity regimen recommended to maintain health in patients
who underwent total knee replacement and found that 42% of patients were not active
enough to maintain their health and fitness [61].

Author Cohort Follow-up Functional Measure Incidence of Functional

Impairment

Dowsey et al

2012 [40]

TKR = 478 99.4% at 1 year

93.5% at 2 years

IKSS [43] function Poor function

48.9% at 12 months

50.7% at 2 years

Wylde et al

2009 [49]

THR = 1,534

TKR = 857

5 to 8 years

72.5% hip

71.5% knee

Oxford [50]

function

Extreme difficulty with individual

activities

THR = 5% to 17%

TKR = 7% to 24%

Franklin et al

2008 [175]

TKJR = 17270 46.6% at 1 year SF12 PCS [12]

function

Function score worse than

baseline = 19.0%

Lubbeke et al

2007 [62]

THR = 435 4 to 6 years

80.2%

HHS [16]

function

Fair or poor function

9.0%

Nilsdotter et al

2003 [25]

THR = 211 26 to 65 months

94%

OARSI Criteria [63] No improvement in function =

8.7%

Singh & Lewallen

2010 [64]

THR =

9,154 (2yrs)

6,243 (5yrs)

62.3% at 2 years

52.7% at 5 years

Mayo [47] Hip Score Moderate to severe activity

limitation

30% at 2 years

35% at 5 years

Singh et al

(2010) [126]

TKR =

10,957 (2 yrs)

7,404 (5yrs)

65.0% at 2 years

57.0% at 5 years

IKSS [43]

function

Moderate to severe activity

limitation

20.7% at 2 years

27.1% at 5 years

(SF-12 PCS – Short Form 12 Physical Component Summary, HHS – Harris Hip Score, OARSI – Osteoarthritis Research
Society International

Table 2. Incidence of self reported functional impairment > 12 months following TJR
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While arthritis accounts for 40% of non-cancer chronic pain it is the leading cause of disabili‐
ty in most developed countries. [57-59]. For many sufferers of arthritis even the most basic
daily activities such as dressing, walking and stair climbing are substantially restricted. Pain
and deformity associated with the progression of arthritis are the main contributors to im‐
peding function and activity. As such joint replacement surgery that results in amelioration
of pain and correction of deformity should lead to improved function and activity participa‐
tion. However poor function and difficulty with daily activities have been reported up to
51% of TJR recipients, (Table 2).
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A decrease in activity participation outside those required for basic daily functioning has al‐
so been noted in a proportion of patients who have undergone TJR. Wylde et.al interviewed
56 hip and 60 knee replacement patients about their leisure activities [60]. They reported
that THR patients participated in 209 leisure activities but rated 82% of these activities as
difficult to perform prior to surgery and TKR patients participated in 171 leisure activities
86% of which were rated as difficult to perform prior to surgery due to joint problems. At 1
year post surgery THR patients still rated 25% of leisure activities as difficult to perform and
TKR patients rate 32% of leisure activities difficult to perform. In a larger study Groen et.al
measured adherence to an activity regimen recommended to maintain health in patients
who underwent total knee replacement and found that 42% of patients were not active
enough to maintain their health and fitness [61].
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As function and activity levels depends on all other joints and systems, not just the joint be‐
ing replaced, improvements may not be achieved as a result of joint replacement alone in
patients who have multiple joint arthropathy or systemic health issues. Functional outcomes
also seem to be dependent on the site of joint replacement (Table 2). Consistent with pain
outcomes, a higher proportion of patients undergoing TKR report poor function or difficulty
with activities than do patients undergoing THR. Demographic and patient characteristics
are of predictive value in determining barriers to functional gain and activity participation
following TJR recipients.

3. Predictors of pain and function

Intuitively, those who present with the “worst” symptoms might be those who should be
prioritized for TJR. However, the literature reports a mismatch between patient reported
symptom severity and response to surgery and it is becoming clearer that TJR outcomes are
influenced by a multitude of factors. Recent work has identified a number of baseline risk
factors for continuing pain and disability after TJR and these can be stratified into those
which are modifiable and non-modifiable.  Non-modifiable risk factors include; age, gen‐
der, socio-economic status, aetiology and culture and ethnicity. Modifiable risk factors in‐
clude; psychological state, co-morbidities, obesity, baseline symptom severity and patient
expectation.

Importantly, our work to date has demonstrated that a majority of baseline patient charac‐
teristics (obesity, mental health, co-morbidities, radiographic OA severity, baseline pain and
function) associated with sub-optimal outcome following TJR are those that could be “modi‐
fied” with appropriate intervention [8, 39, 40, 65]; hence there is opportunity to alter patient
outcomes. Appreciating the nature of patient pre-operative risk factors and the impact of
different outcomes is critical for improving response rates to surgery.

3.1. Patient demographics

3.1.1. Age

As age is the strongest predictor of the development and progression of osteoarthritis the
ageing population has no doubt contributed to the world wide increase in TJR numbers.
However, TJR in younger patients is also on the rise particularly for knee replacement [66],
and this is likely due in part to the rising incidence of obesity in patients presenting for sur‐
gery [8, 39]. The median age at presentation for joint replacement demonstrates a downward
trend over the past 10 years at our institution (Figure 1)
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Figure 1. Median age at presentation for primary elective TJR (SVHM JRR)

Total joint replacement in the elderly carries a higher risk of peri-operative complication, re‐
quires a longer recovery time and is associated with a significant mortality rate in the longer
term [67, 68]. However advancing age is not a barrier to pain and functional improvements
after TJR surgery [67, 68] and excellent pain relief has been reported in individuals in their
80’s and 90’s [69-71]. While advancing age is associated with poorer function and activity
levels following TJR [40] higher satisfaction with activity levels have been reported in those
older than 70 years when compared to their younger counterparts [72].

3.1.2. Gender

Worldwide more females than males undergo joint replacement each year, with the greatest
difference being for knee replacement. Various National Joint Replacement Registries report
the ratio of females to males undergoing knee replacement as high as 2:1 and this concurs
with gender patterns at our institution (Figure 2), [73-76]. Despite these figures inequities in
referral patterns and reluctance in women to undergo joint replacement, resulting in late
presentation have been reported [77, 78]. A gender bias in physician referral for knee re‐
placement was identified in one study, with family physicians twice as likely and orthopae‐
dic surgeons 22 times more likely to recommend knee replacement to male patients [79].
However it has also been identified that women delay seeking joint replacement until a later
point in their functional decline [77].
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Figure 2. Gender breakdowns at presentation for primary elective TJR (SVHM JRR)

Females generally present with worse self-reported pain and functional impairment compared
to males at the time hip and knee replacement [80-83], as such females do not tend to achieve
the same level of physical function after surgery as males [84, 85]. However when taking into
account baseline pain and function, women generally demonstrate greater improvements in
pain and function scores after surgery than men [84-86]. Faster recoveries in terms of pain and
function have also been reported in females undergoing total knee replacement when com‐
pared to males [87]. Despite this a significantly higher odds of poor function at 12 months (OR
1.81; 95% CI 1.08-3.03) and 2 years (OR 2.06; 95% CI 1.20 – 3.53) post knee replacement have
been reported by women undergoing TKJR [40]. Impairment with specific activities such as
stair climbing, despite achieving greater improvements in knee flexion, have also been report‐
ed in females compared to males [86]. These data suggest women may benefit from tailored re‐
habilitation programs following joint replacement surgery.

3.1.3. Socio-economic status

Differences among nations in their socio-economic fabric, ethnic composition, health care
systems and cultural expectations, may confound studies examining the importance of soci‐
oeconomic status as a predictor of outcome following TJR. Variations in classifications of so‐
cio-economic status also require that caution should be exercised in making direct
comparisons between studies. To date studies have largely focused on socio-economic status
in patients undergoing total hip replacement, with most data derived from cohorts in West‐
ern countries.
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A large UK study by Jenkins et.al (2009) reported significant differences in SF-36 physical
improvement between the least and most “deprived groups” 18 months post THR [88]. A
study based in Scotland by Clement et.al (2011) reported similar findings. In a cohort of 1312
patients who underwent primary THR a significant improvement in Oxford scores across all
socioeconomic categories was noted, however social deprivation predicted a poorer func‐
tional outcome [89]. In a smaller study based in the US, Allen-Butler et.al (2011) conducted a
secondary analysis of a prospective randomised study originally comparing 2 different hip
stems. They also concluded that individual socioeconomic parameters such as education
level, household income, as well as being African American were associated with lower
Harris Hips Scores up to 2 years post THR [90]. Finally a German based study by Schafer
et.al (2010) also concluded that socioeconomic parameters independently predicted re‐
sponse to THR as measured using the WOMAC [91]. An increased risk for “non-response”
to surgery at 6 months was demonstrated in widowed patients, those who lived alone, those
on a disability pension and those who had a shorter duration of school education.

Only one study reported outcomes according to socioeconomic status in patients undergo‐
ing total knee replacement. In a multicentre study conducted in several countries (USA, UK,
AU, Canada) socio-economic status did not appear to affect the outcome of knee replace‐
ment [92]. Socioeconomic data were derived from a pre-operative questionnaire regarding
education, income, working status and living arrangements, to allow for direct comparison
between countries. Despite reporting a correlation between lower income and worse pre-op‐
erative pain and function, there were no differences in post-operative pain and function at
24 months.

Despite variations in definitions and study designs, patient reported outcomes following
THR are consistently poorer for disadvantaged groups. In contrast there is a dearth of litera‐
ture on TKR with only one study that reported no differences in patient reported outcomes.
Poorer outcomes in socioeconomically disadvantaged groups may occur as a result under‐
utilization of health services [93] and this has important implications in relation to preparing
disadvantaged patients for joint replacement surgery.

3.1.4. Culture and ethnicity

Racial and ethnic TJR utilization disparities exist and are likely due to a lower willingness to
undergo surgery amongst ethnic minorities rather than lower disease prevalence [78, 94, 95].
Poor health literacy, financial constraints, cultural influences and concerns about possible
outcomes are amongst reported reasons for a lower willingness to undergo surgery and de‐
layed presentation [96-100]. As such self-reported baseline pain and function are worse
amongst ethnic minorities presenting for total joint replacement surgery [100-103].

Substantial improvements in pain and function have been reported following primary to‐
tal  joint  replacement irrespective of  race and ethnicity  however ethnic  minorities  do re‐
port  worse  outcomes  following  both  hip  and  knee  replacement  surgery.  Lavernia  et  al
(2011) studied patient reported outcomes in a large cohort of hip and knee replacements
(739 hips and 1010 knees) and found that ethnic minorities had worse pain, function and
well-being  scores  2  years  after  surgery  compared  to  Whites  and  worse  outcomes  was
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Figure 2. Gender breakdowns at presentation for primary elective TJR (SVHM JRR)
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habilitation programs following joint replacement surgery.

3.1.3. Socio-economic status

Differences among nations in their socio-economic fabric, ethnic composition, health care
systems and cultural expectations, may confound studies examining the importance of soci‐
oeconomic status as a predictor of outcome following TJR. Variations in classifications of so‐
cio-economic status also require that caution should be exercised in making direct
comparisons between studies. To date studies have largely focused on socio-economic status
in patients undergoing total hip replacement, with most data derived from cohorts in West‐
ern countries.
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A large UK study by Jenkins et.al (2009) reported significant differences in SF-36 physical
improvement between the least and most “deprived groups” 18 months post THR [88]. A
study based in Scotland by Clement et.al (2011) reported similar findings. In a cohort of 1312
patients who underwent primary THR a significant improvement in Oxford scores across all
socioeconomic categories was noted, however social deprivation predicted a poorer func‐
tional outcome [89]. In a smaller study based in the US, Allen-Butler et.al (2011) conducted a
secondary analysis of a prospective randomised study originally comparing 2 different hip
stems. They also concluded that individual socioeconomic parameters such as education
level, household income, as well as being African American were associated with lower
Harris Hips Scores up to 2 years post THR [90]. Finally a German based study by Schafer
et.al (2010) also concluded that socioeconomic parameters independently predicted re‐
sponse to THR as measured using the WOMAC [91]. An increased risk for “non-response”
to surgery at 6 months was demonstrated in widowed patients, those who lived alone, those
on a disability pension and those who had a shorter duration of school education.

Only one study reported outcomes according to socioeconomic status in patients undergo‐
ing total knee replacement. In a multicentre study conducted in several countries (USA, UK,
AU, Canada) socio-economic status did not appear to affect the outcome of knee replace‐
ment [92]. Socioeconomic data were derived from a pre-operative questionnaire regarding
education, income, working status and living arrangements, to allow for direct comparison
between countries. Despite reporting a correlation between lower income and worse pre-op‐
erative pain and function, there were no differences in post-operative pain and function at
24 months.

Despite variations in definitions and study designs, patient reported outcomes following
THR are consistently poorer for disadvantaged groups. In contrast there is a dearth of litera‐
ture on TKR with only one study that reported no differences in patient reported outcomes.
Poorer outcomes in socioeconomically disadvantaged groups may occur as a result under‐
utilization of health services [93] and this has important implications in relation to preparing
disadvantaged patients for joint replacement surgery.

3.1.4. Culture and ethnicity

Racial and ethnic TJR utilization disparities exist and are likely due to a lower willingness to
undergo surgery amongst ethnic minorities rather than lower disease prevalence [78, 94, 95].
Poor health literacy, financial constraints, cultural influences and concerns about possible
outcomes are amongst reported reasons for a lower willingness to undergo surgery and de‐
layed presentation [96-100]. As such self-reported baseline pain and function are worse
amongst ethnic minorities presenting for total joint replacement surgery [100-103].

Substantial improvements in pain and function have been reported following primary to‐
tal  joint  replacement irrespective of  race and ethnicity  however ethnic  minorities  do re‐
port  worse  outcomes  following  both  hip  and  knee  replacement  surgery.  Lavernia  et  al
(2011) studied patient reported outcomes in a large cohort of hip and knee replacements
(739 hips and 1010 knees) and found that ethnic minorities had worse pain, function and
well-being  scores  2  years  after  surgery  compared  to  Whites  and  worse  outcomes  was
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most pronounced for African Americans [103]. Kamath et al (2010) reported similar find‐
ings for African-Americans undergoing TKJR [100]. In an Australian study of 237 TKR’s,
41 were non-English speaking patients, Dowsey et al (2009) reported poorer International
Knee Society pain and function scores at 12 months after surgery in those who required
Interpreters compared to their English speaking counterparts[104]. A Swedish study ana‐
lysed 1216  patients’  pre  and 1  year  after  THR,  comparing those  who were  born  inside
and outside the country.  Krupic et  al  (2012) reported lower self  care and activity scores
and more pain amongst those born abroad [102].

Promoting greater dialogue with health care providers and understanding the health litera‐
cy needs of ethnic minorities may help to address willingness to undergo joint replacement
surgery and lead to better patient reported outcomes [105, 106].

3.2. Patient characteristics

3.2.1. Aetiology

Osteoarthritis is the principle diagnosis for a majority of total joint replacements performed
each year [73-76]. In Australia it accounted for 88% of primary elective total hip replacement
and 97% of primary elective knee replacement in 2010 [73]. The remaining diagnoses for
elective THR included avascular necrosis (3.7%), dysplasia (1.3%) and rheumatoid arthritis
(1.3%) and for TKR; rheumatoid arthritis (1.7%), inflammatory arthritis (0.5%) and necrosis
(0.4%) [73].

Despite the worldwide increase in TJR numbers in recent years, the rate of joint replacement
surgery in patients with rheumatoid arthritis has remained relatively stable and for some
countries a decrease in numbers has been noted [107-110]. Contemporary treatment of rheu‐
matoid arthritis now includes disease modifying medications or biologics, anti-tumour ne‐
crosis factor drugs and corticosteroids are proving to be more effective in the management
of this immune disease when taken in combination as opposed to mono-therapy [111]. De‐
spite advances in conservative management of rheumatoid arthritis, joint replacement re‐
mains a viable treatment option for those with significant joint pain and stiffness although
joint destruction, osteoporosis and severe deformity make surgery technically challenging in
this group [110]. Nevertheless rheumatoid patients demonstrate substantial improvements
in pain, function and quality of life following TJR [112-115]. Although functional outcomes
after surgery are inferior, rheumatoid patients report equivalent pain relief from TJR when
compared to OA patients[110].

Aside from rheumatoid arthritis total hip replacement in young adults is generally reserved
for those with developmental dysplasia (DDH) and slipped upper femoral epiphysis
(SUFE). Anatomical abnormalities including acetabular or femoral deformity, leg length dis‐
crepancy and the age at which joint replacement is performed can contribute to higher fail‐
ure rates observed in these patient compared to patients with osteoarthritis [73, 116, 117].
Setting aside the higher likelihood of revision surgery for patients who have hip replace‐
ment for DDH or SUFE in the longer term, post-operative outcome scores for these patients
are comparable to patients with OA in the short term. No significant differences in Oxford
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hips scores at 6 months have been observed in THR patients with either DDH or SUFE when
compared OA patients [118, 119]. Excellent functional outcomes have also been reported in
patients with DDH under the age of 30 years with an average Harris Hips score of 90.6 at 9
[3-14] years follow-up [117]. Similar Harris Hip Scores (average 93) have been reported in
THR for SUFE at 15 years follow-up [120].

3.2.2. Co-morbidities

Individual comorbidities such as diabetes, cardiovascular and respiratory disease are com‐
monly reported in patients undergoing TJR and many patients carry multiple comorbidities
[7, 8, 39, 40, 121]. When reported as a composite, self-reported functional outcomes are poor‐
er in patients with multiple comorbidities for both hip and knee replacement. Lingard et al
(2004) reported an association with higher comorbidity and poorer SF-36 physical function
scores at 1 year after knee replacement [122] and Gandhi et al (2010) reported similar find‐
ings at 3 [1–8] years [123]. In total hip replacement Young et al (2008) reported better func‐
tional outcomes following hip replacement in those had no comorbid disease [124].

Deyo-Charlson comorbidity index, a validated clinical comorbidity index [125] is an inde‐
pendent predictor of functional outcome in TJR. Singh & Lewallen (2010) studied activity
limitation and dependence on walking aids in both hip and knee replacement patients 2 and
5 years after surgery. Deyo-Charlson comorbidity index independently predicted a greater
reliance on walking aids at 2 and 5 years after both total hip and knee replacement and high‐
er odds of moderate to severe activity limitation at 2 years after knee replacement [64, 126].
We have reported similar findings in patients undergoing TKR using an Age-Adjusted
Charlson Comorbidity Index [127], demonstrating higher odds of reporting poor function at
2 years in those with a higher comorbidity index [40].

Very little is known about the effect of individual comorbidities on patient reported out‐
comes in TJR. A recent study of 677 consecutive primary knee and 547 consecutive primary
hip replacements, demonstrated an association between metabolic syndrome risk factor and
1 year WOMAC scores [128]. Metabolic syndrome risk factors were self-reported and de‐
fined as body mass index >30kg/m2, hypercholesterolemia, hypertension and diabetes.
While increasing number of metabolic risk factors were associated with higher (worse) WO‐
MAC scores, individual risk factors were found to better predict outcome. Obesity predicted
higher WOMAC scores in both total hip and total knee replacement and hypertension also
predicted higher WOMAC scores in total hip replacement only.

3.2.3. Obesity

Obesity features prominently in the patho-physiological mechanisms underpinning OA es‐
pecially end-stage OA requiring TJR [129]. Obesity affects 1 in 4 members of the community,
but our data indicate a 2-3 fold over-representation of obesity in patients presenting for TJR
(Figure 3). The economic impact of obesity-related OA in Australia was estimated to be
$221.3 million in 2005 [130]. While the real costs of treating obese patients with TJR remain
unknown, we have demonstrated higher episode of care costs for TKR in the first 12 months
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(+$1,821[95% CI $245, $3,398]; p=0.024) in a comparative cohort of 520 patients [131]. The
cost of THR is also estimated to be higher for obese ($523) and morbidly obese patients,
($1,432) patients [132]. In addition to the increasing overrepresentation of obese patients pre‐
senting for TJR (Figure 3) our data demonstrates that the severity of obesity is also increas‐
ing over time (Figure 4), as such developing strategies to reduce the burden of obesity-
related joint disease should be an imperative [133].

Weight loss in obese patients awaiting TJR is a problem because the symptoms of disabling
arthritis may limit an individual’s ability to exercise. Patients often identify this as the rea‐
son for the inability to lose weight, and believe that joint replacement would be critical for
weight loss. However, numerous studies have confirmed that undergoing total joint replace‐
ment does not result in clinically significant weight loss and as many as one-third of patients
gain weight at 12 months after surgery [8, 39, 134-140]. It has also been demonstrated that
weight gain continues to increase over time after joint replacement [141].

Figure 3. Obesity rates in OA patients at presentation for primary elective TJR (SVHM JRR)

Data from our registry demonstrates that both the number of obese patients presenting for
joint replacement (Figure 3) and the average BMI of patients is increasing over time, particu‐
larly in the past 5 years. Of note there are higher rates of obesity and a more rapid rise in
average BMI demonstrated amongst recipients of knee replacement compared to recipients
of hip replacement, with females undergoing knee replacement recording the highest BMI
average.
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Figure 4. Mean BMI of OA patients at presentation for primary elective TJR (SVHM JRR)

Although widely reported there remains disagreement in the literature as to the impact of
obesity on patient reported outcomes following TJR. Numerous reviews confirm that obese
patients report substantial improvements in pain and function following joint replacement
surgery [142-145]. However when limited to level 1 studies [146], the evidence does suggests
that obese and particularly morbidly obese patients may not achieve the same level of func‐
tional improvement after TJR when compared to non-obese patients in both the short and
longer term.

3.2.3.1. Outcomes for primary THR

Obesity and advancing BMI have been shown to have a negative impact on pain and more
so function after primary elective total hip replacement in both the short and longer term.
Functional gains and activity levels after THR remain poorer for obese when compared to
non-obese individuals. Obese groups also report worse pain and higher usage of pain medi‐
cation after THR. A review of level 1 large cohort studies is presented.

Moran et al (2005) compared functional and QoL outcomes using the Harris Hip Score
(HHS) and Short-Form-36 (SF-36) in 800 patients undergoing total hip replacement, pre sur‐
gery (100% follow-up) and at 6 (97% follow-up) and 18 months (86% follow-up) [147]. BMI
was found to be a significant predictor of poorer function at both 6 and 18 months. The au‐
thors concluded that the difference between obese and non-obese scores were small and
therefore not clinically significant, however this was based on comparing post-operative
scores only and the change in scores between groups was not provided.
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Gandhi et al (2010) investigated the influence of self-reported metabolic syndrome risk fac‐
tors defined as obesity, hypertension, hypercholesterolemia and diabetes on patient function
in a consecutive cohort of 547 primary hip replacements [128]. As measured using the WO‐
MAC obesity was associated with higher odds (2.4; 95% CI 1.4 – 4.2) of less functional im‐
provement at 12 months after surgery.

Dowsey et al (2010) compared pain, function (HHS) and quality of life (SF-12) in a consecu‐
tive cohort of 471 primary THR’s with 98.5% follow-up. Function and physical health scores
were worse at baseline and 12 months after surgery for obese and morbidly obese patients.
Baseline mental health scores were also worse in obese and morbidly obese patients, howev‐
er were comparable at 12 months with obese patients demonstrating a significantly greater
improvement in scores compared to non-obese patients [39].

Lubbeke et.al (2007) reported significantly poorer functional outcomes in obese patients
(n=182), who underwent primary THR compared to non-obese patients (n=635), at 5 years
follow-up, as measured using the Harris Hip Score [148]. Eighty-one percent of hips in the
non obese group and 70% in the obese group had a good to excellent results according to
their HHS. When broken down by gender it was obese females who demonstrated signifi‐
cantly poorer outcomes compared to non-obese females with very little differences in out‐
comes demonstrated between obese and non obese males.

Singh & Lewallen (2010) measured activity limitation and dependence on walking aids in
5,707 patients at 2 years and 3,289 patients at 5 years after primary total hip replacement
[64]. Predictors of moderate to severe activity limitation (defined as limitation in 3 or more
activities), included BMI > 30kg/m2 at both time intervals. Obese (BMI > 30kg/m2) patients
had higher odds of complete dependence on a walking aid at 2 years and severely obese
(BMI >35kg/m2) had a higher odds of complete dependence on a waking aid at 5 years.

Singh & Lewallen (2010) also examined pain as measured by the Mayo Hip Score and the
use of pain medications at 2 and 5 years following primary total hip replacement in the
same cohort of patients [46]. The odds of reporting ongoing moderate to severe pain at 2
years after surgery were higher in those with a BMI 35-39.9kg/m2 (OR 1.8; 95% CI 1.2 – 2.4)
and BMI > 40kg/m2 (1.7; 95% CI 1.0 – 2.9) compared to those with a BMI < 25kg/m2. At 5
years the odds of reporting ongoing moderate to severe pain was higher for all weight
groups compared to the baseline group; BMI 25 – 29.9kg/m2, (OR 1.5; 95% CI 1.1 – 2.1); BMI
30-34.9kg/m2, (OR 1.8; 95% CI 1.2 – 2.6); BMI 35-39.9kg/m2, (OR 1.9; 95% CI 1.2 – 3.1); and
BMI > 40kg/m2, (OR 3.1 95% CI 1.7 – 5.7). BMI 35-39kg/m2 was also a predictor of non-steroi‐
dal anti-inflammatory use at 2 years and BMI 30-34.9kg/m2 predicted use of opioid medica‐
tion at 5 years after THR.

3.2.3.2. Outcomes for primary TKR

Obesity and advancing BMI have been shown to have a negative impact on function after
primary elective total knee replacement in both the short and longer term. Functional gains
and activity levels after TKR are poorer for obese when compared to non-obese individuals.
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Obese groups however do report comparable pain outcomes compared to non-obese pa‐
tients after surgery. A review of level 1 large cohort studies is presented.

Gandhi et al (2010) investigated the influence of self-reported metabolic syndrome risk fac‐
tors defined as obesity, hypertension, hypercholesterolemia and diabetes on patient function
in a consecutive cohort of 677 primary knee replacements with 83% follow-up [128]. As
measured using the WOMAC, obesity (BMI > 30kg/m2) was associated with higher odds
(3.6; 95% CI 0.02 – 7.2) of less functional improvement at 12 months after surgery.

Rajgopal et al (2008) compared functional outcomes between morbidly obese (BMI >
40kg/m2) and non-morbidly obese (BMI < 40kg/m2) patients 12 months after total knee re‐
placement in a series of 550 patients; of which 69 patients were classified as morbidly obese
[149]. BMI ≥ 40 predicted 12 month WOMAC scores (coefficient −5.188, 95% CI −9.771
−0.606), however no differences in the change in WOMAC or SF-12 scores were demonstrat‐
ed when comparing morbidly obese to non-morbidly obese patients.

We also measured improvement in pain, function and quality of life from baseline to 12
months following elective primary knee replacement in consecutive series of 529 patients
with 98% follow-up [8]. The change in IKSS function scores were 10 points lower for both
obese (BMI > 30kg/m2) and morbidly obese (BMI > 40kg/m2) patients compared to non-
obese (BMI <30kg/m2), (p=0.002). No significant difference in IKSS pain scores was noted be‐
tween the 3 groups at baseline or 12 months and there was no significant difference in SF-12
scores between the 3 groups at baseline or 12 months.

Singh et al (2010) measured activity limitation in 4,701 patients at 2 years and 2,395 patients
at 5 years after primary knee replacement [126]. Predictors of moderate to severe activity
limitation (defined as limitation in 3 or more activities), included all BMI groups > 30 com‐
pared to BMI < 25kg/m2 at 2 years after surgery; BMI 30-34.9kg/m2, (OR 1.5; 95% CI 1.0 – 2.0);
BMI 35-39.9kg/m2, (OR 1.8; 95% CI 1.3 – 2.7); and BMI > 40kg/m2, (OR 3.0 95% CI 2.0 – 4.5).
Higher BMI also predicted moderate to severe activity limitation at 5 years; BMI
35-39.9kg/m2, (OR 2.1; 95% CI 1.4 – 3.3); and BMI > 40kg/m2, (OR 3.9 95% CI, 2.3 – 6.5).

Sing et al (2011) also examined whether BMI was associated with pain as measured using
the IKSS after primary knee replacement at 2 and 5 years after surgery [150]. Patients were
classified into BMI groups as above for comparison. In contrast to their study on activity
limitation, there was no association demonstrated between BMI and ongoing moderate to
severe pain at either 2 or 5 years after TKR.

Our findings mirror that of Singh et al (2010 & 2011). We reported pain and function out‐
comes in a cohort of 478 consecutive primary elective total knee replacements at 1 and 2
years post surgery with 99% and 94% follow-up respectively [40]. Each incremental increase
in BMI significantly increased the odds of poor function as measured using the IKSS at 12
months (OR 1.07, 95% CI 1.03 – 1.12) and at 2 years (OR 1.09, 95% CI 1.05 – 1.14). However
we found no association between advancing BMI and ongoing moderate to severe pain at
either time point.
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use of pain medications at 2 and 5 years following primary total hip replacement in the
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and activity levels after TKR are poorer for obese when compared to non-obese individuals.

Arthroplasty - Update80

Obese groups however do report comparable pain outcomes compared to non-obese pa‐
tients after surgery. A review of level 1 large cohort studies is presented.

Gandhi et al (2010) investigated the influence of self-reported metabolic syndrome risk fac‐
tors defined as obesity, hypertension, hypercholesterolemia and diabetes on patient function
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[149]. BMI ≥ 40 predicted 12 month WOMAC scores (coefficient −5.188, 95% CI −9.771
−0.606), however no differences in the change in WOMAC or SF-12 scores were demonstrat‐
ed when comparing morbidly obese to non-morbidly obese patients.
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months following elective primary knee replacement in consecutive series of 529 patients
with 98% follow-up [8]. The change in IKSS function scores were 10 points lower for both
obese (BMI > 30kg/m2) and morbidly obese (BMI > 40kg/m2) patients compared to non-
obese (BMI <30kg/m2), (p=0.002). No significant difference in IKSS pain scores was noted be‐
tween the 3 groups at baseline or 12 months and there was no significant difference in SF-12
scores between the 3 groups at baseline or 12 months.

Singh et al (2010) measured activity limitation in 4,701 patients at 2 years and 2,395 patients
at 5 years after primary knee replacement [126]. Predictors of moderate to severe activity
limitation (defined as limitation in 3 or more activities), included all BMI groups > 30 com‐
pared to BMI < 25kg/m2 at 2 years after surgery; BMI 30-34.9kg/m2, (OR 1.5; 95% CI 1.0 – 2.0);
BMI 35-39.9kg/m2, (OR 1.8; 95% CI 1.3 – 2.7); and BMI > 40kg/m2, (OR 3.0 95% CI 2.0 – 4.5).
Higher BMI also predicted moderate to severe activity limitation at 5 years; BMI
35-39.9kg/m2, (OR 2.1; 95% CI 1.4 – 3.3); and BMI > 40kg/m2, (OR 3.9 95% CI, 2.3 – 6.5).

Sing et al (2011) also examined whether BMI was associated with pain as measured using
the IKSS after primary knee replacement at 2 and 5 years after surgery [150]. Patients were
classified into BMI groups as above for comparison. In contrast to their study on activity
limitation, there was no association demonstrated between BMI and ongoing moderate to
severe pain at either 2 or 5 years after TKR.

Our findings mirror that of Singh et al (2010 & 2011). We reported pain and function out‐
comes in a cohort of 478 consecutive primary elective total knee replacements at 1 and 2
years post surgery with 99% and 94% follow-up respectively [40]. Each incremental increase
in BMI significantly increased the odds of poor function as measured using the IKSS at 12
months (OR 1.07, 95% CI 1.03 – 1.12) and at 2 years (OR 1.09, 95% CI 1.05 – 1.14). However
we found no association between advancing BMI and ongoing moderate to severe pain at
either time point.

Predictors of Pain and Function Following Total Joint Replacement
http://dx.doi.org/10.5772/53245

81



3.2.4. Psychosocial state

Psychological distress leading to patient dissatisfaction after TJR is an important cause for
TJR failure. Pre-operative psychological distress is associated with excessive analgesic intake
and higher rates of hospital readmission and long term mortality [151]. Our research has al‐
so drawn a link between poorer pre-operative mental health and weight gain after TJR [39].
Published results from the SVHM TJR cohort and that of others have i) identified a high rate
(30-60%) of self-reported psychological distress in TJR patients [152-154] and ii) determined
that pre-operative psychological distress is an independent risk factor for poorer post-opera‐
tive outcomes after surgery [8, 65]. A number of recent comprehensive literature reviews
have found pre-operative psychological distress to be an independent predictor of pain and
function after TKR in a majority of published studies [155, 156].

Psychological co-morbidities and traits reported in TJR patients include; anxiety, depression,
neuroticism, catastrophising and poor self-esteem. These individual traits and poorer pre-
operative mental health scores in general are associated with poorer function and/or greater
pain after TJR in the short and longer term.

In general pre-operative psychological distress is associated with poorer pain and worst
function 1 year after total joint replacement. We have reported an association between lower
SF-12 MCS scores and risk for ongoing moderate to severe pain and poor function at 12
months and 2 years following TKR. Lingard et al (2004) also reported an association be‐
tween lower SF-36 MCS scores and worse WOMAC pains scores at 1 and 2 years after TKR
[122]. An analysis of pre-operative and one-year post-operative data in 6,158 patients from
the Swedish Hip Arthroplasty Register, also demonstrated that anxiety/depression meas‐
ured on the EQ-5D [157] was a strong predictor of pain after THR [158].

Anxiety is a psychological and physiological state characterized by somatic, emotional, cog‐
nitive, and behavioural components [159]. Anxiety can occur as a result of transient negative
stimuli such as in a threatening situation and this is referred to as state anxiety. In contrast
trait anxiety is referred to as a general tendency to experience anxiety [160]. In patients un‐
dergoing total hip replacement trait anxiety has shown to correlate with impaired health re‐
lated quality of life 3 to 6 months after surgery [161, 162]. In contrast state anxiety had no
effect on outcome suggesting pre-existing anxiety disorder rather than anxiety induced by
fear of surgery predicts poorer outcomes form joint replacement.

Pre-existing depression has been shown to predict greater pain and poorer function in pa‐
tients undergoing total knee replacement at 1 year and it has also been demonstrated that
worse outcomes persist at 5 years [20, 163]. However this finding is not consistent, with
some studies suggesting that there is no association between depression measured prior to
surgery and pain and function outcomes following TJR. Of note Riddles et al (2010) meas‐
ured the association between a range of psychological comorbidities including depression,
anxiety and panic disorders, self efficacy and fear of movement and found that only pain
catastrophising predicted poorer pain outcomes after total knee replacement [164],

Pain catastrophising has been described as a tendency to magnify or exaggerate the threat
value or seriousness of pain sensations [165]. Pre-operative pain catastrophising is a predic‐
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tor of worse post-surgical pain following TKR in the short (6 weeks and 6 months) term, but
does not correlate with function [164, 166]. The correlation between catastrophising and
poorer post-operative pain has also been shown to persist at 24 months following TKR [167].
To date the link between pain catastrophising and post operative pain after TJR seems to be
unique to knee replacement, with no evidence of pain catastrophising in total hip replace‐
ment patients.

Neuroticism is a personality trait described as an enduring tendency to experience negative
emotional states [168]. There is a dearth of literature examining the association between neu‐
roticism and TJR, however one study on total hip replacement did report that neuroticism
was amongst a number of psychological traits that predicted poorer quality of life outcomes
at 6 months after surgery [162].

3.3. Baseline symptom severity

Total joint replacement is most often performed for the management of “end-stage’ arthritis
characterised by retractable pain, loss of function and deformity [30]. According to the NIH
statements for both hip and knee replacement, candidates for elective TJR should have ra‐
diographic evidence of joint damage, moderate-to-severe persistent pain that is not ade‐
quately relieved by an extended course of nonsurgical management, and clinically
significant functional limitation resulting in diminished quality of life [32, 33]. However
there is discordance between radiographic changes and patient reported symptom severity
at presentation for surgery, with some people receiving joint replacement reporting severe
preoperative symptoms of pain and disability and mild radiographic changes [80, 83].

3.3.1. Baseline clinical symptoms

Baseline symptom severity is a predictor of outcome for both total hip and knee replace‐
ment. Several studies have concluded that those with worse pain and poor function at the
time of surgery also report comparatively worse pain and function after surgery, suggesting
that surgery could be prioritized based on clinical symptom severity [169].

In a multicentre study involving more than 200 hip and knee replacements Fortin et al
(1999] reported that lower preoperative physical function scores predicted worse WOMAC
pain and function at 6 months compared to those with higher baseline function scores [170].
Fortin et al (2002) continued to follow the cohort up at 2 years post surgery and confirmed
that their initial findings at 6 months persisted [169], concluding that undergoing surgery
earlier in the course of functional decline may be associated with better outcome.

In a larger study involving 860 recipients of primary TKR from 3 different countries, Lin‐
gard et al (2004) reported that worse baseline WOMAC pain scores were a strong determi‐
nant of worse pain at 1 and 2 years after surgery. Pre-operative WOMAC function was also
the strongest predictor of worse function at both 1 and 2 years after surgery [122].
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3.3.2. Baseline radiographic characteristics

In contrast to clinical symptoms emerging literature suggests that those with the worst ra‐
diographic OA symptoms report better outcomes after total joint replacement.

We recently evaluated the association between pre-operative radiographic changes and out‐
comes after primary total knee replacement for osteoarthritis. We reported that pain relief
was unsatisfactory in about 30% and functional improvement suboptimal in about 50% of
patients [40]. In this study radiographic OA severity was measured using a modified ver‐
sion of the Kellgren-Lawrence Classification system [80]. We noted that radiographic OA se‐
verity was an independent predictor of pain and function at 12 months following TKR.
Patients with evidence of mild radiographic OA changes were 5 times more likely (OR 5.39,
95% CI 1.23 – 15.69) to report moderate to severe pain at 12 months post TKR than those
with severe radiographic changes.

Merle-Vincent et al (2011) examined predictors of satisfaction in 299 patients undergoing
primary TKR and reported an association between radiographic OA severity and outcome 2
years after surgery [171]. Those with severe pre-operative joint space narrowing were nearly
4 times more likely to report satisfaction with surgery at 2 years compared to those with
mild to moderate narrowing, (OR 3.9, 95% CI 1.1 – 14.3).

Valdes et al (2012) examined predictors of chronic pain using the WOMAC in 860 patients
who had undergone TKR and 928 patients who had undergone THR with an average of 3.2
years follow-up [172]. They reported an OR 1.56 (95% CI 1.04 – 2.36) of ongoing pain in TKR
patients with a Kellgren-Lawrence grade <3 and in THR patients with minimal joint space
narrowing (>2mm width).

Cushnaghan et al (2007) reported on long term (approximately 8 years) functional outcomes
following THR in a series of 282 patients matched with 295 community controls [173]. Ra‐
diographic OA severity defined as Croft grade 5 OA[174] was a predictor of greater func‐
tional improvement in cases as measured using the SF-36 physical function scores (19.4, 95%
CI 7.7 – 31.2), when compared to cases with Croft grade < 3.

These findings suggest an inverse relationship between baseline radiographic OA and out‐
come up to 8 years following total joint replacement. More severe radiographic changes pre‐
dict worse pain and to a lesser degree suboptimal function after surgery, providing
important implications for timing of joint replacement.

4. Conclusion

Total joint replacement is the most effective and cost effective treatment for end-stage osteo‐
arthritis. Most patients derive substantial benefits from joint replacement surgery; however
those that don’t are subject to chronic pain and disability and a higher risk for revision sur‐
gery. The causes of poor outcomes of surgery are multifactorial but almost certainly patient
selection is a key determinant. While those who present with the “worst” symptoms might
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be those who should be prioritized for TJR, the literature reports a mismatch between pa‐
tient reported symptom severity and response to surgery. Although many risk factors are
recognised, their individual or combined contributions to the absolute risk of suboptimal out‐
come after TJR remains poorly quantified. Importantly a majority of baseline patient charac‐
teristics (obesity, mental health, co-morbidities, radiographic OA severity, baseline pain and
function) associated with sub-optimal outcome following TJR are those that could be “modi‐
fied” with appropriate intervention. However baseline risk factors tend to remain unidenti‐
fied or identified and managed at the point of surgery, which is too late. Hence there
remains a need for exploring early interventions where there is opportunity to alter patient
outcomes.
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1. Introduction

1.1. The genesis and evolution of acrylic bone cement

1.1.1. History

Otto Röhm is known as the developer of polymethylmethacrylate (PMMA) in 1901. Industri‐
al-size chemical synthesis of MMA was achieved in the 1920s in the laboratories of Rohm
and Haas, and the first biomedical applications of PMMA was the fabrication of dentures. In
the 1930s it was discovered that the mixing of MMA monomer and benzoyl peroxide initia‐
tor with prepolymerized PMMA powder resulted in the formation of a dough-like material
which could slowly harden into a glassy polymer. This two-component polymer (cement)
was initially used to close cranial defects. Because of the transparency, strength, and stabili‐
ty of polymethylmethacrylate, the commercial production of cast sheets of it in the early
1930s led to its utilization as a denture base and prosthetic material. Originally pieces of the
material were molded under heat and pressure.[1, 2, 3] In 1935, an injection molding techni‐
que was introduced by ICI for dentures in which the melted PMMA was injected into dried
plaster molds under hydraulic pressure. These techniques proved to be too cumbersome. In
1936, as was mentioned above, it was discovered that mixing of methyl methacrylate mono‐
mer with the ground polymer produced a dough that could be shaped in plaster molds and
could be polymerized into a solid mass by using benzoyl peroxide as a polymerization ini‐
tiator. In the next few years, it was found that improved molding characteristics could be
obtained using a powder that was a mixture of ground and spherical (bead) polymer parti‐
cles.[1, 2]
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The discovery of the dough molding technique led to the near universal use of these acrylic
resins for dentures and prostheses for cranioplasties in the 1940s.[4] In 1943, German chem‐
ists discovered that if a tertiary amine such as dimethyl-pare-toluidine was added along
with the benzoyl peroxide, the dough could be polymerized at room temperature. Based on
this development, Kulzer and Degussa companies refined a dough-like, workable form of
PMMA in 1943. Their developments led to the introduction of cold-cured PMMA, which
hardens at room temperature. In the 1940s, with the advent of acrylic femoral hemiarthro‐
plasties by Jean and Robert Judet, PMMA attracted interest in the field of orthopaedics. Kia‐
er and Haboush separately reported using PMMA to affix femoral implants in the early
1950s. The success with and the popularity of PMMA in orthopaedics is attributable to Sir
John Charnley, whose work was affected by his exposure to the field of dentistry (because
his father was a dentist) and his inherent interest in biomaterials. Charnley’s early clinical
accomplishments established a foundation for the continued use of PMMA in orthopaedics.
Charnley had a long experience in producing his own instruments and gadgets. Charnley
was interested in the work on thin sectioning of bones and rocks embedded in cast acrylic
resin. He also performed a research into Judet prostheses and acrylic joints cast in alginate
molds. He performed some arthroplasties with acrylic bone cement and reported the pre‐
liminary results of six cases in the British Journal of Bone and Joint Surgery in 1960. It is im‐
portant to appreciate that this advance was not simply the use of acrylic cement but rather a
conscious recognition of its ability to fill completely the medullary canal and adapt to the
bone interface, so facilitating stress transfer, minimizing local stresses, and thereby stabiliz‐
ing and anchoring the prosthesis. It was a new technique and provided the basis for the de‐
velopment of Charnley’s concept of low friction arthroplasty during the next decade.[1, 2]

For over 40 years, poly(methylmethacrylate) (PMMA)-based bone cement, commonly
known as acrylic bone cement, has been used for fixation of total joint replacement prosthe‐
ses to periprosthetic bone. Today, most acrylic bone cements on the market consist of two
components: a liquid and a powder one, which are mixed in the operating room until they
become dough-like and are then applied to the bone prior to insertion of the component of
the joint replacement prosthesis. The primary function of cements is to fix the joint replace‐
ment prosthesis to the periprosthetic bone tissue.[5] The basic component of acrylic bone ce‐
ments is methylmethacrylate (MMA), which is an ester of methacrylic acid. In 1951, Kaier
and Jansen in Copenhagen were the first to use PMMA bone cement for the fixation of acryl‐
ic cups to the subchondral bone of the femoral head. In 1953, Haboush used bone cement as
a seating material for femoral head replacements without inserting it into the medullary ca‐
nal. In 1958, Sir John Charnley used acrylic bone cement to fix femoral prostheses in the fe‐
mur, as is done in modern-day joint arthroplasty these days. Charnley used a self-curing
PMMA cement called Nu-Life, which was a pink-colored denture repair material. These ear‐
ly total hip replacements had a high incidence of failure, and it was not because of the ce‐
ment or stems but because of the use of polytetrafluoroethylene (PTFE) acetabular cups. In
1966, CMW began to supply the first sterilized bone cement, formulated specifically for fixa‐
tion of total joint replacement prostheses.[5] Nowadays, uncemented total hip replacement
prostheses designs have largely been introduced in the orthopedic market, but acrylic ce‐
ments continue to be one of the best primary methods of fixation of joint replacement pros‐
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theses, especially for knee replacement prostheses. In addition, injectable formulations of
acrylic bone cements have been used for applications in vertebroplasty.

Several factors such as their chemical composition, viscosity, porosity, radiopacifiers and an‐
tibiotic additives, mixing methods, sterilization, temperature during handling, mechanical
properties, and biocompatibility, affect the clinical performance of bone cements.

2. Composition and chemistry

The methylmethacrylate monomer consists of two carbon atoms that are covalently bound,
with one of the carbon atoms covalently bonded to two hydrogen atoms and the other at‐
tached via a covalent bond to a methyl and acrylic group. Polymerization of MMA mono‐
mer produces PMMA, which is a polymer or a macromolecule. Hardened acrylic bone
cement consists of linear, uncross-linked PMMA macromolecules of various lengths ranging
from a few tens of thousands to a few million grams per mole. Acrylic bone cements com‐
prise two components, often supplied in a 2:1 ratio: (a) a powder component, usually in a 40
g package, and (b) a liquid component, in a 20 mL ampoule.[2, 6](Table 1) There are several
reasons for using a two-component bone cement instead of simply polymerizing pure MMA
monomer:

The polymerization of MMA monomer is too slow and can take several hours or days, de‐
pending on the type and amount of reaction initiator used.

Pure MMA monomer has a very low viscosity and can easily diffuse into the blood stream,
which can lead to cardiorespiratory and vascular complications.

The heat of polymerization can easily increase the temperature of the cement to over 100°C
(boiling point for MMA = 100.3°C), which could lead to boiling of the volatile MMA mono‐
mer. The use of less amount of monomer and the presence of prepolymerized PMMA beads
in the powder decreases the number of polymerization reaction and hence, the amount of
released heat and assists in heat dissipation, decreasing the overall temperature.

After polymerization of pure MMA into PMMA, there would be a volumetric shrinkage of
21% due to differences in the density of the MMA monomer and the PMMA polymer. This
amount of shrinkage is unacceptable and would lead to a large gap at the cement-bone and
cement-prosthesis interface, compromising the fixation of the prosthesis.

The powder is the variable part in composition of bone cements among different brands,
which contributes to differences in properties. (Figure 1) The powder component primarily
consists of prepolymerized PMMA beads of 10 to 150 µm diameter, contributing to 83% to
99% of the powder. The prepolymerized beads of different bone cements include copoly‐
mers of MMA with styrene, methyl acrylate, or butyl methacrylate comonomers. The re‐
maining components include a radiopacifier, either barium sulfate (BaSO4) or zirconium
dioxide (ZrO2) (8% to 15% by weight), as well as an initiator, benzoyl peroxide (0.75% to
2.6%). The MMA monomer can self-polymerize under exposure to heat and light, but, this
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reaction is very slow. Therefore, dibenzoyl peroxide (BPO) reaction initiator in powder form
is included in the powder component. Other variations include the initiator tri-n-butylbor‐
ane and accelerator 2,5-dimethylhexane- 2,5-hydroperoxide(in Bonemite, chlorophyll dye
and ethanol and ascorbic acid. The initiator, radiopacifier, and antibiotic powders all consist
of particles of approximately 1 µm in diameter. [7]

Constituent Role

Powder components

Polymer Polymethylmethacrylate

Co-polymer (e.g. MA-MMA) Alter physical properties of the cement

Barium sulphate or Zirconium dioxide Radio-opacifiers

Antibiotics* Antimicrobial prophylaxis

Dye (e.g. chlorophyll) Distinguish cement from bone

Liquid components

Monomer Methylmethacrylate monomer

N,N-dimethyl-p-toluidine (DMPT) Initiates cold curing of polymer

Benzoyl peroxide Reacts with DMPT to catalyze polymerization

Hydroquinone Stabilizer preventing premature polymerization

Dye (e.g. chlorophyll) Distinguish cement from bone

*Plain bone cements do not contain antibiotics

Table 1. Commercial constituents of bone cement

The monomer, a colorless liquid with a characteristic odor, is packaged in ampules. The liq‐
uid components remain relatively constant among commercially available cements. 97% to
99% of this liquid consists of methylmethacrylate. N,N-dimethyl-para-toluidine (DMPT)
makes up 0.4% to 2.8% by weight and acts as an accelerator to speed up the polymerization
and setting of the cement. Since MMA can spontaneously polymerize during storage, addi‐
tion of trace amounts of a stabilizer, usually hydroquinone (15 to 75 ppm), stabilizes and
prevents premature polymerization of monomers.

MMA polymerizes by the mechanism of free radical polymerization, which consists of three
steps: initiation, propagation, and termination. The initiation step involves decomposition of
BPO monomer into radicals at room temperature.[7] (Figure 2)
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Figure 1. The composition of the powder of several PMMA bone cements on the market.

Figure 2. The initiation of the polymerization of MMA: BPO from the powder and DMPT from the liquid react to form
radicals, starting the curing of bone cements.

Upon mixing of the two components, the DMPT in the liquid component decomposes BPO

into a benzoyl radical and a benzoate anion as follows:
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C H COO + CH C H N CH   C H COO * + C H COO - + CH C H N CH  CH C H NCH CH * + H¾¾® ¾¾® (1)

where BPO = (C6H5COO)2, DMPT= CH3C6H4N(CH3)2, benzoyl radical = C6H5COO*, and ben‐
zoate anion = C6H5COO-.

The second step of the free radical polymerization is chain propagation in which the benzoyl
radical reacts with the MMA monomer as follows:

6 5 2 3 3 6 5 2 3 3 2 3 3

6 5 2 3 3 2 3 3

C H COO* + CH =CCH COOCH  C H COO-CH -CCH COOCH + CH =CCH COOCH  
C H COO-CH CCH COOCH -CH CCH COOCH

¾¾® ¾¾®
(2)

The free radical attacks one of the double bonds of the MMA monomer. One electron of
the double bond pairs up with the electron of the free radical to form a bond between the
oxygen of  the benzoyl free radical  and one of  the carbon atoms of  the MMA monomer
while the second electron of the double bond shifts to the other carbon atom, which then
turns into a free radical.  This free radical  then attacks another MMA monomer and the
chain  propagates  until  a  PMMA  of  relatively  high  molecular  weight,  on  the  order  of
100,000 to 1,000,000 g/mol, is achieved. Finally, chain termination can be achieved by chain
coupling as follows:

2 3 3 2 2 3 3 2-CH CXCH * + *CXCH CH -  -CH CXCH -CXCH CH -¾¾® (3)

or, to a lesser extent, by disproportionation via transfer of a hydrogen atom as follows:

2 3 3 2 2 X 2-CH CXCH * + *CXCH CH - -CH C CH + CXH=CH-¨¾¾® (4)

where X refers to the substituent COOCH3.

The glass transition temperature of PMMA is about 105OC, but the glass transition tempera‐
ture of hardened PMMA-based bone cement can be lower due to plasticization effects of re‐
sidual monomer and water. With proceeding of polymerization, the growing polymer
chains slowly turn into a hard, glassy material, and it becomes difficult for the monomer to
diffuse through the hardened PMMA matrix to continue chain propagation. [8]

The hardened acrylic bone cement consists primarily of linear, uncross-linked PMMA mac‐
romolecules of various lengths, but their length (or molecular weight) can vary widely. The
molecular weight of the hardened cement depends on several factors, such as (a) the molec‐
ular weight of the monomer used (usually MMA), (b) the molecular weight of the prepoly‐
merized beads, (c) the ratio of the initiator and the accelerator, (d) the presence of stabilizers,
(e) the ambient temperature during polymerization, and (f) the sterilization method.[7, 8]
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3. Properties

3.1. Heat production during polymerization

Combining powder and liquid monomer initiates an exothermic reaction. In vitro, the peak
temperatures reach 113°C. In vivo temperatures are reported to be between 40° and 56°C.
Methylmethacrylate monomer, the basic building block of PMMA, contains carbon-carbon
double bonds, which react with the free radical produced by the activator and initiator. The
monomer free radical interacts with other monomer molecules, creating a growing polymer
chain. During the polymerization, the powder changes to a workable dough. [7]

This reaction releases 52 KJ/mole of monomer, equating to heat production of 1.4 to 1.7 × 108

J/m3 of cement. The production of heat by the curing cement has been studied in vitro and in
vivo and modeled using finite element analysis. In vitro studies have shown that the thicker
cement mantles, the higher ambient temperatures and the greater ratio of monomer to poly‐
mer the more heat is produced. Recorded temperatures range between 70°C and 120°C. Col‐
lagen denatures with prolonged exposure to temperatures in excess of 56°C, and the risk of
causing thermal damage to bone has been emphasized by several authors. However, in vivo
studies have recorded lower peaks of temperature. In 1977, Reckling and Dillon measured
the temperature at the bone cement interface in 20 THRs. The maximum temperature was
48°C.[9] The reasons for the lower in vivo temperature are:

1. The thin layer of the bone cement

2. Blood circulation

3. The large surface area of the interface

4. Poor thermal conductivity of the cement

5. Heat dissipation to the prosthesis and to the vital tissue.

So, the temperature increase greater than the coagulation temperature of proteins is avoid‐
ed.

Harving, Soballe and Bunger recorded temperatures above 56°C but only for two to three
minutes. Even though, such temperatures may sometimes be reached, animal studies have
shown no adverse effects. Nevertheless, concerns regarding thermal and chemical injury
persisted.[3]

3.2. Curing of a bone cement

By mixing the powder and liquid, two different processes are started. First, the polymer
powder takes up the monomer liquid, forming a more or less viscous fluid or a dough. This
phenomenon is because of the swelling and dissolution processes of monomer and polymer
powder. Swelling and dissolution processes are physical processes and they are important
for the working characteristics of a bone cement. Second, a chemical process is initiated,
which is responsible for the final hardening of the bone cement. The initiator BPO from the
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(e) the ambient temperature during polymerization, and (f) the sterilization method.[7, 8]
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polymer powder and the activator DMPT from the liquid interact to produce free radicals in
the so-called ‘‘initiation reaction’’. These radicals are able to start the polymerization of
MMA by adding to the polymerizable double-bond of the monomer molecule. This results
in a growing polymer chain that builds up macromolecules. Because of the high number of
radicals generated, many rapidly growing polymer chains are formed and, therefore, there
is a fast conversion of MMA to PMMA. If two growing polymer chains meet, the chains are
terminated by combining both, resulting in an unreactive polymer molecule. The polymeri‐
zation of MMA is an exothermic reaction, resulting in a temperature increase in the curing
bone cement.[7] This temperature maximum can be influenced by:

1. The chemical composition of the cement

2. By the powder to liquid ratio

3. By the radiopacifier.

3.3. Volume shrinkage

Because a polymerization means a conversion of a large number of monomer molecules to a
much smaller number of polymer molecules, there is a volume shrinkage during curing of
the bone cement. The reason for this shrinkage is the decreasing molecular distance between
free monomer molecules before the polymerization and the molecular distance of the mole‐
cules bonded in the polymer chain. The volume shrinkage of pure MMA is approximately
21%. By using prepolymerized powder, the content of MMA in commercially available bone
cements is reduced to approximately one third of the whole mass. The theoretic volume
shrinkage of bone cements is therefore approximately 6%–7%. The real shrinkage is lower,
however, because of the air inclusions in the cement dough. So, the real volume shrinkage of
hand-mixed bone cement thus might be lower than the shrinkage of vacuum-mixed bone ce‐
ment, because vacuum-mixed cement has hardly any air inclusions. Because acrylic bone ce‐
ment absorbs water, its volume shrinkage is compensated by the expansion caused by the
water-uptake.[8]

4. Processing and handling of bone cement

The handling characteristics and setting times of acrylic cements are of great importance for
orthopedic surgeons. The handling of bone cements can be described by four different phas‐
es with their corresponding viscosities:

1. The mixing phase (up to 1 minute) is the period during which the powder and the liq‐
uid are homogenized thoroughly. The powder and the liquid can be mixed manually by
using a bowl and a spatula or by a special mixing system, applying vacuum to avoid
the formation of voids.

2. The waiting phase (up to several minutes, according to the type of cement and the han‐
dling temperature) is the period to reach a non-sticky state of the cement.
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3. The working phase (2–4 minutes, according to the type of cement and the handling tem‐
perature) is the period during which the surgeon can inject the cement and insert the
prosthesis. The viscosity of the cement has to be high enough to withstand the bleeding
pressure. Blood pervasion of the cement results in a reduction of the strength of the ce‐
ment. A late application at a too high viscosity level may result in poor interfaces be‐
tween the prosthesis, the cement, and the bone.

4. The hardening phase (1–2 minutes) is the period of the final setting process and the de‐
velopment of the polymerization heat.

The effect of the temperature on the length of the phases is clearly visible. The information giv‐
en by the temperature versus time curves of different cements is not always comparable, be‐
cause manufacturers use different determination methods resulting in variant lengths of the
working phases. This disagreement is caused by the lack of a universal detection method. A
wide experience and knowledge by the surgeon is therefore helpful to find the optimal range
of time to inject the cement and to fix the prosthesis. The method described in ISO 5833 and
ASTM F 451 to determine a viscosity-like parameter is the intrusion test. This is not really a test
method for the determination of the true viscosity. To perform this test, the mixed cement is
placed in a plastic mold and is loaded with a force of 49 N for 1 minute. The depth of the intru‐
sion of the cement into four drill holes is measured. This method is only available for high vis‐
cosity bone cements. In the standard ASTM F 451, there is another extrusion viscosity test
described with a capillary rheometer for low viscosity bone cements. [7]

In the Standards, there are two further time parameters defined: the doughing time and the
setting time. The doughing time end by the beginning of the working phase and it is deter‐
mined by recording from the start time of mixing until the mixture is able to separate clean‐
ly from a gloved finger. The second time parameter is the setting time, which is defined as
the time to reach a temperature midway between ambient and maximum. The end of setting
time marks the final hardening of the bone cement. [8]

During the waiting period swelling of the beads occurs and allows the polymerization to
proceed, leading to an increase in viscosity. At this stage, the cement turns into a sticky
dough. The working period begins when the cement is no longer sticky but of sufficiently
low viscosity to permit the surgeon to easily apply the cement into the prepared place. Dur‐
ing this period, the chain propagation continues, along with an increase in viscosity. The vis‐
cosity of the cement must be carefully assessed before inserting the cement because with a
very low viscosity the cement would not be able to withstand the bleeding pressure. This
would result in blood lamination in the cement, which can weaken the cement. The heat
produced during this period, results in thermal expansion of the cement. On the other hand,
there is a volumetric shrinkage of the cement as the MMA monomer converts into the dens‐
er PMMA polymer.

The final stage is the hardening period, when the polymerization terminates and leads to a
hardened cement. The temperature of the cement continues to elevate during this period
and then slowly decreases to body temperatures. During this period, the cement undergos
volumetric shrinkage along with thermal shrinkage as the cement cools down to body tem‐
perature. While the manufacturer can determine the hardening period length using in vitro
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measurements at a controlled temperature and humidity in a laboratory environment, it is
difficult to predict the hardening period in vivo, with accuracy due to variations in the am‐
bient environment in the operating room, the body temperature, and thickness of the ce‐
ment mantle, all of which can alter the setting times of the cement. Several factors, such as
the type of mixing method used, the viscosity of the cement, the precooling of the monomer
and/or powder, the preheating of the powder component, and the preheating of the prosthe‐
sis, can also significantly alter the times of some of the handling phases. Thus it is important
for the surgeon to know each of the factors that can alter the duration of each phase. [7]

4.1. Viscosity and handling properties

The dynamic viscosity (η) of fluids is denoted by shear stress (F)/shear rate (S) [η = F/S]. Flu‐
ids are designated as Newtonian if shear stress is linearly related to shear rate. Cement in its
liquid phase of curing behaves as a non-Newtonian fluid with viscosity decreasing as shear
rate is increased. This is called pseudoplastic or shear thinning behaviour. However, the vis‐
cosity of all cements increases during polymerisation as the polymer chains lengthen.[10]

The mixed cement begins as a viscous liquid, then turns into a viscoelastic material, and fi‐
nally hardens into a predominantly elastic solid. Thus, it is important to monitor both the
dynamic viscosity as well as the viscoelastic parameters, such as storage modulus (G'), loss
modulus (G"), and tanδ (their ratio). A high storage modulus indicates that the material is
more solid-like whereas a high loss modulus shows that the material is more viscous.[7]

The viscosity of bone cements at the dough stage is determined mainly by the chemical compo‐
sition and the powder to monomer ratio. These aspects should never be modified in the operat‐
ing theater to modify the viscosity. There are some methods to modify the viscosity without
changing other characteristics of the cement, however. One of them is the prechilling of the ce‐
ment. The velocity of the reaction, and with it the viscosity, depends on the temperature. Pre‐
chilling  of  cements,  especially  of  high  viscosity  cements,  has  been  introduced  with  the
introduction of mixing systems to make mixing of cement in these systems more convenient
and to improve the quality of the mixture, especially with respect to porosity. [8]

Another method for applying this change is preheating the cement, to accelerate the poly‐
merization and thus, reducing the operation time. But it has been shown that by this heat
application to the cement powder, various characteristics of the cement itself or the cement‐
ed construct are either enhanced, degraded, or marginally affected, which depends on the
structure of the cement powder and its stability against the heat. Specifically, these proper‐
ties are significantly decreased when the principal constituent in the powder has a low re‐
sistance to degradation by the preheat temperature (as is the case of the PMMA polymer in
Cemex XL and CMW 1 cements) but are not when the resistance is high (as in the case of a
mixture of PMMA + MMA styrene copolymer in Surgical Simplex P cement).[11]

Manufacturers can also change the viscosity of cement by changing the molecular weight,
by using co-polymers, and by varying the methods of sterilization. In addition, the curing
process itself can be controlled by altering the proportions of the initiator (Toluidine) and
the monomer, and this can change the working properties.
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The cement must be liquid enough during the working phase to be forced through a deliv‐
ery device and then flow under pressure to penetrate the interstices of cancellous bone, ach‐
ieving micro-interlock. Bone cements are usually divided into three categories: high,
medium and low viscosity:

Low. These have a long waiting phase of three minutes, also known as a sticky phase. The
viscosity rapidly increases during the working phase and the hardening phase is one to two
minutes long.

Medium. There is a long waiting phase of three minutes, but during the working phase, the
viscosity only increases slowly. Hardening takes between one minute 30 seconds, and two
minutes 30 seconds.

High. A short waiting/sticky phase is followed by a long working phase. The viscosity re‐
mains constant until the end of the working phase. The hardening phase lasts between one
minute 30 seconds and two minutes. High viscosity cements are therefore forgiving for the
surgeon and are in predominant use in orthopaedics. [3]

However, the rates of curing are very sensitive to environmental factors. Low ambient tem‐
peratures during storing and mixing, and high humidity both prolong setting time. Typical
representatives of high viscosity cements are Palacos R (Biomet Inc.; Warsaw/USA; Scher‐
ing-Plough; Heist-op-den-Berg/Belgium; Heraeus Kulzer; Wehrheim/Germany), Palamed
(Biomet Merck; Ried/Switzerland; Heraeus Kulzer), CMW 1 (DePuy; Blackpool/England),
Simplex P (Stryker; Limerick/Ireland), and Cemfix 1 (Teknimed; Vic en Bigorre/France),
whereas Osteopal (Biomet Merck; Heraeus Kulzer), Palacos LV (Schering-Plough; Heraeus
Kulzer), Osteobond (Zimmer; Warsaw/USA), Versabond (Smith & Nephew; Memphis/
USA), Cemfix 3 (Teknimed), Sulcem 3 (Zimmer; Baar/Switzerland), and CMW 3 (DePuy) are
examples of low viscosity cements. [7]

The high viscosity during mixing might be a disadvantage, because this supports the entrap‐
ping of air. The viscosity is the most important handling property for the surgeon and deter‐
mines the working properties of the cement.

4.2. Residual monomer and monomer release

Radical polymerization of the MMA in bone cement generally does not proceed to comple‐
tion, because the mobility of remaining monomer molecules is inhibited at high conversion
rates. There will remain, therefore, some residual monomer. Directly after curing, the content
of residual monomer is approximately 2%–6%. In the following 3 weeks this content decreases
to approximately 0.5%. The main part (approximately 80%) of the total residual monomer is
post-polymerized slowly. A smaller part of the residual monomer is released from the cement
and metabolized to carbon dioxide and water in the citric acid cycle.(Figure 3) In earlier times,
released MMA was considered the main reason for perioperative respiration and circulation
upset. However, these effects are definitely the result of the increase in the intramedullary
pressure and fat embolism. They are not caused by the residual monomer. [7]
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measurements at a controlled temperature and humidity in a laboratory environment, it is
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structure of the cement powder and its stability against the heat. Specifically, these proper‐
ties are significantly decreased when the principal constituent in the powder has a low re‐
sistance to degradation by the preheat temperature (as is the case of the PMMA polymer in
Cemex XL and CMW 1 cements) but are not when the resistance is high (as in the case of a
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Manufacturers can also change the viscosity of cement by changing the molecular weight,
by using co-polymers, and by varying the methods of sterilization. In addition, the curing
process itself can be controlled by altering the proportions of the initiator (Toluidine) and
the monomer, and this can change the working properties.
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mines the working properties of the cement.
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Radical polymerization of the MMA in bone cement generally does not proceed to comple‐
tion, because the mobility of remaining monomer molecules is inhibited at high conversion
rates. There will remain, therefore, some residual monomer. Directly after curing, the content
of residual monomer is approximately 2%–6%. In the following 3 weeks this content decreases
to approximately 0.5%. The main part (approximately 80%) of the total residual monomer is
post-polymerized slowly. A smaller part of the residual monomer is released from the cement
and metabolized to carbon dioxide and water in the citric acid cycle.(Figure 3) In earlier times,
released MMA was considered the main reason for perioperative respiration and circulation
upset. However, these effects are definitely the result of the increase in the intramedullary
pressure and fat embolism. They are not caused by the residual monomer. [7]
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Figure 3. Residual monomer in acrylic bone cement: post-polymerization and release with subsequent degradation.

4.3. Radiopacity

After a total joint replacement, if the cement does not have a distinct opacity, the surgeon can‐
not monitor the healing process clearly. This is the reason why radiopaque materials are add‐
ed to bone cements, so the hardened cement is radiopaque. Barium sulfate or zirconium
dioxide is used as opacifiers in all available bone cements.(Figure 4) The radiopacifier does not
contribute to the polymer chain. It is dispersed uniformly in the polymer powder and in the re‐
sulting solid bone cement. Animal experiments and in vivo studies with different cell cultures
showed more osteolytic changes by using barium sulfate than by using zirconium dioxide. De‐
spite the low solubility of barium sulfate, toxic barium ions can be released. On the other hand,
the abrasive properties of zirconium dioxide seem to be a disadvantage. All bone cements ex‐
amined contain 8.0%–15.0% opacifier within the polymer. Zirconium dioxide provides higher
opacity to bone cements compared to barium sulfate. Bone cements with more than 15.0% zir‐
conium dioxide in the polymer have the most distinct opacity.[2, 3, 7]

4.4. Molecular weight and sterilization

The molecular weight of the polymer powder particles is affected strongly by the steriliza‐
tion procedure used. Sterilization by γ-irradiation or β-irradiation significantly lowers the
molecular weight, whereas sterilization by ethylene oxide has no influence on the molecular
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weight of the polymer. The molecular weight influences the swelling properties and the me‐
chanical properties of the bone cement; therefore, low molecular weights have a few disad‐
vantages. Sterilization by ethylene oxide is the preferred method for bone cements, because
there is no change in material properties during sterilization. [12]

Figure 4. Content of radiopaquer in the powder of several acrylic bone cements; two radiopaquer agents are used in
commercial products: Barium sulfate and Zirconium dioxide.

5. Cement morphology

The composition of hardened cement consists of prepolymerized beads of PMMA or their
copolymers fused with the polymerized MMA monomer, in addition to radiopacifiers and
additives, such as powders of antibiotics, as well as pores or voids and residual initiator.
These parts of a cement composition act as flaws. These flaws can be due to: (a) air dissolved
within the powder particles; (b) air entrapment during mixing of powder and liquid mono‐
mer; (c) incomplete fusion of prepolymerized PMMA beads with the setting MMA; (d)
evaporation of the volatile monomer due to the heat of reaction during setting; (e) air en‐
trapment during transfer of the dough to the gun; and (f) air entrapment during introduc‐
tion of cement into the medullary canal. The major problem associated with the presence of
flaws is that when a critical flaw size is achieved, the flaws act as sites of stress concentra‐
tion, leading to weakening of the cement. But if the critical flaw size is not reached, they act
as crack blunting part of the cement upon its fracture. In other words, the cracks deviate
from their path when they encounter flaws in their path associated with pores and radiopa‐
cifier particles. The Griffith crack criterion assumes that there exists a critical flaw size
unique to each material above which its fracture strength is compromised. For PMMA, the
critical flaw size is 70 µm. Thus, if the pores are smaller than the critical flaw size for
PMMA, the porosity will not compromise the fracture strength of bone cement. It is general‐
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5. Cement morphology

The composition of hardened cement consists of prepolymerized beads of PMMA or their
copolymers fused with the polymerized MMA monomer, in addition to radiopacifiers and
additives, such as powders of antibiotics, as well as pores or voids and residual initiator.
These parts of a cement composition act as flaws. These flaws can be due to: (a) air dissolved
within the powder particles; (b) air entrapment during mixing of powder and liquid mono‐
mer; (c) incomplete fusion of prepolymerized PMMA beads with the setting MMA; (d)
evaporation of the volatile monomer due to the heat of reaction during setting; (e) air en‐
trapment during transfer of the dough to the gun; and (f) air entrapment during introduc‐
tion of cement into the medullary canal. The major problem associated with the presence of
flaws is that when a critical flaw size is achieved, the flaws act as sites of stress concentra‐
tion, leading to weakening of the cement. But if the critical flaw size is not reached, they act
as crack blunting part of the cement upon its fracture. In other words, the cracks deviate
from their path when they encounter flaws in their path associated with pores and radiopa‐
cifier particles. The Griffith crack criterion assumes that there exists a critical flaw size
unique to each material above which its fracture strength is compromised. For PMMA, the
critical flaw size is 70 µm. Thus, if the pores are smaller than the critical flaw size for
PMMA, the porosity will not compromise the fracture strength of bone cement. It is general‐
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ly well known that hardened bone cement contain macropores (pore diameter greater than 1
mm) and micropores (pore diameter 0.01-1.0 mm). Based on the Griffith theory, elimination
of the macropores would be more important than elimination of the micropores, especially
the pores much smaller than 70 µm in diameter. The most common method of eliminating
pores is to use centrifugation and vacuum mixing methods. Another source of flaws that can
be potential sites of high stress concentration is radiopacifier powder particles. A radiopaci‐
fier powder, usually barium sulfate or zirconium oxide, consists of particles with a broad
range of sizes, from approximately 0.2 to 2 µm in diameter. Zirconium oxide is a harder ma‐
terial than barium sulfate. Thus, if there is loosening, there could be concerns with regards
to third body abrasive wear in the bearing surface of the joint replacement. Barium sulfate is
generally insoluble, but there are concerns about toxicity of barium ions. Poor spread of ra‐
diopacifier particles in the region between the prepolymerized cement beads can affect both
crack initiation and crack propagation, especially if they are larger than the critical flaw size
for PMMA. The radiopacifier particles do not bond with PMMA and instead reside within
pores, which are larger than these particles due to cement shrinkage. [13, 8]

6. Mixing techniques and its effect on porosity

Mixing techniques are of great importance in determining the content and size of flaws that
can affect the cement toughness. Historically, three methods of mixing of cement have been
employed: (a) hand mixing in air; (b) hand mixing followed by centrifugation; and (c) hand
mixing in an evacuated mixing device, commonly known as "vacuum mixing." [8, 14]

Hand mixing involves mixing of the liquid and powder components in an open bowl using
a spatula at a speed of 1 to 2 Hz for a period of duration of approximately 2 minutes. The
hand-mixing method can introduce a porosity of 7% or higher. It is confirmed that excessive
mixing can lead to increased porosity. By decreasing the number of beats and waiting for a
short duration after wetting the powder component with the monomer the porosity of ce‐
ment can be reduced to approximately 5%. Centrifugation was later introduced as a method
to eliminate pores. In this method, the liquid and powder components are initially hand
mixed and then placed in a tube and subjected to centrifugation at a speed of 2300 to 4000
rpm for a duration of 0.5 to 3 minutes. With this method the total porosity decreases to 1%
or less, which is significantly lower than the porosity observed in hand mixing. It is obvious
that for centrifugation to be effective, the viscosity of the cement must be relatively low, al‐
lowing the air bubbles to flow to the surface of the cement under the centrifugal force. One
way to assist centrifugation is to chill the MMA monomer prior to mixing. One potential dis‐
advantage of the centrifugation mixing technique is that it can lead to an inhomogeneous
distribution of radiopacifier particles in the centrifuged cement, due to the difference in den‐
sity of radiopacifier particles and PMMA and MMA monomer. The third type of mixing
technique is vacuum mixing, in which the two components of bone cements are placed in a
mixing bowl and are mixed after subjecting the bowl to vacuum conditions. The vacuum-
mixing devices have proven to substantially decrease porosity in cements to less than 1%
and consequently to increase their fatigue properties. Another major reason for using vac‐
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uum mixing is that MMA monomer is contained within the mixing bowl, which limits expo‐
sure to its vapors. Toxicology information obtained from materials safety data sheets
(MSDSs) show that MMA monomer is harmful if inhaled, swallowed, or absorbed through
the skin. [8, 14]

It must be noted that this reduction in the porosity of cement mantle with vacuum-mixing,
is not always the case. Messick et al found that vacuum-mixed cement does not result in
overall lower porosity of the cement, but the distribution of porosity may be different when
compared with that of hand-mixed cement.(Figure 5) It has also been demonstrated that
very high vacuum levels can be associated with the presence of cracks in the cement.[15]

Figure 5. Representative sections illustrating the distribution of porosity for A) hand- and B) vacuum-mixed cement.

7. Mechanical and physical properties

7.1. Static mechanical properties (Table 2)

The main function of acrylic bone cement is the stable fixation of endoprostheses. The ce‐
ment must endure considerable stresses, thus, sufficient strength is one of the most impor‐
tant demands to achieve a stable fixation and to guarantee long-term stability of the implant.
The cement layer has the effect of an elastic buffer between prosthesis and bone. Because of
its close adaptation to bone and its viscoelastic properties, it can reduce the stress concentra‐
tions at the interface with the bone. In the end, transferring load from the prosthesis to the
bone as efficiently as possible also is decisive for the long-term stability of the implant. The
mechanism of loading is especially complex for hip arthroplasty; therefore, it is difficult to
define what sufficient strength actually means. The total load affecting bone cement is a
mixture of compressive loading combined with bending, tension, shear, and torsion. It has
been extremely difficult to simulate this complex situation in the laboratory. Two mechani‐
cal tests have been introduced into ISO 5833, the relevant standard for testing acrylic bone
cements. These tests are the compression and the four-point bending test for the determina‐
tion of the compressive strength, the bending strength and the bending modulus (modulus
of elasticity or Young’s modulus), respectively. The standard ASTM F 451 includes the com‐
pression test only. Generally there are two different fundamental measuring principles to
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been extremely difficult to simulate this complex situation in the laboratory. Two mechani‐
cal tests have been introduced into ISO 5833, the relevant standard for testing acrylic bone
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determine mechanical properties of bone cements: applying static (also called quasistatic)
stresses and dynamic stresses. Static tests are destructive tests with a uniaxial single loading,
increasing until failure, in contrast to dynamic tests that involve a cyclic loading.[16]

The compression test according to the standards ISO 5833 and ASTM F 451 is a static meth‐
od in which the compressive strength is defined as the maximum stress that a material can
withstand before failure in compression. The test is executed with a universal testing ma‐
chine equipped to record load versus crosshead displacement. The minimum requirement
for the compressive strength is 70 MPa according to the standards. All commercial antibiotic
and plain bone cements meet this requirement. Between both cement types, no significant
differences in compressive strength are observable.[10]

The second mechanical test according to ISO 5833 is the four-point bending test, also per‐
formed with a  universal  testing machine.  According to  ISO 5833 the minimum require‐
ment for  the bending strength is  50 MPa and for  the bending modulus it  is  1800 MPa,
respectively. Again, all commercial cements clearly fulfill  the requirements. The addition
of  antibiotics  reduces  the  bending  strength,  but  the  differences  between  antibiotic  and
plain cement are not always statistically significant. The bending modulus represents the
ratio of stress to corresponding strain of the material within the elastic range characteriz‐
ing the relative stiffness of the material. Stiff materials have a high modulus, eg, glass and
ceramics; ductile materials like rubber have a low modulus. Within the elastic range the
stress and strain are directly proportional following Hooke’s Law, and if  the load is  re‐
leased, the material regains its initial dimensions. The elastic range is limited by a stress
limit,  the so-called ‘‘proportional  limit’’  at  which the physical  properties of  the material
actually change and the material  might not recover its  initial  shape after releasing load.
As already mentioned the cement acts as a mechanical buffer. For this purpose the modu‐
lus of elasticity of bone cement has to be lower than the moduli of the metallic prosthesis
and  the  bone.  The  modulus  must  not  decrease  to  below  a  minimum  value,  however;
therefore,  a lower limit  for the modulus is  established in ISO 5833.  The modulus varies
with temperature, which means the higher the temperature, the lower the modulus. Test‐
ing bone cement at 23OC is not a really convenient way to get meaningful results for the
application  in  the  human body.  The  mechanical  performance  of  bone  cements  is  influ‐
enced by various parameters, such as composition of the cement, porosity, and prepara‐
tion of the cement. The addition of radiopacifier and antibiotics to a bone cement slightly
decreases the mechanical strength. These additives are necessary to get radiograph opaci‐
ty  and  antibiotic  protection  of  the  implant,  which  are  important  attributes  of  bone  ce‐
ments. Despite these additives, the resulting cements easily meet the requirements. [16,17]

Although bone cement has a high compressive strength, it is susceptible to fracture that
might result from tensile loading. Tensile tests therefore are performed according to ISO
527-1 or ASTM D 638. These standards describe a static test method applicable for all poly‐
mer materials. The uniaxial tensile test is executed with flat tapered specimens. The ultimate
tensile strength is defined as the maximum stress that a material can withstand before fail‐
ure in tension. The tensile strength is approximately 50 –60 MPa and there are no significant
differences between the tested materials. Again, the addition of antibiotics seems to reduce
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the tensile strength, but the differences between antibiotic and plain cement are not statisti‐
cally significant. [18]

The compressive strength of bone cement is higher than the flexural strength and that is
higher than the tensile strength. This descending order is found in all polymer materials.
That means tensile loading may be a higher risk factor for failure than compressive loading.
In vivo, simple tensile loading, however, does not play an important part in reality; complex
combinations of different loading types are more relevant. From a physical point of view,
bending is a mixture of compressive and tensile loading; therefore, the bending test actually
is a realistic test. [17]

One further static test applied with bone cements is the shear strength test according to
ASTM D732. This mechanical parameter is important because debonding of the stem–ce‐
ment interface has been implicated in the initiation of failure of cemented femoral stems.
The interface static shear strength is influenced by surface roughness, cement type, and po‐
rosity. Surface finish has the greatest effect on the interface strength. Increasing the surface
roughness increases the interface shear strength. Increasing the surface roughness to greater
than a certain value, however, has no additional affect. Cement type and porosity have a mi‐
nor influence on the static interface strength. [19]

Furthermore, there are methods to determine fracture properties, such as fracture toughness
(ASTM E399 and ISO 13,586) and impact strength (ISO 179/ISO 180/DIN 53,435). There is a
correlation between the two methods. For a given specimen configuration, g-irradiation pro‐
duced a statistically significant decrease in fracture toughness because of the concomitant
depreciation in molecular weight. Impact strength is a measure of the energy required to
cause a material to fracture when struck by a sudden blow. The addition of radiopacifier
and antibiotics together with pores in the cement might have a negative effect on the impact
strength. [20]

7.2. Water uptake and glass transition

When considering the mechanical tests described previously, one fact should be taken into
account: most of the tests are executed with dry specimens at room temperature. The cement
has to perform its task in the human body, however, in contact with body fluid and at a tem‐
perature of 37oC. Mechanical properties of polymers vary relative to their temperature and
water uptake. The absorption of water results in a lower modulus of elasticity and in a less
stiff material. The decreasing stiffness may even be advantageous for fracture resistance and
long-term stability of the implant. The water uptake of commercial bone cements is approxi‐
mately 1%–2% for plain bone cements and slightly higher for antibiotic bone cements. There
is high initial water uptake during the first days of incubation at 37oC. The bone cements are
completely water-saturated 4–8 weeks after incubation. The glass transition temperature is a
physical parameter defining the softening range of a material. Softening means a transition
from a hard and rigid glassy state with a high modulus to a soft rubbery state with a low
modulus by heating the polymer. If the material for anchoring endoprosthesis is in the rub‐
bery state, there would be a high risk for subsidence of the femoral stem and no stable fixa‐
tion of the implant would be possible. Bone cements therefore can be used only for fixation
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determine mechanical properties of bone cements: applying static (also called quasistatic)
stresses and dynamic stresses. Static tests are destructive tests with a uniaxial single loading,
increasing until failure, in contrast to dynamic tests that involve a cyclic loading.[16]

The compression test according to the standards ISO 5833 and ASTM F 451 is a static meth‐
od in which the compressive strength is defined as the maximum stress that a material can
withstand before failure in compression. The test is executed with a universal testing ma‐
chine equipped to record load versus crosshead displacement. The minimum requirement
for the compressive strength is 70 MPa according to the standards. All commercial antibiotic
and plain bone cements meet this requirement. Between both cement types, no significant
differences in compressive strength are observable.[10]

The second mechanical test according to ISO 5833 is the four-point bending test, also per‐
formed with a  universal  testing machine.  According to  ISO 5833 the minimum require‐
ment for  the bending strength is  50 MPa and for  the bending modulus it  is  1800 MPa,
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of  antibiotics  reduces  the  bending  strength,  but  the  differences  between  antibiotic  and
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ing the relative stiffness of the material. Stiff materials have a high modulus, eg, glass and
ceramics; ductile materials like rubber have a low modulus. Within the elastic range the
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leased, the material regains its initial dimensions. The elastic range is limited by a stress
limit,  the so-called ‘‘proportional  limit’’  at  which the physical  properties of  the material
actually change and the material  might not recover its  initial  shape after releasing load.
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lus of elasticity of bone cement has to be lower than the moduli of the metallic prosthesis
and  the  bone.  The  modulus  must  not  decrease  to  below  a  minimum  value,  however;
therefore,  a lower limit  for the modulus is  established in ISO 5833.  The modulus varies
with temperature, which means the higher the temperature, the lower the modulus. Test‐
ing bone cement at 23OC is not a really convenient way to get meaningful results for the
application  in  the  human body.  The  mechanical  performance  of  bone  cements  is  influ‐
enced by various parameters, such as composition of the cement, porosity, and prepara‐
tion of the cement. The addition of radiopacifier and antibiotics to a bone cement slightly
decreases the mechanical strength. These additives are necessary to get radiograph opaci‐
ty  and  antibiotic  protection  of  the  implant,  which  are  important  attributes  of  bone  ce‐
ments. Despite these additives, the resulting cements easily meet the requirements. [16,17]

Although bone cement has a high compressive strength, it is susceptible to fracture that
might result from tensile loading. Tensile tests therefore are performed according to ISO
527-1 or ASTM D 638. These standards describe a static test method applicable for all poly‐
mer materials. The uniaxial tensile test is executed with flat tapered specimens. The ultimate
tensile strength is defined as the maximum stress that a material can withstand before fail‐
ure in tension. The tensile strength is approximately 50 –60 MPa and there are no significant
differences between the tested materials. Again, the addition of antibiotics seems to reduce
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the tensile strength, but the differences between antibiotic and plain cement are not statisti‐
cally significant. [18]

The compressive strength of bone cement is higher than the flexural strength and that is
higher than the tensile strength. This descending order is found in all polymer materials.
That means tensile loading may be a higher risk factor for failure than compressive loading.
In vivo, simple tensile loading, however, does not play an important part in reality; complex
combinations of different loading types are more relevant. From a physical point of view,
bending is a mixture of compressive and tensile loading; therefore, the bending test actually
is a realistic test. [17]

One further static test applied with bone cements is the shear strength test according to
ASTM D732. This mechanical parameter is important because debonding of the stem–ce‐
ment interface has been implicated in the initiation of failure of cemented femoral stems.
The interface static shear strength is influenced by surface roughness, cement type, and po‐
rosity. Surface finish has the greatest effect on the interface strength. Increasing the surface
roughness increases the interface shear strength. Increasing the surface roughness to greater
than a certain value, however, has no additional affect. Cement type and porosity have a mi‐
nor influence on the static interface strength. [19]

Furthermore, there are methods to determine fracture properties, such as fracture toughness
(ASTM E399 and ISO 13,586) and impact strength (ISO 179/ISO 180/DIN 53,435). There is a
correlation between the two methods. For a given specimen configuration, g-irradiation pro‐
duced a statistically significant decrease in fracture toughness because of the concomitant
depreciation in molecular weight. Impact strength is a measure of the energy required to
cause a material to fracture when struck by a sudden blow. The addition of radiopacifier
and antibiotics together with pores in the cement might have a negative effect on the impact
strength. [20]

7.2. Water uptake and glass transition

When considering the mechanical tests described previously, one fact should be taken into
account: most of the tests are executed with dry specimens at room temperature. The cement
has to perform its task in the human body, however, in contact with body fluid and at a tem‐
perature of 37oC. Mechanical properties of polymers vary relative to their temperature and
water uptake. The absorption of water results in a lower modulus of elasticity and in a less
stiff material. The decreasing stiffness may even be advantageous for fracture resistance and
long-term stability of the implant. The water uptake of commercial bone cements is approxi‐
mately 1%–2% for plain bone cements and slightly higher for antibiotic bone cements. There
is high initial water uptake during the first days of incubation at 37oC. The bone cements are
completely water-saturated 4–8 weeks after incubation. The glass transition temperature is a
physical parameter defining the softening range of a material. Softening means a transition
from a hard and rigid glassy state with a high modulus to a soft rubbery state with a low
modulus by heating the polymer. If the material for anchoring endoprosthesis is in the rub‐
bery state, there would be a high risk for subsidence of the femoral stem and no stable fixa‐
tion of the implant would be possible. Bone cements therefore can be used only for fixation
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of endoprostheses at temperatures less than their glass transition temperature in the glassy
state. The glass transition temperatures of acrylic bone cements in a dry state range from
80o–100oC. These are high temperatures compared with the temperature of the human body.
The water absorption of the cement, however, results in a reduction in glass transition tem‐
perature of approximately 20o–30oC after 8 weeks of incubation in water. The glass transi‐
tion temperatures of water-saturated bone cements are approximately 60o–70oC. The
addition of antibiotics does not lower the glass transition significantly. Considering the pro‐
nounced difference between the glass transition temperature and the temperature of the hu‐
man body, the risk for sinking of the implant caused by creep seems to be very low.[16]

Property Value range (MPa)

Ultimate tensile strength 36 to 47

Ultimate compressive strength 80 to 94

Bending strength (4 point configuration) 67 to 72

Shear strength 50 to 69

Mean fracture toughness (Kic)** 1.52 to 2.02 (MPa√m)

*Simplex P, Palacos R, CMW1

**Kic, mean fracture toughness of brittle materials

Table 2. Mechanical properties of three cement brands*

7.3. Creep behavior

Polymers such as PMMA bone cements exhibit a combination of elastic and viscous behav‐
ior called viscoelasticity. When a polymer is subjected to a constant load, the resulting defor‐
mation can be divided into two parts: the immediate elastic deformation and the time-
dependent, continuous deformation. The immediate elastic deformation happens
instantaneously by applying load. It is a recoverable deformation essentially independent of
time. Following this rapid deformation there is a delayed continuous deformation resulting
from stress. One part of this deformation is recoverable in time after releasing load. This part
is called delayed elastic deformation or primary creep. The second part of this continuous
deformation is a non-recoverable permanent deformation called secondary creep.[21]

Different test methods are described in the standard ASTM D 2990 to measure creep. The
specimen is loaded by tensile, compressive, or flexural stress. In each method the change in
length of the specimen is measured and divided by the original length for the calculation of
creep. All plastic materials including acrylic bone cement creep to a certain extent. The de‐
gree of creep depends on several factors, such as composition of the material, temperature,
load, and load duration. Delayed injection time of acrylic bone cement increased creep com‐
pared with bone cement prepared according to standard injection procedures. Creep there‐
fore depends not only on the material properties, but also on the cement handling by the
surgeon.[22] It has been proposed that creep of acrylic bone cement may contribute to loos‐
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ening of cemented total joint replacements. The long-term prosthetic subsidence rates
caused by creep of acrylic cement, however, are small. On the other hand, cement creep re‐
laxes cement stresses and creates a more favorable stress distribution at the interfaces. [3, 16]

7.4. Fatigue behavior

To ensure survival of the cement in the human body, the bone cement must be able to with‐
stand the varying loads it endures. The fatigue properties of the cement thus are of particular
significance, and they may determine when a correctly used cement will fail or not. Many stud‐
ies have dealt with this topic, measuring fatigue properties in different ways. Today three dif‐
ferent standard testing procedures are used to characterize the fatigue behavior:

• Four-point bending arrangement recommended by ISO 5833 standard

• Uniaxial pure tensile test with flat tapered specimens according to ISO 527

• Uniaxial compression–tension test with cylindrical tapered specimens according to ASTM
F2118

• The first method is equivalent to the bending test method according to ISO 5833.

7.5. Fatigue testing

Fatigue testing is a dynamic test and is executed with a sinusoidal cyclic loading under
stress control. The tests are continued until failure or until run-out. The run-out limit is a
predetermined number of cycles at which the testing on a specimen is stopped, eg, 5 million
or 10 million cycles. The second method is equivalent to tensile testing according to ISO 527.
Again, the test run is performed with a sinusoidal cyclic loading under stress control until
failure or until run-out. The third method is according to ASTM F2118. The specimens are
subjected to fully reversed compressive and tensile loading in a sinusoidal cyclic manner.
Again, the tests are continued until failure or until the run-out limit is reached. Most fatigue
tests run at a specified frequency, eg, 5 Hz, in buffered saline solutions at 37oC.[16]

For tension–compression, the preliminary results exhibit a steeper decrease that might be
caused by a possibly stronger deterioration from the additional compressive loading. The
materials behave in a similar way under bending and uniaxial tension. The simplest test
configuration is the standardized four-point bending test according to ISO 5833. Additional‐
ly the preparation of the specimens for the tension–compression is much more complex than
the preparation of specimens for the bending test. For these two reasons the four-point
bending is the preferred method for fatigue testing. The environmental conditions in which
these experiments are conducted have a considerable influence on the fatigue life. Bone ce‐
ments have different fatigue behavior if tested dry or in aqueous solution. The tests in air at
room temperature result in a stress-number of cycles-curve (S-N-curve) of considerably
higher slope. To simulate the body environment, tests should be performed in an appropri‐
ate liquid, such as simulated body fluid or Ringer’s solution. The results of tests in air at lab‐
oratory temperature should be rated carefully.
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of endoprostheses at temperatures less than their glass transition temperature in the glassy
state. The glass transition temperatures of acrylic bone cements in a dry state range from
80o–100oC. These are high temperatures compared with the temperature of the human body.
The water absorption of the cement, however, results in a reduction in glass transition tem‐
perature of approximately 20o–30oC after 8 weeks of incubation in water. The glass transi‐
tion temperatures of water-saturated bone cements are approximately 60o–70oC. The
addition of antibiotics does not lower the glass transition significantly. Considering the pro‐
nounced difference between the glass transition temperature and the temperature of the hu‐
man body, the risk for sinking of the implant caused by creep seems to be very low.[16]

Property Value range (MPa)

Ultimate tensile strength 36 to 47

Ultimate compressive strength 80 to 94

Bending strength (4 point configuration) 67 to 72

Shear strength 50 to 69

Mean fracture toughness (Kic)** 1.52 to 2.02 (MPa√m)

*Simplex P, Palacos R, CMW1

**Kic, mean fracture toughness of brittle materials

Table 2. Mechanical properties of three cement brands*

7.3. Creep behavior

Polymers such as PMMA bone cements exhibit a combination of elastic and viscous behav‐
ior called viscoelasticity. When a polymer is subjected to a constant load, the resulting defor‐
mation can be divided into two parts: the immediate elastic deformation and the time-
dependent, continuous deformation. The immediate elastic deformation happens
instantaneously by applying load. It is a recoverable deformation essentially independent of
time. Following this rapid deformation there is a delayed continuous deformation resulting
from stress. One part of this deformation is recoverable in time after releasing load. This part
is called delayed elastic deformation or primary creep. The second part of this continuous
deformation is a non-recoverable permanent deformation called secondary creep.[21]

Different test methods are described in the standard ASTM D 2990 to measure creep. The
specimen is loaded by tensile, compressive, or flexural stress. In each method the change in
length of the specimen is measured and divided by the original length for the calculation of
creep. All plastic materials including acrylic bone cement creep to a certain extent. The de‐
gree of creep depends on several factors, such as composition of the material, temperature,
load, and load duration. Delayed injection time of acrylic bone cement increased creep com‐
pared with bone cement prepared according to standard injection procedures. Creep there‐
fore depends not only on the material properties, but also on the cement handling by the
surgeon.[22] It has been proposed that creep of acrylic bone cement may contribute to loos‐

Arthroplasty - Update118

ening of cemented total joint replacements. The long-term prosthetic subsidence rates
caused by creep of acrylic cement, however, are small. On the other hand, cement creep re‐
laxes cement stresses and creates a more favorable stress distribution at the interfaces. [3, 16]

7.4. Fatigue behavior

To ensure survival of the cement in the human body, the bone cement must be able to with‐
stand the varying loads it endures. The fatigue properties of the cement thus are of particular
significance, and they may determine when a correctly used cement will fail or not. Many stud‐
ies have dealt with this topic, measuring fatigue properties in different ways. Today three dif‐
ferent standard testing procedures are used to characterize the fatigue behavior:

• Four-point bending arrangement recommended by ISO 5833 standard

• Uniaxial pure tensile test with flat tapered specimens according to ISO 527

• Uniaxial compression–tension test with cylindrical tapered specimens according to ASTM
F2118

• The first method is equivalent to the bending test method according to ISO 5833.

7.5. Fatigue testing

Fatigue testing is a dynamic test and is executed with a sinusoidal cyclic loading under
stress control. The tests are continued until failure or until run-out. The run-out limit is a
predetermined number of cycles at which the testing on a specimen is stopped, eg, 5 million
or 10 million cycles. The second method is equivalent to tensile testing according to ISO 527.
Again, the test run is performed with a sinusoidal cyclic loading under stress control until
failure or until run-out. The third method is according to ASTM F2118. The specimens are
subjected to fully reversed compressive and tensile loading in a sinusoidal cyclic manner.
Again, the tests are continued until failure or until the run-out limit is reached. Most fatigue
tests run at a specified frequency, eg, 5 Hz, in buffered saline solutions at 37oC.[16]

For tension–compression, the preliminary results exhibit a steeper decrease that might be
caused by a possibly stronger deterioration from the additional compressive loading. The
materials behave in a similar way under bending and uniaxial tension. The simplest test
configuration is the standardized four-point bending test according to ISO 5833. Additional‐
ly the preparation of the specimens for the tension–compression is much more complex than
the preparation of specimens for the bending test. For these two reasons the four-point
bending is the preferred method for fatigue testing. The environmental conditions in which
these experiments are conducted have a considerable influence on the fatigue life. Bone ce‐
ments have different fatigue behavior if tested dry or in aqueous solution. The tests in air at
room temperature result in a stress-number of cycles-curve (S-N-curve) of considerably
higher slope. To simulate the body environment, tests should be performed in an appropri‐
ate liquid, such as simulated body fluid or Ringer’s solution. The results of tests in air at lab‐
oratory temperature should be rated carefully.
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Furthermore, the sterilization process of the polymer powder has an influence on fatigue be‐
havior of acrylic bone cements. Sterilization by γ-irradiation or b-irradiation significantly
lowers the molecular weight of the polymer powder and the resulting cured bone cement,
whereas sterilization by ethylene oxide has no influence on the molecular weight of the pol‐
ymer. Bone cement with high molecular weight has a better fatigue performance than a ce‐
ment with low molecular weight.[17]

Porosity is a major cause of reduced fatigue life of bone cement. Pores or other inclusions
serve to concentrate stress in the material and often initiate fatigue cracks within the bone
cement. These cracks ultimately lead to failure. The sources of porosity are air initially sur‐
rounding the powder, which is trapped during wetting of the powder, air trapping in the
cement during mixing, and air trapping in the cement during transfer from mixing container
to application device. Hand-mixed bone cement in an open bowl has a significantly higher
number of pores than bone cement mixed in a vacuum mixing system. Modern cement mix‐
ing systems reduce cement porosity and enhance cement strength by eliminating the chan‐
ces of air entrapment in the cement.[23]

8. Antibiotics

Buchholz and Engelbrecht were the first to add gentamicin antibiotic to a bone cement.[3]
Initially the antibiotic was added by hand, and subsequently during manufacture, making
antibiotic-loaded acrylic cement widely available as part of antimicrobial prophylaxis in pri‐
mary arthroplasty. It was shown later, that oxacillin, cefazolin, and gentamicin are all stable
in PMMA bone cement and were released in active form. The largest release of antibiotics
occurred in the first 24 hours, but high bactericidal concentrations of the antibiotics were
measured in the periprosthetic bone for up to 21 days after implantation. A small amount of
antibiotic elution is observed even after 5 years. Bone cement without any antibiotics had no
bacteriostatic effect on Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa or‐
ganisms. [24]

Bone cements can function as a matrix for the local application of antibiotics. Because of the
high local concentration of an antibiotic in the surroundings of the implant, the use of bone
cements has great advantages compared with a systemic antibiotic therapy. The artificial im‐
plant is especially sensitive to bacterial contamination on its surface, because the microor‐
ganisms may proliferate there almost unhampered by the immune defense of the body. As
the bacteria rapidly generate a protective mucus layer and go to an inactive state with low
sensitivity to antibiotics, a local antibiotic treatment is important. The pharmacokinetics of
the antibiotic release from the matrix is of clinical importance. The local antibiotic concentra‐
tions reached must be clearly greater than the minimal inhibitory concentration and the
minimal bactericidal concentration for the organisms. Not all antibiotics are suitable for use
in bone cements. To avoid the development of resistant strains, a high initial level with a
subsequent controlled release for days or weeks is important. The following bacteriologic
and physical and chemical factors should be considered in the choice of an antibiotic:
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1. Broad antibacterial spectra, including gram-positive and gram-negative organisms

2. Good bactericidal effect in low concentrations

3. Low incidence of primary resistant germs

4. Low rate of development of resistances

5. Low protein bonding

6. Low allergic potential

7. Little effect on bone cement mechanics

8. Chemical and thermal stability

9. Good solubility in water

10. Good release from bone cement

Based on these requirements and release tests, gentamicin has become the favorite antibiotic
for bone cements since the early 1970s. Gentamicin is the most common additive because it
has, amongst other features, a good spectrum of concentration-dependent bactericidal activ‐
ity, thermal stability and high water solubility. [7]

Antibiotics are added in the form of powder, which is unable to diffuse through a hard,
glassy polymer. So the mechanism of elution of the antibiotics is believed to be closely relat‐
ed to water-absorbing properties of the cement with respect to time and distance from the
surface of the cement. The diffusion rate of the antibiotics depends on several factors, such
as the chemical composition of the cement, the surface area at the cement-bone interface,
and cement handling. For example, Palacos cement containing prepolymerized beads of
P(MMA-co-MA) were shown to elute gentamicin at more rapidly than Simplex containing
prepolymerized beads of P(MMA-co-S). In addition, vacuum mixing, which decreases the
porosity in bone cement, can also alter the kinetics of the elution of antibiotics and was
shown to decrease their rate of elution by 50%.[25]

Penner et al investigated the release of vancomycin and tobramycin from bone cement sepa‐
rately or combined in nonvacuum preparations. They observed that the combined use of the
2 antibiotics led to an increased elution of both from cement. Baleani et al also showed that
the presence of meropenem broadened the antibacterial spectrum and enhanced the elution
of vancomycin from cement. [26]

Since powder gentamicin is a costly antibiotic and is not available for hand-mixing with
bone cement in operating rooms, many researchers have tried to add liquid gentamicin to
bone cements. The liquid gentamicin, a much less costly antibiotic (1/20 the price of tobra‐
mycin) with a broad antimicrobial spectrum, is widely available throughout the world, but
there is always a fear of deteriorating the mechanical properties of the bone cement by add‐
ing liquid gentamicin. Hsieh PH et al investigated the use of liquid gentamicin, alone and in
combination with vancomycin, incorporated into acrylic bone cement as a potential treat‐
ment of complex orthopedic infections. They assessed the cement specimens loaded with
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Furthermore, the sterilization process of the polymer powder has an influence on fatigue be‐
havior of acrylic bone cements. Sterilization by γ-irradiation or b-irradiation significantly
lowers the molecular weight of the polymer powder and the resulting cured bone cement,
whereas sterilization by ethylene oxide has no influence on the molecular weight of the pol‐
ymer. Bone cement with high molecular weight has a better fatigue performance than a ce‐
ment with low molecular weight.[17]

Porosity is a major cause of reduced fatigue life of bone cement. Pores or other inclusions
serve to concentrate stress in the material and often initiate fatigue cracks within the bone
cement. These cracks ultimately lead to failure. The sources of porosity are air initially sur‐
rounding the powder, which is trapped during wetting of the powder, air trapping in the
cement during mixing, and air trapping in the cement during transfer from mixing container
to application device. Hand-mixed bone cement in an open bowl has a significantly higher
number of pores than bone cement mixed in a vacuum mixing system. Modern cement mix‐
ing systems reduce cement porosity and enhance cement strength by eliminating the chan‐
ces of air entrapment in the cement.[23]

8. Antibiotics

Buchholz and Engelbrecht were the first to add gentamicin antibiotic to a bone cement.[3]
Initially the antibiotic was added by hand, and subsequently during manufacture, making
antibiotic-loaded acrylic cement widely available as part of antimicrobial prophylaxis in pri‐
mary arthroplasty. It was shown later, that oxacillin, cefazolin, and gentamicin are all stable
in PMMA bone cement and were released in active form. The largest release of antibiotics
occurred in the first 24 hours, but high bactericidal concentrations of the antibiotics were
measured in the periprosthetic bone for up to 21 days after implantation. A small amount of
antibiotic elution is observed even after 5 years. Bone cement without any antibiotics had no
bacteriostatic effect on Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa or‐
ganisms. [24]

Bone cements can function as a matrix for the local application of antibiotics. Because of the
high local concentration of an antibiotic in the surroundings of the implant, the use of bone
cements has great advantages compared with a systemic antibiotic therapy. The artificial im‐
plant is especially sensitive to bacterial contamination on its surface, because the microor‐
ganisms may proliferate there almost unhampered by the immune defense of the body. As
the bacteria rapidly generate a protective mucus layer and go to an inactive state with low
sensitivity to antibiotics, a local antibiotic treatment is important. The pharmacokinetics of
the antibiotic release from the matrix is of clinical importance. The local antibiotic concentra‐
tions reached must be clearly greater than the minimal inhibitory concentration and the
minimal bactericidal concentration for the organisms. Not all antibiotics are suitable for use
in bone cements. To avoid the development of resistant strains, a high initial level with a
subsequent controlled release for days or weeks is important. The following bacteriologic
and physical and chemical factors should be considered in the choice of an antibiotic:
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1. Broad antibacterial spectra, including gram-positive and gram-negative organisms

2. Good bactericidal effect in low concentrations

3. Low incidence of primary resistant germs

4. Low rate of development of resistances

5. Low protein bonding

6. Low allergic potential

7. Little effect on bone cement mechanics

8. Chemical and thermal stability

9. Good solubility in water

10. Good release from bone cement

Based on these requirements and release tests, gentamicin has become the favorite antibiotic
for bone cements since the early 1970s. Gentamicin is the most common additive because it
has, amongst other features, a good spectrum of concentration-dependent bactericidal activ‐
ity, thermal stability and high water solubility. [7]

Antibiotics are added in the form of powder, which is unable to diffuse through a hard,
glassy polymer. So the mechanism of elution of the antibiotics is believed to be closely relat‐
ed to water-absorbing properties of the cement with respect to time and distance from the
surface of the cement. The diffusion rate of the antibiotics depends on several factors, such
as the chemical composition of the cement, the surface area at the cement-bone interface,
and cement handling. For example, Palacos cement containing prepolymerized beads of
P(MMA-co-MA) were shown to elute gentamicin at more rapidly than Simplex containing
prepolymerized beads of P(MMA-co-S). In addition, vacuum mixing, which decreases the
porosity in bone cement, can also alter the kinetics of the elution of antibiotics and was
shown to decrease their rate of elution by 50%.[25]

Penner et al investigated the release of vancomycin and tobramycin from bone cement sepa‐
rately or combined in nonvacuum preparations. They observed that the combined use of the
2 antibiotics led to an increased elution of both from cement. Baleani et al also showed that
the presence of meropenem broadened the antibacterial spectrum and enhanced the elution
of vancomycin from cement. [26]

Since powder gentamicin is a costly antibiotic and is not available for hand-mixing with
bone cement in operating rooms, many researchers have tried to add liquid gentamicin to
bone cements. The liquid gentamicin, a much less costly antibiotic (1/20 the price of tobra‐
mycin) with a broad antimicrobial spectrum, is widely available throughout the world, but
there is always a fear of deteriorating the mechanical properties of the bone cement by add‐
ing liquid gentamicin. Hsieh PH et al investigated the use of liquid gentamicin, alone and in
combination with vancomycin, incorporated into acrylic bone cement as a potential treat‐
ment of complex orthopedic infections. They assessed the cement specimens loaded with
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480 mg of liquid gentamicin, 4 g of powdered vancomycin, or both antibiotics for elution
characteristics, bioactivity, compressive strength, and porosity. Vancomycin elution was en‐
hanced by 146% with the addition of gentamicin liquid, and gentamicin elution was en‐
hanced by 45% when combined with vancomycin. Bioassay confirmed the bactericidal
activity of the released antibiotics. Adding liquid gentamicin increased porosity, whereas
adding vancomycin did not. Compressive strength decreased by 13%, 37%, and 45% in
specimens containing vancomycin, liquid gentamicin, and both antibiotics, respectively.(Ta‐
ble 3) Despite inferior mechanical properties, the temporary nature of cement beads and
spacers makes the liquid gentamicin–vancomycin mixture a potentially more cost-effective
regimen in bone cement to treat musculoskeletal infections. [27]

Vancomycin Gentamicin Both antibiotics

Porosity* (%) 5.8 ± 2.6 16.8 ± 1.9 22.4 ± 3.4

Compressive strength (MPa) 79.69 ± 6.2 57.99 ± 1.5 50.32 ± 4.9

*Porosity as a percentage of the total area.

Table 3. Porosity and ultimate compressive strength of the specimens

Other antibiotics with suitable spectra against orthopaedic infecting organisms, such as cefa‐
zolin, ciprofloxacin, linezolid, levofloxacin and rifampin, have been tested according to their
elution and bactericidal activities and have been shown that all these antibiotics may be suit‐
able for incorporation into polymethylmethacrylate for management of orthopaedic infec‐
tions.[28] (Table 4)

But it worth noting that all antibiotics are not suitable for adding to bone cements. Goss et al
have shown that amphotericin B does not elute from polymethylmethacrylate bone cement.
However, addition of this antifungal increases the mechanical strength by forming covalent
crosslinks in the PMMA matrix, imparting better mechanical properties. [29]

Antibiotics premixed into the cement by the manufacturer can be advantageous since the
addition of antibiotic powder manually can lead to agglomeration and a decrease in the me‐
chanical strength of the cement. Antibiotics are added to cement in the powdered form since
it was demonstrated that the addition of liquid antibiotics resulted in a decrease in mechani‐
cal strength due to interference with the early stages of polymerization of the MMA mono‐
mer. The amount of antibiotic powder required for a therapeutic level of elution is
approximately 0.5 to 2 g in a standard 40-g package of prepolymerized PMMA powder.
Note that antibiotic powder, like radiopacifiers and pores, also results in defects or flaws in
bone cement. The flexural strength of antibiotic-containing cement was shown to be lower
than that of cement without antibiotics, and the toughness of antibiotic-containing cement
decreased further with excessive amounts of antibiotics. A likely reason for this is that ex‐
cess amounts of undissolved antibiotics agglomerate into aggregates exceeding the critical
flaw size for PMMA. However, doses of 2 g of well-dispersed antibiotic powder may not
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have any adverse effect on the mechanical properties of bone cement if the size of the inclu‐
sions remains below the critical flaw size for PMMA.

Antimicrobial Amount (%) AUC (µg/mL/h)

Peak

concentration

(µg/mL)

Time no longer

detectable (h)

Percent in the bead

before elution

Cefazolin 2.5 18 ± 3 15 ± 2 2 ± 0 56 ± 2

7.5 162 ± 33 62 ± 23 10 ± 1 42 ± 4

15 792 ± 47 147 ± 22 26 ± 1 54 ± 5

Ciprofloxacin 2.5 23 ± 5 5 ± 0 45 ± 3 36 ± 3

7.5 112 ± 3 15 ± 1 45 ± 5 36 ± 7

15 307 ± 10 54 ± 3 48 ± 0 31 ± 3

Gatifloxacin 2.5 157 ± 34 15 ± 2 48 ± 0 45 ± 2

7.5 190 ± 65 19 ± 1 48 ± 0 47 ± 4

15 499 ± 51 51 ± 3 48 ± 0 50 ± 3

Levofloxacin 2.5 33 ± 4 7 ± 1 48 ± 0 28 ± 3

7.5 123 ± 7 26 ± 3 48 ± 0 23 ± 3

15 291 ± 59 52 ± 10 48 ± 0 24 ± 3

Linezolid 2.5 Not detected <5 0 ± 0 96 ± 5

7.5 213 ± 53 43 ± 4 12 ± 4 88 ±4

15 224 ± 155 64 ± 47 22 ± 2 84 ± 4

Rifampin 2.5 5 ± 2 4 ± 1 2 ± 1 21 ± 1

7.5 147 ± 15 15 ± 2 37 ± 1 27 ± 4

15 409 ± 46 31 ± 11 48 ± 0 24 ±1

AUC: area under the curve

Table 4. Parameters of release from PMMA for studied antimicrobials

8.1. Costs of antibiotic-loaded bone cement

Currently the increased acquisition cost of commercially available antibiotic-loaded bone-ce‐
ment products is considerable. Compared with the cost of plain bone-cement products, the
cost of equivalent antibiotic-loaded bone-cement products is increased anywhere from $284
to $349 (United States dollars) per 40-g packet. If the historical 11% usage of antibiotic-load‐
ed bone cement increased to 50% of the estimated 500,000 primary total joint arthroplasties
performed annually in the United States, and if two packets of cement (at a $300 increased
cost per packet) were used for each joint replacement, the increase in overall health-care
costs would be $117,000,000 for the 195,000 additional cases. This estimated increased
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480 mg of liquid gentamicin, 4 g of powdered vancomycin, or both antibiotics for elution
characteristics, bioactivity, compressive strength, and porosity. Vancomycin elution was en‐
hanced by 146% with the addition of gentamicin liquid, and gentamicin elution was en‐
hanced by 45% when combined with vancomycin. Bioassay confirmed the bactericidal
activity of the released antibiotics. Adding liquid gentamicin increased porosity, whereas
adding vancomycin did not. Compressive strength decreased by 13%, 37%, and 45% in
specimens containing vancomycin, liquid gentamicin, and both antibiotics, respectively.(Ta‐
ble 3) Despite inferior mechanical properties, the temporary nature of cement beads and
spacers makes the liquid gentamicin–vancomycin mixture a potentially more cost-effective
regimen in bone cement to treat musculoskeletal infections. [27]

Vancomycin Gentamicin Both antibiotics

Porosity* (%) 5.8 ± 2.6 16.8 ± 1.9 22.4 ± 3.4

Compressive strength (MPa) 79.69 ± 6.2 57.99 ± 1.5 50.32 ± 4.9

*Porosity as a percentage of the total area.

Table 3. Porosity and ultimate compressive strength of the specimens

Other antibiotics with suitable spectra against orthopaedic infecting organisms, such as cefa‐
zolin, ciprofloxacin, linezolid, levofloxacin and rifampin, have been tested according to their
elution and bactericidal activities and have been shown that all these antibiotics may be suit‐
able for incorporation into polymethylmethacrylate for management of orthopaedic infec‐
tions.[28] (Table 4)

But it worth noting that all antibiotics are not suitable for adding to bone cements. Goss et al
have shown that amphotericin B does not elute from polymethylmethacrylate bone cement.
However, addition of this antifungal increases the mechanical strength by forming covalent
crosslinks in the PMMA matrix, imparting better mechanical properties. [29]

Antibiotics premixed into the cement by the manufacturer can be advantageous since the
addition of antibiotic powder manually can lead to agglomeration and a decrease in the me‐
chanical strength of the cement. Antibiotics are added to cement in the powdered form since
it was demonstrated that the addition of liquid antibiotics resulted in a decrease in mechani‐
cal strength due to interference with the early stages of polymerization of the MMA mono‐
mer. The amount of antibiotic powder required for a therapeutic level of elution is
approximately 0.5 to 2 g in a standard 40-g package of prepolymerized PMMA powder.
Note that antibiotic powder, like radiopacifiers and pores, also results in defects or flaws in
bone cement. The flexural strength of antibiotic-containing cement was shown to be lower
than that of cement without antibiotics, and the toughness of antibiotic-containing cement
decreased further with excessive amounts of antibiotics. A likely reason for this is that ex‐
cess amounts of undissolved antibiotics agglomerate into aggregates exceeding the critical
flaw size for PMMA. However, doses of 2 g of well-dispersed antibiotic powder may not
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have any adverse effect on the mechanical properties of bone cement if the size of the inclu‐
sions remains below the critical flaw size for PMMA.

Antimicrobial Amount (%) AUC (µg/mL/h)

Peak

concentration

(µg/mL)

Time no longer

detectable (h)

Percent in the bead

before elution

Cefazolin 2.5 18 ± 3 15 ± 2 2 ± 0 56 ± 2

7.5 162 ± 33 62 ± 23 10 ± 1 42 ± 4

15 792 ± 47 147 ± 22 26 ± 1 54 ± 5

Ciprofloxacin 2.5 23 ± 5 5 ± 0 45 ± 3 36 ± 3

7.5 112 ± 3 15 ± 1 45 ± 5 36 ± 7

15 307 ± 10 54 ± 3 48 ± 0 31 ± 3

Gatifloxacin 2.5 157 ± 34 15 ± 2 48 ± 0 45 ± 2

7.5 190 ± 65 19 ± 1 48 ± 0 47 ± 4

15 499 ± 51 51 ± 3 48 ± 0 50 ± 3

Levofloxacin 2.5 33 ± 4 7 ± 1 48 ± 0 28 ± 3

7.5 123 ± 7 26 ± 3 48 ± 0 23 ± 3

15 291 ± 59 52 ± 10 48 ± 0 24 ± 3

Linezolid 2.5 Not detected <5 0 ± 0 96 ± 5

7.5 213 ± 53 43 ± 4 12 ± 4 88 ±4

15 224 ± 155 64 ± 47 22 ± 2 84 ± 4

Rifampin 2.5 5 ± 2 4 ± 1 2 ± 1 21 ± 1

7.5 147 ± 15 15 ± 2 37 ± 1 27 ± 4

15 409 ± 46 31 ± 11 48 ± 0 24 ±1

AUC: area under the curve

Table 4. Parameters of release from PMMA for studied antimicrobials

8.1. Costs of antibiotic-loaded bone cement

Currently the increased acquisition cost of commercially available antibiotic-loaded bone-ce‐
ment products is considerable. Compared with the cost of plain bone-cement products, the
cost of equivalent antibiotic-loaded bone-cement products is increased anywhere from $284
to $349 (United States dollars) per 40-g packet. If the historical 11% usage of antibiotic-load‐
ed bone cement increased to 50% of the estimated 500,000 primary total joint arthroplasties
performed annually in the United States, and if two packets of cement (at a $300 increased
cost per packet) were used for each joint replacement, the increase in overall health-care
costs would be $117,000,000 for the 195,000 additional cases. This estimated increased
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health-care cost must be balanced with the potential cost savings associated with a realized
reduction in the rate of infection associated with routine use of antibiotic-loaded bone ce‐
ment for prophylaxis in primary total joint replacement. At an approximately $50,000 cost
for the treatment of an infection at the site of a total joint replacement, there would have to
be 2340 fewer infected patients among the additional 195,000 patients for the routine use of
antibiotic-loaded bone cement to be fiscally neutral. With a rather high estimated infection
rate of 1.5%, a deep postoperative infection could be expected to develop in 2925 of 195,000
patients. In other words, the rate of deep periprosthetic infection would need to be reduced
from this 1.5% to 0.3% to recover the costs associated with the routine use of commercially
available low-dose antibiotic-loaded bone cement in primary total joint arthroplasty. More‐
over, while the estimated costs for the treatment of an infection at the site of a total joint ar‐
throplasty do not account for morbidity and mortality associated with the treatment
required, the increased costs associated with the treatment of more drug-resistant organisms
are unknown. [30]

8.2. Choice of antibiotic in antibiotic-loaded bone cement used prophylactically

The aminoglycoside antibiotics were originally selected for use in antibiotic-loaded bone ce‐
ment because of their broad bacterial coverage and their low allergy profile. Because the lev‐
el of gentamicin or tobramycin in the joint is often ten times greater than safe blood levels,
the efficacy of those drugs is excellent unless the organism has a specific resistance to them.
Gentamicin and tobramycin are also the only antibiotics currently available in commercially
premixed low-dose antibiotic-loaded bone-cement preparations. As mentioned above, how‐
ever, low doses of other types of antibiotics, including several of the cephalosporins, have
been hand-mixed into bone-cement preparations, and those preparations have had good
success in prophylactic applications. Allergic reactions have not been reported, to our
knowledge, but it is prudent for the surgeon to consider the individual patient’s allergy his‐
tory before selecting the antibiotic for antibiotic-loaded bone cement. There has been consid‐
erable research on the primary bacterial contaminants in total joint surgery.

Al-Maiyah et al. took 627 blood-agar impressions of the gloved hands of surgical personnel
during the performance of fifty total hip arthroplasties in England. Bacteria grew on culture
of fifty-seven impressions (9%); 69% were coagulase-negative staphylococci, 12% were Mi‐
crococcus, 9% were diphtheroids, and 6% were Staphylococcus aureus. Of the coagulase-nega‐
tive staphylococci, only 52% were sensitive to cefuroxime. In contrast, Ridgeway et al. found
Staphylococcus aureus in 50% of the surgical site infections (both superficial and deep) in their
multiple-hospital study in England. More than half of the Staphylococcus aureus isolates were
methicillin-resistant. Thus, it appears that staphylococcal species are the primary bacteria to‐
ward which antibiotic-loaded bone cement would be directed. The currently available com‐
mercial gentamicin or tobramycin-loaded bone cements provide sufficient elution
concentrations to be bactericidal even against methicillin-resistant organisms. Vancomycin
may also be added to bone cement, but it has a lower efficacy than gentamicin or tobramy‐
cin at these concentrations. The use of vancomycin should be considered in revisions follow‐
ing primary arthroplasties in which gentamicin or tobramycin-loaded bone cement had
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been used because of the prevalence of gentamicin resistance in association with such revi‐
sions. Cephalosporins may also be considered for antibiotic-loaded bone cement that is to be
used prophylactically but may not be effective against methicillin-resistant organisms.[30]

9. Adverse effects of bone cement

9.1. Cardiopulmonary complications

Cardiopulmonary complications associated with PMMA have been reported in conjunction
with hip arthroplasty and VA. Prior studies have postulated that PMMA-associated hypo‐
xia, hypotension, and death may occur as a result of the toxic effects of monomer or anaphy‐
laxis. Other literature indicates that the application of PMMA may lead to embolization of
marrow debris and neurogenic reflex, thus adversely affecting cardiopulmonary function.
Pulmonary infarction and death have been reported as a result of embolization of PMMA
that was injected in liquid state following VA. [2]

9.2. Hypersensitivity to components of methylmethacrylate, especially benzoyl peroxide

A small but significant proportion of cemented total knee arthroplasties develop early asep‐
tic loosening. Polyethylene debris is unlikely to be the cause in the small subgroup that ex‐
periences early loosening. Allergy to polymethylmethacrylate bone cement or its
constituents has been reported in dentistry, dermatology, and joint arthroplasty. Although
allergy to polymethylmethacrylate bone cement or its constituents is unusual, the possibility
of a systemic inflammatory response and consequent pain and loosening must be consid‐
ered. Benzoyl peroxide is an essential component of bone cement. Direct evidence for aller‐
gic reactions to benzoyl peroxide has been reported in dental and dermatological literature.
The currently accepted model for this delayed hypersensitivity is that a hapten such as ben‐
zoyl peroxide conjugates with a body protein, which creates a neoantigen capable of stimu‐
lating an immune response. This hypersensitivity places the patient at risk of developing
insidious pain, a systemic inflammatory response, and possibly aseptic loosening. After re‐
vision to uncemented femoral and tibial components, the patient’s symptoms vastly im‐
proved.[31]

9.3. Presence of components of methylmethacrylate in serum and breast milk

Singh et al. reported dose-related teratogenic and fetal toxic effects of methacrylic acid ad‐
ministered via the intraperitoneal route in rats. McLaughlin et al. exposed pregnant mice to
very high vapor concentrations of methacrylic acid of 1330 parts per million for two consec‐
utive hours, twice daily. The mice demonstrated no evidence of fetal toxicity or teratogenic
effects; in fact, there was a slight increase in fetal weight with methacrylic acid exposure.
The only published study that has addressed methacrylic acid exposure during lactation in‐
volved a patient undergoing arthroplasty, not operating room personnel who were exposed
to methacrylic acid vapors. In that study, Hersh et al. found undetectable levels of polyme‐
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health-care cost must be balanced with the potential cost savings associated with a realized
reduction in the rate of infection associated with routine use of antibiotic-loaded bone ce‐
ment for prophylaxis in primary total joint replacement. At an approximately $50,000 cost
for the treatment of an infection at the site of a total joint replacement, there would have to
be 2340 fewer infected patients among the additional 195,000 patients for the routine use of
antibiotic-loaded bone cement to be fiscally neutral. With a rather high estimated infection
rate of 1.5%, a deep postoperative infection could be expected to develop in 2925 of 195,000
patients. In other words, the rate of deep periprosthetic infection would need to be reduced
from this 1.5% to 0.3% to recover the costs associated with the routine use of commercially
available low-dose antibiotic-loaded bone cement in primary total joint arthroplasty. More‐
over, while the estimated costs for the treatment of an infection at the site of a total joint ar‐
throplasty do not account for morbidity and mortality associated with the treatment
required, the increased costs associated with the treatment of more drug-resistant organisms
are unknown. [30]

8.2. Choice of antibiotic in antibiotic-loaded bone cement used prophylactically

The aminoglycoside antibiotics were originally selected for use in antibiotic-loaded bone ce‐
ment because of their broad bacterial coverage and their low allergy profile. Because the lev‐
el of gentamicin or tobramycin in the joint is often ten times greater than safe blood levels,
the efficacy of those drugs is excellent unless the organism has a specific resistance to them.
Gentamicin and tobramycin are also the only antibiotics currently available in commercially
premixed low-dose antibiotic-loaded bone-cement preparations. As mentioned above, how‐
ever, low doses of other types of antibiotics, including several of the cephalosporins, have
been hand-mixed into bone-cement preparations, and those preparations have had good
success in prophylactic applications. Allergic reactions have not been reported, to our
knowledge, but it is prudent for the surgeon to consider the individual patient’s allergy his‐
tory before selecting the antibiotic for antibiotic-loaded bone cement. There has been consid‐
erable research on the primary bacterial contaminants in total joint surgery.

Al-Maiyah et al. took 627 blood-agar impressions of the gloved hands of surgical personnel
during the performance of fifty total hip arthroplasties in England. Bacteria grew on culture
of fifty-seven impressions (9%); 69% were coagulase-negative staphylococci, 12% were Mi‐
crococcus, 9% were diphtheroids, and 6% were Staphylococcus aureus. Of the coagulase-nega‐
tive staphylococci, only 52% were sensitive to cefuroxime. In contrast, Ridgeway et al. found
Staphylococcus aureus in 50% of the surgical site infections (both superficial and deep) in their
multiple-hospital study in England. More than half of the Staphylococcus aureus isolates were
methicillin-resistant. Thus, it appears that staphylococcal species are the primary bacteria to‐
ward which antibiotic-loaded bone cement would be directed. The currently available com‐
mercial gentamicin or tobramycin-loaded bone cements provide sufficient elution
concentrations to be bactericidal even against methicillin-resistant organisms. Vancomycin
may also be added to bone cement, but it has a lower efficacy than gentamicin or tobramy‐
cin at these concentrations. The use of vancomycin should be considered in revisions follow‐
ing primary arthroplasties in which gentamicin or tobramycin-loaded bone cement had
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been used because of the prevalence of gentamicin resistance in association with such revi‐
sions. Cephalosporins may also be considered for antibiotic-loaded bone cement that is to be
used prophylactically but may not be effective against methicillin-resistant organisms.[30]

9. Adverse effects of bone cement

9.1. Cardiopulmonary complications

Cardiopulmonary complications associated with PMMA have been reported in conjunction
with hip arthroplasty and VA. Prior studies have postulated that PMMA-associated hypo‐
xia, hypotension, and death may occur as a result of the toxic effects of monomer or anaphy‐
laxis. Other literature indicates that the application of PMMA may lead to embolization of
marrow debris and neurogenic reflex, thus adversely affecting cardiopulmonary function.
Pulmonary infarction and death have been reported as a result of embolization of PMMA
that was injected in liquid state following VA. [2]

9.2. Hypersensitivity to components of methylmethacrylate, especially benzoyl peroxide

A small but significant proportion of cemented total knee arthroplasties develop early asep‐
tic loosening. Polyethylene debris is unlikely to be the cause in the small subgroup that ex‐
periences early loosening. Allergy to polymethylmethacrylate bone cement or its
constituents has been reported in dentistry, dermatology, and joint arthroplasty. Although
allergy to polymethylmethacrylate bone cement or its constituents is unusual, the possibility
of a systemic inflammatory response and consequent pain and loosening must be consid‐
ered. Benzoyl peroxide is an essential component of bone cement. Direct evidence for aller‐
gic reactions to benzoyl peroxide has been reported in dental and dermatological literature.
The currently accepted model for this delayed hypersensitivity is that a hapten such as ben‐
zoyl peroxide conjugates with a body protein, which creates a neoantigen capable of stimu‐
lating an immune response. This hypersensitivity places the patient at risk of developing
insidious pain, a systemic inflammatory response, and possibly aseptic loosening. After re‐
vision to uncemented femoral and tibial components, the patient’s symptoms vastly im‐
proved.[31]

9.3. Presence of components of methylmethacrylate in serum and breast milk

Singh et al. reported dose-related teratogenic and fetal toxic effects of methacrylic acid ad‐
ministered via the intraperitoneal route in rats. McLaughlin et al. exposed pregnant mice to
very high vapor concentrations of methacrylic acid of 1330 parts per million for two consec‐
utive hours, twice daily. The mice demonstrated no evidence of fetal toxicity or teratogenic
effects; in fact, there was a slight increase in fetal weight with methacrylic acid exposure.
The only published study that has addressed methacrylic acid exposure during lactation in‐
volved a patient undergoing arthroplasty, not operating room personnel who were exposed
to methacrylic acid vapors. In that study, Hersh et al. found undetectable levels of polyme‐
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thylmethacrylate in breast milk that was collected thirty-six hours after hybrid total hip ar‐
throplasty in a twenty-nine-year-old woman who was five months postpartum. Linehan et
al. showed undetectable levels of methacrylic acid (at the 0.5-part-per-million level) in the
serum and breast milk of two lactating surgeons who had been exposed to typical operating
room conditions without the use of personal exhaust systems. [32]

10. Composite bone cements

PMMA-based bone cement has a high modulus but low toughness compared with ductile
polymers. In order to address the lack of fracture toughness and fatigue strength, many in‐
vestigators who have developed new composite PMMA cements use the concept of fiber re‐
inforcement and incorporate a low-volume fraction of chopped fibers of approximately 1%
to 2%.[33] Several types of fibers, such as fibers made of carbon, polyethylene terephthalate,
oriented PMMA, ultra high molecular weight polyethylene, titanium, aramid, Kevlar,
graphite, steel, and zirconia fibers with and without acrylic coating have been used to rein‐
force PMMA-based bone cement.[33-6] While these composites have displayed improved fa‐
tigue failure properties, biocompatibility concerns and complications of processing have
prevented their implementation in the manufacture of PMMA bone cement.
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thylmethacrylate in breast milk that was collected thirty-six hours after hybrid total hip ar‐
throplasty in a twenty-nine-year-old woman who was five months postpartum. Linehan et
al. showed undetectable levels of methacrylic acid (at the 0.5-part-per-million level) in the
serum and breast milk of two lactating surgeons who had been exposed to typical operating
room conditions without the use of personal exhaust systems. [32]

10. Composite bone cements

PMMA-based bone cement has a high modulus but low toughness compared with ductile
polymers. In order to address the lack of fracture toughness and fatigue strength, many in‐
vestigators who have developed new composite PMMA cements use the concept of fiber re‐
inforcement and incorporate a low-volume fraction of chopped fibers of approximately 1%
to 2%.[33] Several types of fibers, such as fibers made of carbon, polyethylene terephthalate,
oriented PMMA, ultra high molecular weight polyethylene, titanium, aramid, Kevlar,
graphite, steel, and zirconia fibers with and without acrylic coating have been used to rein‐
force PMMA-based bone cement.[33-6] While these composites have displayed improved fa‐
tigue failure properties, biocompatibility concerns and complications of processing have
prevented their implementation in the manufacture of PMMA bone cement.
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1. Introduction

Dislocation remains one of the most common complications after total hip arthroplasty
(THA), especially for ceramic-on-ceramic prostheses. Suboptimal implant positioning, mus‐
cular insufficiency, significant lower limb discrepancies, and neurological problems are
standard causes for THA dislocations or subluxations [1-3]. Instability may also be linked to
2 specific mechanisms, lever-out (with impingement) and shear-out (without impingement).

Microseparation and edge loading of the femoral ball head on the insert are relevant issues
for hard-on-hard bearing surfaces, either ceramic on ceramic or metal on metal [4-5]. Tripo‐
lar polyethylene (PE) THAs have been extensively used for more than 20 years in Europe [2,
6-7], and clinical data demonstrate that they provide significant improvement in hip stabili‐
ty. Significant concerns nonetheless remain about PE wear and osteolysis. Recent develop‐
ments in ceramic matrix composites and the introduction of Biolox Delta® with improved
fracture toughness have further reduced the risk of fracture and also extended the design
flexibility of the material. A novel tripolar all-ceramic bearing for hip prostheses (Ceram‐
Concept, Newark, DE, USA) has been designed and developed to deal with the problems
described above. The tripolar delta ceramic (TDC) THA combines the functional advantages
of the tripolar PE THA with the tribological advantages of ceramic bearings.

2. The concept

The orientation of the cup in terms of anteversion and inclination has significant consequen‐
ces on the joint's range of motion and resistance to dislocation [8]. The position of the rota‐
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tion center in the cup-ball head system affects joint stability: it has been shown that an inset
of the rotation center of a few millimeters increases the peak resisting moment against dislo‐
cation [9][10]. This benefit in terms of stability has a disadvantage, however: it decreases the
range of motion of classical ball-insert systems. The TDC joint allows the center of rotation
to be located much deeper inside the insert without significant negative impact on the range
of motion [10] [11].

The first all-ceramic tripolar joint was a 22/32 combination including a 22-mm head, a 22/32-
mm mobile ceramic head secured with a PE ring, and a 32-mm internal diameter ceramic
acetabular insert. Another possibility is a 26/36 combination, including a 26-mm head, a
26/36-mm mobile ceramic head (or “intermediate component” or “bipolar head”), and a 36-
mm ceramic acetabular insert. All components were manufactured from Biolox Delta ceram‐
ic matrix composite, Ceramtec, Germany.

Tripolar hip prostheses have two bearing surfaces: the outer bearing surface, between the
acetabular cup and the intermediate component (bipolar head), and the inner bearing sur‐
face, between the intermediate component and the femoral head component (Figures 1-2).
The outer surface of the intermediate component is a portion of a solid sphere, the center of
which is identical to the center of the acetabular insert during joint loading. The center of the
inner bearing surface of the intermediate component (bipolar cup) corresponds to the center
of the femoral head and is designed to be inset from the center of the outer bearing surface
of the intermediate component (i.e., the center of the acetabular component).

Figure 1. Tripolar hip prostheses have two bearing surfaces: the outer bearing surface, between the acetabular cup
and the intermediate component (bipolar head), and the inner bearing surface, between the intermediate compo‐
nent and the femoral head component
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Figure 2. Comparison between a conventional ceramic –ceramic prosthesis and a tripolar delta ceramic prosthesis :
Implantation procedures for metal-back or acetabular insert placements or for femoral adjustment are the same. The
only originality of the tripolar system is the interposition of a “double femoral ball head” or “ bipolar head” on the
femoral taper.

Figure 3. The outer surface of the intermediate component (bipolar head) is a portion of a solid sphere, the center of
which is identical to the center of the acetabular insert during joint loading. The center of the inner bearing surface of
the intermediate component corresponds to the center of the femoral head and is designed to be inset from the cen‐
ter of the outer bearing surface of the intermediate component (i.e., the center of the acetabular component).
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This geometric arrangement thus creates a certain amount of eccentricity between the ace‐
tabular component and the femoral head component (Figure 3). If the centers of rotation of
the femoral head and of the outer surface of the bipolar head are not aligned when TDC
joint loading begins, the intermediate component starts to align itself: the bipolar head (i.e.,
the intermediate component) can, through the two bearing ceramic delta surfaces, act as a
self-adjusting cup and deal with the variations of femoral head and acetabular orientation
(Figure 4).

Figure 4. Mechanism of adaptation of the bipolar head in the TCD joint : the non alignment of the rotation centers for
the femoral head (A) and the bipolar head (O) induces a self adaptation of the bipolar head. Fh is the contact force
which acts on the head at point P. This force is applied on the femoral head through the femoral neck. If friction is
neglected, it is necessarily aligned with its centre A. Fi is the reaction force of the acetabular insert upon the bipolar
head. If friction is neglected, it is necessarily aligned with its centre O.If Fr and Fi are not mutually in equilibrium, they
create a resulting force Fr. The resultant force Fr inducing the adjustment of the bipolar head can be calculated ( h is
the value of the medialisation of the femoral head center ( O A distance ) ; Rb is the radius of the bipolar head ; alpha
is the angle between Fh et Fi ).

3. Preclinical studies

3.1. Evaluation of the mechanical performance of the femoral head and the bipolar head

The mechanical reliability of this device was evaluated by a qualification program according
to the criteria defined by CERAMTEC and the standards for marketing authorization. Stand‐
ard qualification programs were performed on the 22.2-mm ball head and the standard
XLW 32/41-mm cup insert. A new program, based on a ball head qualification program, was
set up for the bipolar head (intermediate component). Specifications of the bipolar compo‐
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nent (diameter, roundness, clearance, etc.) are identical to those for the 32-mm ceramic ball
head (Figure 5).

Figure 5. Experimental protocol for burst tests on tripolar delta ceramic ( TDC ) implants.

The bipolar component has particularly high resistance to fracture, as shown in Table 1 [9].

Static Test (kN) Avarage value Minimal value

Avarage value required 46 kN

Minimal value required 25 kN
129 58

Post fatigue Test Average value Minimal value

Avarage value required 46 kN

Minimal value required 20 kN
91 82

Table 1. Evaluation of the intermediate component: static and post-fatigue tests
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Figure 6. a) In-vitro investigation of the relative motion of the intermediate component for shear-out situations. In
shear-out situation, dislocation is supposed to occur without impingement between the acetabular cup and the femo‐
ral component. When the direction of the total joint contact force (Fr) goes beyond the edge of the acetabular cup,
dislocation occurs. The implementation of an experiment with the tripolar system is more complex than with a classi‐
cal THA. A series of tests was conducted to record the position of the intermediate component with a motion analysis
system. The resultant force on the intermediate component is defined as Fr. The vertical force applied to the inter‐
mediate component is defined as Fv; the horizontal force is defined as Fh. The center of the inner bearing surface of
the intermediate component (i.e., the center of the femoral head component) is designed to be inset from the outer
bearing surface of the intermediate component (i.e., the center of the acetabular component), thus creating a certain
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amount of eccentricity between the acetabular component and the femoral head component. Theoretically, when the
loading on the joint arc surface is not in line with the centers of the arc, self-alignment of the intermediate component
will be initiated. Shear-out situation was simulated by applying different magnitudes of Fh while keeping Fv at a fixed
value. For a given Fv, as the magnitude of Fh increased, the direction of the resultant force Fr moved toward the edge
of the acetabular cup and eventually beyond the edge chamfer. The angle between the direction of Fr and the nega‐
tive z-axis is defined as Φ; the angle between the direction of the normal vector (V) of the bipolar component (B) and
the positive Z-axis is defined as θ. The angle Φ between the resultant force Fr and the negative z-axis was calculated
experimentally from the force data recorded by load cells. Reflective markers were rigidly glued to the rim of the inter‐
mediate component representing the plane of the bipolar head whose orientation was to be measured. Positional
data of the markers implanted on the bipolar component were recorded by motion analysis cameras. Since Fh and Fv

were applied in x-z plane, the motion angle between the normal vector of the measured plane and the positive z-axis
(θ) was plotted against the resultant force angle (Φ). (b) The dash line 1 represents the θ vs. Φ curve in an idealized
theoretical situation (suction force ignored, frictionless). In the ideal situation the normal vector of the intermediate
component at any time should seek alignment with the direction of the joint contact force. Dots represent the meas‐
ured θ vs. Φ curve. Qualitatively, θ increases with the increase of Φ. The rotation of the intermediate component in x-z
plane is correlated with the direction of the resultant contact force. At Φ below 40 º (when the direction of the load
was not much deviated from the aligned center-shaft), there was a “toe” area which meant the intermediate compo‐
nent remained in its original horizontal position and did not react to the change of direction of the resultant force
Fr..This was due to the effects of surface adhesion and friction : the rotation moment formed by the offset contact
forces must first overcome the resistance of suction and friction before it can effectively rotate the intermediate com‐
ponent. As Φ went beyond the toe region, the slope of the experimental curve gradually increased ; the slope of the
curve is not exactly superimposable to that of curve 1 because of the suction force and friction.

3.2. Biomechanical tests

• Two typical scenarios (lever-out and shear-out) that can lead to dislocations were investigat‐
ed. The studies provided evidence that the relative motion of the intermediate component is
closely related to the eccentricity between this component and the femoral head [11-12].

We compared the adaptation in impingement situations with lever-out loading between a
standard ceramic joint (32-mm ball head/ceramic insert) and the TDC, with a 32-mm self-
adjusting cup.

• The variable for assessing dislocation stability was torque during subluxation (resisting
moment) against levering the head out of the cup [13]. With the standard system (ceramic
ball and socket), dislocation appears as soon as there is contact between the femoral neck
and the acetabular insert because of the moment applied. This dislocation by impinge‐
ment is directly related to range of motion.

The mechanism with the TDC system is different, as are the steps involved. First, the ball
head alone rotates. In a second stage, contract forces cause rotation of the bipolar head. Fi‐
nally, the ball head and the bipolar head rotate together [14]. The moment that must be ap‐
plied to the joint to obtain luxation is higher than for the conventional system: the increase
of this peak resisting moment has been measured at 18.71%

Shear-out loading has also been investigated: the direction of the normal vector (V) of the
intermediate component (bipolar head) expresses its relative motion. Adaptation was ex‐
plored by evaluating the orientation of V in various directions and at various magnitudes of
the force to the TDC joint. The orientation of the resultant force (Fr) on the bipolar head is
expressed by the angle Φ (Figure 6). Until that angle reaches 40°, the intermediate compo‐
nent remains in its original position, not reacting to the change of direction of this Fr force.
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nent remains in its original position, not reacting to the change of direction of this Fr force.
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At that point, the intermediate piece adapts and the curve expressing the orientation of vec‐
tor V changes abruptly.

3.3. Tribological tests

• Simulator studies were carried out under ISO standard conditions, but also under micro‐
separation conditions that replicated head/cup rim contact at heel strike.

• Microseparation is most appropriate for the evaluation of ceramic bearings, as the experi‐
mental conditions are optimal for reproducing clinical wear rates and wear mechanisms,
including stripe wear, as found on standard ceramic-on-ceramic retrievals. The aim of the
tribological tests was to assess the wear characteristics under standard and swing phase
microseparation between 200 and 500 µm for a total of 5 million cycles with the Leeds II
Physiological Anatomical hip joint simulator [15].

• Under standard conditions, wear was very low on both the tripolar and the conventional
ceramic-on-ceramic bearings. The wear of the tripolar all-ceramic hip was less than 0.01
mm3/million cycles, which is the detection limit for wear measurement, and the conven‐
tional ceramic-on-ceramic bearing produced a wear rate of 0.04 mm3/million cycles. The
difference between these very low wear rates is not clinically significant.

• Under microseparation conditions, wear performance differed significantly. In a previous
study, conventional Biolox Delta components were tested under microseparation condi‐
tions in the same simulator with reported wear rates of 0.32 mm3/million cycles during
bedding-in (0-1 million cycles) that then fell to a steady state wear rate of 0.12 mm3/
million cycles (1-5 million cycles) [8, 12]. Furthermore, stripe wear appeared on the stand‐
ard Biolox Delta heads and increased the surface roughness Ra from <0.005 µm to be‐
tween 0.02 µm and 0.13 µm.

• Testing of the TDC joint showed no macroscopic visual evidence of wear. Wear was less
than 0.01 mm3/million cycles (i.e., below the detection limit for wear measurement). No
stripe wear was observed; the surface roughness of the ball heads and the outer and inner
surfaces of the bipolar head were smoother at the end of the test, indicating that they had
undergone a polishing effect.

• The design of the TDC joint with its mobile ceramic head prevented edge loading of the
head on the edge of the cup, so significantly reduced wear under these severe, but clini‐
cally relevant microseparation conditions [15].

Dislocation tests have been performed to evaluate the resistance of the PE ring in securing
the ball head inside the intermediate component. Results were similar to those for similar PE
rings that have been used for more than 18 years in standard double-mobility hip joints. The
average maximum load for clipping the PE ring was 151.1 N before the tests; it rose to 175.5
N after 5 million cycles of microseparation. The increase in clipping resistance is due to the
water load of the ring that occurs in the course of 5 million cycles. The wear volume of the
PE rings could not be accurately quantified as it was within the systematic error of the soak
control ring. The back side of the PE rings showed no damage, with only a light polishing
effect observed in places [9].
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4. Clinical data

Clinical results come from the first 2000 consecutive cases in a multicenter study. No specific
learning curve was necessary: the surgeons did not change their implantation procedures
for metal-back or acetabular insert placements or for femoral adjustment. The only originali‐
ty of the system is the interposition of a “double femoral ball head” on the femoral taper.
Positioning the femoral head on the taper is simple, as the intermediate cup is easily secured
in a second step with the PE ring (Figure 7,8,9) [10].

Figure 7. Adapted of the bipolar head according to femoral rotation

Figure 8. Adaptation of the bipolar head according to standing and sitting position
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Figure 9. Adaptation of the bipolar head according to different femoral offset and length and pelvic tilt

In our experience, indications for this device are risk of instability, stiff coxarthrosis, osteo‐
necrosis, revisions, oblique pelvis or significant rotational problems, neurological disorders,
and some patient problems (alcoholism and psychiatric disorders). The Harris hip score in‐
dicates that clinical changes are similar to those with standard THA. The dislocation rate
was 0.6%, despite a posterior approach in 87% of the cases. The main explanations were in‐
adequate reconstitution of femoral neck length and/or offset. In a few cases (1.2%), patients
described some occasional and irreproducible loud noise from the hip area, similar to that
described for standard PE double-mobility systems. Experience with the double mobility PE
joints has related this noise to sudden relocation of the intermediate component. The phe‐
nomenon is completely different from squeaking in terms of sound characteristics and me‐
chanical aspects. A specific radiologic protocol allowed us to use the EOS® low dose imaging
system to observe the adaptation of the intermediate component in standing and sitting po‐
sitions. The mobility of the intermediate component is consistent with earlier studies and
with experimental data. In some patients with significant lower-limb anatomic abnormali‐
ties, the tripolar system has been a successfully used as a salvage procedure to resolve cases
with complex instability (Figure 10).

Arthroplasty - Update138

Figure 10. EOS imaging in standing and sitting position. In this case, the scoliosis including a significant pelvic rotation
induces a specific adaptation of the intermediate component (bipolar head). One can observe the adaptation of the
bipolar head with retroversion in standing position to compensate the hyperanteversion of the femoral neck. The ori‐
entation of the bipolar head is significantly different from the acetabular cup anteversion. In sitting position, the ad‐
justment is different and the 2 cups anteversions are equivalent.
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Figure 10. EOS imaging in standing and sitting position. In this case, the scoliosis including a significant pelvic rotation
induces a specific adaptation of the intermediate component (bipolar head). One can observe the adaptation of the
bipolar head with retroversion in standing position to compensate the hyperanteversion of the femoral neck. The ori‐
entation of the bipolar head is significantly different from the acetabular cup anteversion. In sitting position, the ad‐
justment is different and the 2 cups anteversions are equivalent.
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5. Conclusions

The use of the tripolar all-delta-ceramic joint appears to be an interesting alternative for op‐
timizing THA function where, as in some cases, no ideal solution can be found for acetabu‐
lar implantation. The self-adaptation of the intermediate cup can be demonstrated: the
additional outer-bearing surface motion creates a second adjustable acetabulum. Its effec‐
tiveness against dislocation and microseparation can be explained and documented experi‐
mentally. The tripolar ceramic joint provides significant resistance to wear and stripe wear.
Nevertheless, it cannot compensate for suboptimal THA implantation resulting in excessive
shear-out laxity due to shortening of the head-neck length or lack of femoral offset [3, 16].
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Chapter 7

Short-Stem Hip Arthroplasty

Kálmán Tóth and Gellért Sohár

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53134

1. Introduction

Total hip arthroplasty has become a remarkably successful operation for treating osteoarthritis
in the last half century. The increased need for better quality of life has led the operation to be
extended to younger patients. However, long term results showed a rise in the number of revi‐
sion surgeries. The longer life expectancy of the patient population led to the demand for multi‐
ple revision surgeries for the same patient. In revision surgery numerous technical difficulties
are encountered because of bone loss due to the loosening. In addition, these solutions are ex‐
ceptionally expensive. The search for alternatives led to the modification of the primary com‐
ponents. Improvements have introduced changes to achieve more proximal load transfer to
the femur in order to reduce proximal stress shielding and thus preserve bone stock for poten‐
tial revision surgery. As hip resurfacing declines in popularity, it is likely that there will be a
corresponding increase in the number of short stem femoral components in use. Metaphyseal
stems combine the advantages of straight stem implant design and hip resurfacing.

The aim of this chapter is to outline the recent developments in short (metaphyseal) stem
arthroplasty.

2. Concise review of the pertinent literature

2.1. Rationale

Short metaphyseal femoral stems have been developed in order to improve the results of the
standard non-cemented stems. Different designs of short stems are available, with differen‐
ces in operative technique and published outcomes [Mai et al., 2010; McElroy et al., 2011].
The new generation short-stem hip implants are designed to encourage physiological-like
loading to minimize stress-strain shielding and therefore implant loosening in the long term.

© 2013 Tóth and Sohár; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Traditionally, femoral stems are tapered, anatomical, or cylindrical. The classic tapered stem has
rectangular cross-section, 4 corners and 4 flat surfaces that are compressed into the proximal fe‐
mur. The second, equally popular design consists of anatomically shaped stems designed to
match the shape of the proximal femur. The third design, with its different philosophy of fixa‐
tion, consists of cylindrical, straight, nontapered, and extensively coated stems achieving distal
fixation at the isthmus by means of a “scratch fit” between the fully roughened porous surface of
the implant and the slightly smaller, underreamed femoral canal [Mai et al., 2010].

Proximal loading short stems have been designed to improve the results of the traditional
non-cemented stems. [d’Imporzano & Pierannunzii, 2006; Renkawitz et al., 2008]. In a study
by Westphal et al. the migration and cyclic motion were compared between a new short-
stemmed hip prosthesis (Proxima™) and two clinically successful shaft prostheses in order
to estimate the primary stability of the new stem [Westphal et al., 2006b]. Initially the short
stem migrated more than the shaft prostheses. When cortical contact was achieved or the
cancellous bone was compacted sufficient stability was acquired. Therefore, correct position‐
ing and good bone quality are important factors for the short stem. Bony ingrowth is more
favorable with the short stem because of the lowered cyclic motion after implantation. The
effects of stress shielding are reduced by more physiological loading of the femur because of
the new stem’s lower bending stiffness [Westphal et al., 2006b].

The following advantages have been reported:

1. bone stock and soft tissue (m. gluteus medius et minimus insertation) preservation, in
the greater trochanteric and sub-trochanteric regions, at the time of implantation for fu‐
ture revisions [Khanuja et al., 2011; Morrey, 1989] Fig. 1,

2. decreased stress shielding, caused by metaphyseal bone resorption and diaphyseal cort‐
ical hypertrophy [Pipino, 2000],

3. stress concentration at the tip of a distal fixation traditional component causes thigh
pain, with the short stem this is eliminated [Khanuja et al., 2011; Mai et al., 2010],

4. the iliotibial band’s tension band effect provides compression forces both medially and
laterally in the proximal femur. [Leali et al., 2002] Fig. 2, lateral cortex provides a strong
support as a second compression column [d’Imporzano & Pierannunzii, 2006]

5. transfers load to the metaphysis from a superior to an inferior direction in a physiologi‐
cal manner [Leali et al., 2002; Walker et al., 1999],

6. the method of implantation eases minimally invasive approaches [McElroy et al., 2011]
Fig. 1,

7. wide range of indication (over surface arthroplasty risk index grade 3), all types of bone
stock with normal femoral morphology are acceptable [Kim et al., 2011],

8. revision surgery becomes easier because of minimally invasive approach, less soft tissue
damage, and the intact bone stock below the lesser trochanter [d’Imporzano & Pieran‐
nunzii, 2006].
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Figure 1. More bone stock and soft tissue preservation (arrows) in the greater trochanteric and sub-trochanteric re‐
gions at the time of implantation. Revision surgery becomes easier because of minimally invasive approach and less
tissue damage.

Figure 2. The lateral flare geometry of short stem femoral components loads the proximal wider metaphyseal lateral
and medial cortices of the femur. This additional contact area creates a wider base for support and provides a more
physiologic load distribution in the proximal femur.
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favorable with the short stem because of the lowered cyclic motion after implantation. The
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nunzii, 2006].
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Figure 1. More bone stock and soft tissue preservation (arrows) in the greater trochanteric and sub-trochanteric re‐
gions at the time of implantation. Revision surgery becomes easier because of minimally invasive approach and less
tissue damage.

Figure 2. The lateral flare geometry of short stem femoral components loads the proximal wider metaphyseal lateral
and medial cortices of the femur. This additional contact area creates a wider base for support and provides a more
physiologic load distribution in the proximal femur.
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The design and geometry of the implant impacts its ability to transfer loads to the femur
[Westphal et al., 2006a]. The lateral flare geometry of short stem femoral components loads
the proximal femur more evenly [Walker et al., 1999]. The lateral flare component is stabi‐
lized by resting upon the lateral column of cortical bone. This additional contact area creates
a wider base for support and provides a more physiologic load distribution in the proximal
femur [Leali et al., 2002; Dabirrahmani et al., 2010]. Therefore, femoral components that en‐
gage the metaphysis and load the femur both medially and laterally are more stable [Leali et
al., 2002]. The stem does not need to be ‘press-fitted’ into the femur or driven distally. The
stem rests upon the proximal wider metaphyseal lateral and medial cortices of the femur
[Leali et al., 2002; Walker et al., 1999].

2.2. Outcomes of different short stems

There are no long-term clinical studies available to prove the benefits of these short-stem im‐
plants so far. Owing to this lack of clinical data, numerical simulation may be used as a pre‐
dictor of longer term behaviour. This finite element study predicted both the primary and
long-term stability of a short-stem implant. The primary implant stability was evaluated in
terms of interface micromotion. This study found primary stability to fall within the critical
threshold for osseointegration to occur. Longer term stability was evaluated using a strain-
adaptive bone remodelling algorithm to predict the long-term behaviour of the bone in
terms of bone mineral density (BMD) changes. No BMD loss was observed in the classical
Gruen zones 1 and 7 and bone remodelling patterns were comparable with hip resurfacing
results in the literature [Dabirrahmani et al., 2010]

In previous reports on short stems, the HHS values showed an increase of 56 points for the
Mayo® stem [Hube et al., 2004] and 33 points for the CUT® stem [Thomas et al., 2004] after
a minimum follow-up period of three-months after operation. Our results showed an in‐
crease of 39 points with the Proxima™ stem [Tóth et al., 2010]. At a minimum follow-up
time of 12 months, an increase in the HHS of 51 [Ender et al., 2007] and 34 points [Thomas et
al., 2004] with the CUT® stem, 51 with both the Proxima™ [Ghera & Pavan, 2009] and the
Mayo® stem [Morrey, 1989] have been reported. In a similar study [Tóth et al., 2010], we
noted a 50 points increase in the HHS with the Proxima™ stem one year post operatively,
which is comparable with previous reports.

Some studies reported a vertical or horizontal (varus) migration of short stems requiring a
subsequent revision [Ender et al., 2007; Morrey, 1989; Thomas et al., 2004], others described
significant radiolucent lines or progressive proximal femoral osteolysis around the short
stems without a need for revision [Gilbert et al., 2009; Goebel & Schulz, 2009]. In our report‐
ed study [Tóth et al., 2010], no horizontal or vertical migration was found at follow-up at
that time, not even with the under-sized and varus positioned stem (Fig. 3). The patient co‐
hort is continuously followed both by radiological and clinical examination. After average
follow-up of 4.5 years still no horizontal nor vertical migration was seen.

Thigh pain is a common complaint following traditional non-cemented hip arthroplasty.
Among the Proxima™ hip cases evaluated by Tóth et al [Tóth et al., 2010], none of the pa‐
tients reported any thigh pain even after 4.5 years. Ghera and Pavan reported similar find‐
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ings with Proxima™ stems [Ghera & Pavan, 2009]. Hube et al also did not find any thigh
pain following THA with the Mayo® stem [Hube et al., 2004]. Other studies reported severe
thigh pain following short stem implantation (Mayo®, CUT®), requiring revision [Ender et
al., 2007; Gilbert et al., 2009; Thomas et al., 2004].

Figure 3. Undersized Proxima™ short-stem in severe varus position (a) immediate postoperative radiograph (b) radio‐
graph 4 year post-op. Even though the long neck is biomechanically disadvantageous, after 4 years the position of the
stem is the same. Strengthening of the trabecular structure against the lateral aspect of the stem (arrows) is stimulat‐
ed by proximal loading (Wolf’s law).

Survival of the implanted short stems are summarized in Table 1.

Type Author Follow-up Survival

May® Conservative Stem

(Zimmer)
Morrey et al, 2000

5 and

10 years
98.2%

CFP™ Gill et al, 2010 3 years 97%
CFP™ Pons, 2010 3,1 years 100%
Cut® (ESKA) Steens et al, 2010 6.6 years 98%
Metha™ Synder et al, 2009 1 year 100%
Metha™ Floerkemeier et al, 2012 2.75 years 96%
Proxima™ (DePuy) Santori et al, 2010 8 years 100%
Proxima™ (DePuy) Tóth et al, 2010 2.1 years 100%
Proxima™ (DePuy) Kim et al, 2012 4.1 years 100%
Proxima™ (DePuy) Ghera et al, 2009 1.7 years 100%
SPS™ Sariali et al 2012 10 years 100%
TaperLoc® Microplasty™ Molli et al 2012 1.8 years 99.7%

Table 1. Reported survival of different short stems
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time of 12 months, an increase in the HHS of 51 [Ender et al., 2007] and 34 points [Thomas et
al., 2004] with the CUT® stem, 51 with both the Proxima™ [Ghera & Pavan, 2009] and the
Mayo® stem [Morrey, 1989] have been reported. In a similar study [Tóth et al., 2010], we
noted a 50 points increase in the HHS with the Proxima™ stem one year post operatively,
which is comparable with previous reports.

Some studies reported a vertical or horizontal (varus) migration of short stems requiring a
subsequent revision [Ender et al., 2007; Morrey, 1989; Thomas et al., 2004], others described
significant radiolucent lines or progressive proximal femoral osteolysis around the short
stems without a need for revision [Gilbert et al., 2009; Goebel & Schulz, 2009]. In our report‐
ed study [Tóth et al., 2010], no horizontal or vertical migration was found at follow-up at
that time, not even with the under-sized and varus positioned stem (Fig. 3). The patient co‐
hort is continuously followed both by radiological and clinical examination. After average
follow-up of 4.5 years still no horizontal nor vertical migration was seen.

Thigh pain is a common complaint following traditional non-cemented hip arthroplasty.
Among the Proxima™ hip cases evaluated by Tóth et al [Tóth et al., 2010], none of the pa‐
tients reported any thigh pain even after 4.5 years. Ghera and Pavan reported similar find‐
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ings with Proxima™ stems [Ghera & Pavan, 2009]. Hube et al also did not find any thigh
pain following THA with the Mayo® stem [Hube et al., 2004]. Other studies reported severe
thigh pain following short stem implantation (Mayo®, CUT®), requiring revision [Ender et
al., 2007; Gilbert et al., 2009; Thomas et al., 2004].

Figure 3. Undersized Proxima™ short-stem in severe varus position (a) immediate postoperative radiograph (b) radio‐
graph 4 year post-op. Even though the long neck is biomechanically disadvantageous, after 4 years the position of the
stem is the same. Strengthening of the trabecular structure against the lateral aspect of the stem (arrows) is stimulat‐
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Type Author Follow-up Survival

May® Conservative Stem
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Proxima™ (DePuy) Tóth et al, 2010 2.1 years 100%
Proxima™ (DePuy) Kim et al, 2012 4.1 years 100%
Proxima™ (DePuy) Ghera et al, 2009 1.7 years 100%
SPS™ Sariali et al 2012 10 years 100%
TaperLoc® Microplasty™ Molli et al 2012 1.8 years 99.7%
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3. Authors’ own experience

3.1. Materials and methods

At the Orthopedic Department of the University of Szeged, implantation of the short-stem‐
med Proxima™ (DePuy; Leeds, UK) began in September 2006. Proxima™ was chosen of all
the short stemmed designs on the market because the 36 stem options provide broader vari‐
ety for the anatomical shape of the femur than the rest. All the 50 procedures were examined
clinically and radiologically. Mean age of the patients was 48 (rang from 35 to 61, SD 7)
years at time of the surgery. Mean follow-up time was 54 (range from 45 to 61, SD 5)
months. Thirty male and 14 female patients were operated on; one female and five male pa‐
tients had bilateral surgery in two stages. Patients’ distribution according to diagnosis was:
primary osteoarthritis (OA) in 22, avascular femoral head necrosis in 18, OA with mild dys‐
plasia in 6, post-traumatic OA in 3 and OA secondary to Perthes disease in 1. All procedures
were performed by the same surgeon, in the routinely used supine position, from antero-
lateral approach, with minimally invasive technique. Any intra- or postoperative complica‐
tions were recorded.

The Proxima™ stem is made of forged titanium alloy, with a Duofix™ HA (porous coating
and hydroxyapatite) surface coating. Nine sizes of standard as well as high-offset stems for
each side are available. Cementless Duraloc™ porous coated cups (Depuy) with 10° lipped
polyethylene liners and 28 mm metal heads were used in all cases.

The indication was hip osteoarthritis or avascular necrosis in young and active patients who
were not appropriate candidates for a resurfacing procedure. The following elements were
considered contraindications to implantation of a Proixima stem: stem size 1 or 2 for pa‐
tients with body weight over 100 kg, severe hip dysplasia, previous hip osteotomy or other
acquired femoral distortion, cortical index less than 3, severe osteoporosis.

The clinical status of the patients was documented with the Harris Hip Score (HHS) [Harris,
1969]. Low molecular weight heparin was administered for 42 days postoperatively for
thromboembolism prophylaxis. Partial weight bearing using crutches was recommended for
four weeks post operatively, thereafter full weight bearing with canes was allowed for two
additional weeks.

Pre- and post-operative radiographs were taken with identical settings for each patient. Im‐
plant migration was assessed according to Martell et al [Martell et al., 1993]. Implant stabili‐
ty was evaluated according to Engh et al [Engh et al., 1987], based on the radiological
features of the bone-implant interface. Criteria for radiological loosening of the implant
were defined as a radiolucent zone greater than 3 mm, or a horizontal and/or vertical migra‐
tion greater than 2 mm with an adjacent radiolucent zone [Kim et al., 2003]. Stem alignment
was rated as normal if its deviation from the axis of the femoral shaft was 5° or less. A devia‐
tion of 6 to 10° was rated as “varus” or “valgus”; a deviation exceeding 10° was rated as “se‐
vere varus” or “severe valgus”.
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3.2. Results

Mean preoperative HHS value was 39 (range: 11 to 71; SD 13). Mean postoperative HHS was
78 at six months (range: 44 to 94; SD 14), 90 at twelve months (range: 52 to 99; SD 13) and 87
at fifty four months (range: 51 to 95; SD 13). We had two complications: an intraoperative
fracture was treated by open reduction and fixation with a plate. One patient had disloca‐
tion as a result of socket malposition, therefore only the socket’s position was adjusted in a
revision surgery as the stem had been properly implanted. We did not observe any infec‐
tion, deep vein thrombosis or pulmonary embolism.

The alignment of the Proxima™ stem on the immediate post-operative radiograph was
found to be in severe varus position on two occasions (Fig. 3); nine stems were implanted in
varus, and 39 in neutral position. During the follow-up period, no signs of either clinical or
radiological loosening were detected.

At the latest follow-up examinations, all respondents stated that they would undergo the
operative procedure again. Ninety five percent of the patients were completely satisfied with
the outcome of the surgery; the patient who had an intraoperative periprosthetic fracture
and the other patient who had a dislocation were satisfied as well.

3.3. Discussion

The number of cases and the length of follow-up are not extensive enough to draw a final
conclusion in comparison to traditional arthroplasty procedures. However, it is sufficient to
conclude that this procedure greatly differs from standard femoral implantation; therefore a
number of factors may be usefully discussed.

3.3.1. Head-neck resection

Attention should be paid to the level of the head-neck resection. A crucial bony surface for
fixation of the stem is lost if the cutting plane is more oblique than optimal, i.e. if it is close
to the traditional cutting plane. On the medial side the resection should always start at the
head-neck junction and run more distally while proceeding laterally, thus creating a wider
entrance for the stem (see paragraph 3. below). Ender et al have reported in conclusion of a
five-year follow-up of 120 CUT® short-stem implantations, that out of the 11 revision cases,
seven femoral necks had ben resected either too diagonally (traditionally) or too widely
[Ender et al., 2007].

3.3.2. Positioning

Inadequate hit force during the “round the corner” broaching can result in a varus position
of the stem. As no intramedullary guidance is available for the Proxima™ stem due to its
metaphyseal location, a varus position is more likely to occur, especially when a minimally
invasive approach is used, as visualization of the femoral axis is difficult. It is imperative to
perform intraoperative axis measurements during sequential broaching. Until proper expe‐
rience is acquired the use of fluoroscopy is advisable. Ghera and Pavan reported a study on

Short-Stem Hip Arthroplasty
http://dx.doi.org/10.5772/53134

149



3. Authors’ own experience

3.1. Materials and methods
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tion as a result of socket malposition, therefore only the socket’s position was adjusted in a
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Attention should be paid to the level of the head-neck resection. A crucial bony surface for
fixation of the stem is lost if the cutting plane is more oblique than optimal, i.e. if it is close
to the traditional cutting plane. On the medial side the resection should always start at the
head-neck junction and run more distally while proceeding laterally, thus creating a wider
entrance for the stem (see paragraph 3. below). Ender et al have reported in conclusion of a
five-year follow-up of 120 CUT® short-stem implantations, that out of the 11 revision cases,
seven femoral necks had ben resected either too diagonally (traditionally) or too widely
[Ender et al., 2007].

3.3.2. Positioning

Inadequate hit force during the “round the corner” broaching can result in a varus position
of the stem. As no intramedullary guidance is available for the Proxima™ stem due to its
metaphyseal location, a varus position is more likely to occur, especially when a minimally
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perform intraoperative axis measurements during sequential broaching. Until proper expe‐
rience is acquired the use of fluoroscopy is advisable. Ghera and Pavan reported a study on

Short-Stem Hip Arthroplasty
http://dx.doi.org/10.5772/53134

149



65 Proxima™ stem implantations, in which 44 stems were found to be in neutral position, 15
in varus and 6 in valgus [Ghera & Pavan, 2009]. Gilbert et al found that from 34 Mayo®
short stems implanted, 14, 19, and 11 cases were neutrally aligned, in varus and in valgus
position, respectively [Gilbert et al., 2009]. In our series 2 of 50 Proxima™ stems at the begin‐
ning of the learning curve were found to be in severe varus (Fig. 3), 9 in varus and 39 in a
neutral position, which seems to be comparable with the previous reports.

3.3.3. Stem sizing

The “round the corner” broaching technique was developed to save bone stock in the lateral
segment of the metaphysis. However, it can happen that the broach of the planned size
would not fit into the resected part of the femoral neck (Fig. 4).

Figure 4. Fitting of the Proxima™ stem into the proximal femoral metaphysis. “Round the corner” technique is used to
protect the soft tissues and bone stock, and take advantage of the lateral flare. (a) Intraoperative picture; the cortical
bone of the neck is in contact all around with the largest diameter of the stem (arrows) (b) the measured width of the
stem (a)is wider than the entrance (b).

In this situation, the following solutions are possible depending on the bone stock quality:

a. When the cancellous bone is weak, the neck in the lateral aspect of the resection plane
should be gently enlarged until the stem of the desired size can be implanted. An un‐
dersized stem in a weak cancellous bone tends to tilt into varus, and may sink deeper
than expected. The deep position of the stem then needs to be corrected by a longer
neck, which raises the biomechanically disadvantageous torque force on the short stem
(Fig 3).

b. When the cancellous bone is hard, implantation of a Proxima™ stem smaller than the
calculated size of the metaphysis is acceptable. Even if the stem does not reach the later‐
al cortex, the strong and compact cancellous bone can hold the femoral component
firmly (Fig. 5).

Arthroplasty - Update150

Figure 5. AP and lateral radiographs of a Proxima™ stem in a hard cancellous bone (a-b) immediately after operation
(c-d) 24 months post op. The stem is fixed by strong and compact cancellous bone, without loosening.

3.3.4. Cortical index

Calculation of the cortical index: Cortical index = (10 × (a-b))/a, where a is the outer diameter
of the femur and b is the inner diameter of the medullary cavity 10 cm below the level of the
lesser trochanter (Fig. 6).

Figure 6. Calculation of the cortical index. Cortical index = (10 × (a-b))/a, where a is the outer diameter of the femur
and b is the inner diameter of the medullary cavity 10 cm below the level of the lesser trochanter.
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than expected. The deep position of the stem then needs to be corrected by a longer
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(Fig 3).
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firmly (Fig. 5).
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Figure 5. AP and lateral radiographs of a Proxima™ stem in a hard cancellous bone (a-b) immediately after operation
(c-d) 24 months post op. The stem is fixed by strong and compact cancellous bone, without loosening.
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Calculation of the cortical index: Cortical index = (10 × (a-b))/a, where a is the outer diameter
of the femur and b is the inner diameter of the medullary cavity 10 cm below the level of the
lesser trochanter (Fig. 6).
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Short-stem hip implantation is contraindicated when cortical index scores are less than 3; in
this situation a cemented stem is advisable. If the cortical index is between 3 and 4, an over‐
sized Proxima™ stem would be suggested; if the cortical index exceeds 4, a normal sized
Proxima™ stem could be used.

Among the 50 Proxima™ stem implantations, the only intraoperative complication was a
spiral femoral shaft fracture. The stem sank deeper into the femoral shaft than the identical
sized broach, causing an infraction, which resulted in a complete spiral shaft fracture during
the repositioning maneuver. The cortical index of the affected hip was 3.75; the mean corti‐
cal index of the other cases was 6.07.

4. Conclusion

Bone-saving hip arthroplasty using metaphyseal stems is gaining importance because the in‐
creasing number of young patients, and hip resurfacing is not always indicated. In the last
decade, the practice of hip arthroplasty has changed; younger age-group is more frequently
undergo surgery because of the need for a better quality of life. The success of non-cemented
total hip arthroplasty relies on osteo-integration of the implants. Prerequisite is primary sta‐
bility, which can be achieved by the fixation principle of ‘‘press-fitting’’ [Morscher et al.,
2002]. Clinical studies investigating the migrational behavior of femoral components have
shown that the failure rate of uncemented stems correlates with migration [Krismer et al.,
1999]. Sychterz found that in vivo bone loss was most extensive in the proximal-medial re‐
gion [Sychterz et al., 2002]. Following traditional arthroplasty procedures, bone density
measurement has shown a bone loss of 16 to 30% [Kim et al., 2003; Schmidt et al., 2002; Syc‐
hterz et al., 2002]. Engh’s post mortem investigation has found 7 to 52% bone loss around
non-cemented femoral components with osteo-integration [Engh et al., 1992]. DXA measure‐
ments by Kishida et al. proved that two years after resurfacing procedures 12% raise in bone
density developed in the Gruen 7 zone [Kishida et al., 2004].

The previously mentioned facts, along with the experiences obtained from revision surger‐
ies (technical difficulties caused by bone loss due to loosening) and the high cost of the solu‐
tions, have led to a change at the level of primary arthroplasty principles to a more
preventive approach. As for the material of the prosthesis components, highly cross-linked
polyethylene, metal-on-metal and ceramic sliding surfaces have advanced. According to
component design, short-shaft stems came into prominence for those young and active pa‐
tients for whom resurfacing of the hip is contraindicated (large avascular necrosis of the
head, osteoporosis, obese patient etc.) The very proximal location of these stems retains the
chance for an implantation of a non-revision stem during revision surgery. Short-stem pros‐
thesis with a close anatomical fit to the proximal cortex aim to maximize primary stability,
particularly in rotation. It is also proposed that the shorter shaft leads to more physiological
loading of the femur, thereby limiting potential bone resorption due to stress shielding. Fur‐
ther advantages are the reduction of the risk of thigh pain and facilitating minimally inva‐
sive surgery, particularly when using an anterior approach [Renkawitz et al., 2008].
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At our department both resurfacing and short-shaft stem are available for young and active
patients. Short stem is implanted when indication criteria are sufficient. The advantages and
disadvantages of short-stem arthroplasty are reported through the author’s experiences
with the metaphyseal stems [Tóth et al., 2010]. It provides vertical stability by the wedge
shape of the stem together with the addition of a lateral flare and preservation of the femo‐
ral neck. The preservation of the femoral neck provides greater torsional stability and re‐
duces distal migration of the femoral stem. The absence of any diaphyseal fixation attempts
to achieve proximal load transfer so as to reduce stress shielding and thigh pain. It also at‐
tempts to preserve the femoral canal and femoral elasticity, and ease revision.

The number of cases and the length of follow-up time in the short stem literature are not
extensive enough to draw a final conclusion in comparison to traditional arthroplasty proce‐
dures. However, it is sufficient enough to conclude that this procedure differs, therefore a
number of factors may make sense to be discussed.
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1. Introduction

Advanced arthritis of the hip joint can lead to profound changes in quality of life. Debilitating
pain, stiffness, and altered gait biomechanics all affect the ability to stay mobile and maintain
gainful employment; these concerns are magnified in younger patients with hip disease. While
symptomatic hip arthritis typically affects older patients, there is a growing subset of active
patients in their 30s, 40s, and 50s who are affected and were previously thought of as, “too
young for a hip replacement.” Over the last several decades, advances in hip replacement
surgery are allowing us to rethink that position.

A total hip replacement is one of the most reliably successful procedures in orthopaedics. Long
term data has shown that with a well positioned modern prosthesis we can give our patients
reliable pain relief that has a very high chance (>80% in most cases) of lasting over twenty
years[ 1, 2]. While this may be very comforting to a 75 year old retired patient with relatively
low functional demands, twenty year survival will not suffice for patient in their 30s with
advanced arthritis. For this reason in the past, many surgeons were reluctant to perform joint
replacement surgeries in young patients for fear of condemning them to multiple revisions
over a lifetime of use.

Recent literature on the revision-free survival rates for modern hip implants have shown
remarkable success, with 10-year survival rates of 100% for a variety of press-fit, uncemented
femoral stem designs at a mean time of 8.2 years from surgery.[ 3] A 2012 award-winning study
from the American Association of Hip and Knee Surgeons showed 100% survival for cross-
linked polyethylene bearing surfaces at 10 year follow-up[ 4]. Another recent paper, looking
at the 10-year analysis of various bearing couples, showed respective survival rates of 98.4%,
95.6%, and 87.9% for metal-on-polyethylene, ceramic-on-ceramic, and metal-on-metal groups.

© 2013 Rubin et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
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[ 5] The outstanding results of modern implants and bearing surfaces have given surgeons
new confidence when facing the challenging of hip arthroplasty in a young, active patient.

The ideal hip replacement prosthesis for a young patient has several important elements. It
would be easily integrated, forming a long lasting bond with the host bone, yet be easily
removed if needed. Another aspect of the modern hip prosthesis that has evolved is the actual
design of the femoral implant itself. Several implant designs on the market are ‘bone sparing,’
meaning that less bone is taken off of the head/neck of the femur. Over the past decade, hip
resurfacing was a popular procedure in this regard. In a resurfacing procedure, the femoral
neck and much of the head are left in place. A metal cap is placed on the end of the femoral
head and a metal cup is placed in the acetabulum. Resurfacing procedures have fallen out of
favor recently for several reasons, including the difficulty of placing the prosthesis as well as
concerns with metal-on-metal articulations.

2. Neck sparing arthroplasty

A “neck-sparing” or “bone-sparing” prosthesis is not a new concept but is one that has been
gaining in popularity. This prosthesis is similar in design to other modern prosthesis but
preserves more native bone in the femoral neck of the patient during femoral preparation.
With a similar idea to the resurfacing, the hope is to allow placement of an implant while
leaving a viable option for revision at a later date. These prostheses are proximally porous
coated; after the femoral bone cut is made, more femoral neck bone is left in situ, and the
proximally coated implant loads and helps maintain this “extra” bone over time. Any modern
bearing surface can be utilized by the surgeon. This novel design saves a significant portion
of native host bone and will lead to theoretically easier revision surgery when the time comes.
A small saw can be slipped around the neck of the prosthesis and the “extra” bone is removed,
allowing revision to a primary hip implant rather than the traditional, extensive revision
implants currently in use today.

The level of the femoral bone resection varies based on the arthroplasty technique. (Figure 1)
A native right proximal hip is visible in Figure 1.1. In hip resurfacing (1.2 A) and “mid-head”
resurfacing (1.2 B) (available in Europe), most of the femoral bone is retained. With neck
sparing arthroplasty (1.2 C) and conventional total hip arthroplasty (1.2 D), progressively more
bone is resected during the operation. With hip revision surgery, native bone is often eroded,
leading to an even lower bony resection level (1.2 E). “Neck-sparing” implants allow the
surgeon to retain the native bone between cut levels C and D (Figure 1.3), with the concept of
native neck bone stock preservation for future revision surgery in the young patient.

The idea of neck retention is not a new concept. Freeman, Townley, Whiteside and Pipino have
all advocated saving the femoral neck since the 1980s. Freeman is credited with his classic
article “Why Resect The Neck?” as the Godfather of neck retention[ 6]. His stem retained the
femoral neck but was a conventional length straight stem that engaged both the metaphysis
and diaphysis. The original stem was designed for cement fixation, with subsequent modifi‐
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cation to introduce a cementless style stem that was of the same stem length and geometric
shape with HA coating, as seen in Figure 2.

Figure 2. Freeman Femoral Stems. Left: Cemented Right: Cementless

Townley and Whiteside also designed conventional length straight stems that retained the
femoral neck, but it was Professor Pipino who first advocated the short curved neck sparing
stem to be stabilized by fit and fill of the femoral neck as a cementless press fit stem in 1979.
He is also credited with term “tissue-sparing,” referring to both saving hard and soft tissue as
a surgical strategy. His Biodynamic hip prosthesis was implanted from 1983 to 1996 (Figure
3 Left), until it was replaced by the modified CFP hip stem (Figure 3 Right) Pipino reported

Figure 1. 1.1) Native right proximal hip. 1.2) Bone resection levels for hip resurfacing (A), mid-head resurfacing (B),
neck-sparing arthroplasty (C), conventional total hip arthroplasty (D), and revision hip arthroplasty (E). 1.3) Illustration
of native bone preserved during neck sparing arthroplasty compared to conventional total hip arthroplasty.
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outstanding results of his stem design, with 97% satisfactory radiographic results and an
implant survival rate of almost 100% at 25 years.[ 7]

Figure 3. Left: Biodynamic c.c. stem by Howmedica, Right: CFP Stem by Link.

The CFP prosthesis stem is made of titanium alloy, a material better suited for cementless
fixation than cobalt-chromium alloy. The left and right stem versions with built-in anatomical
anteversion were adapted to the normal anatomy of the proximal femur. The left and right
stems were available in six stem sizes along with two stem curvatures; the stem featured
bilateral longitudinal ribs to increase surface contact and oppose torsional forces.

To promote osseointegration, the CFP stem has a 70 µm microporous surface with the
exception of the short distal portion. In addition, the microporous surface is provided with a
special 20 µm hydroxyapatite (calcium phosphate) coating which does not seal the surface but
keeps the porous structure intact.

3. Biomechanics of neck sparing stem designs

The natural trabecular pattern of the bone and the trabecular orientation provide support
against the natural functional loading, thus creating the necessary functional stability of the
individual bone areas within the proximal femur. (Figure 4) The femoral neck and the adjoining
medial aspect of the femur in the calcar region show the strongest bone structure with a high
load capacity to support the stem. (Figure 5)

Femoral neck retention reduces both torsional and bending moments (forces) at the stem / bone
interface. In accordance with Wolff’s Law, the reduction of stresses relative to the natural
situation would cause bone to adapt itself by reducing its mass, either by becoming more
porous (internal remodeling) or by getting thinner (external remodeling).

In Figure 6, The neck on the left has been resected at the conventional level; in the one on the
right the neck has been retained. Because the difference in the height of resection the length of
the moment arms, the varus- turning moment increases by a factor of four when the neck is
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resected (Figure 7). At the same time the area of bone available for supporting the vertical

component of the resultant of the forces acting on the implant is almost tripled

Figure 4. Trabecular bone patterns

Figure 5. Cross section of the proximal femur
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The anterior-posterior directed component of the resultant force is represented by an arrow.
Neck resection generates a significant torsional moment.

Figure 7. Varus /Valgus turning moment in neck retention vs. conventional neck resection

It is important to remember that not all neck-sparing stems are not all short neck stabilized stems.
Historically, neck sparing stems were not short curved neck stabilized by design (Figure 8).

To-date, most neck-sparing stems have been somewhat disappointing in their long-term ability
to stimulate and maintain the medial calcar. For that reason, a new short stem neck stabilized
design approach was undertaken to improve proximal load transfer and to create a bone or
tissue sparing stem that would be simple in design, amenable to reproducible technique and
provide for fine tuning joint mechanics while stimulating and maintaining ongoing, in-vivo
compressive loads to preserve the medial calcar.

Figure 6. Illustrations comparing neck retention to conventional neck resection bending moment.
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4. “Short” hip arthoplasty stems

The use of short stems is growing. Initial short and mid-term follow up studies of a number
of these stems suggest that stable, durable fixation and excellent clinical outcomes can be
achieved. As a result, a very large number of short stem designs are available. Until recently,
there was no classification system for uncemented short stem implants that would allow for
comparisons of clinical and radiographic results.

A number of advantages have been argued to justify the design and clinical usage of short
stems; Elimination of femoral proximal-distal mismatch, tissue preservation (hard & soft),
facilitation of less invasive surgical exposures, less invasive surgical violation into the femoral
canal, less violation into the trochanteric bed, improved proximal bone remodeling, less
intraoperative blood loss, less postoperative rehabilitation, less instrumentation and less
inventory cost.

All of these advantages are worthwhile if they can be proven to be significant benefits to the
clinical outcome and increased survivorship of the device. The real question is can these shorter
length devices obtain strong and long-lasting stability of the implant without diaphyseal
anchoring?

The European experience with certain styles of conservative designs are years ahead of the
U.S. experience. So it is reasonable to look towards Europe for both trends and early to mid-
term clinical results. Some of these devices are not available in the U. S. and some are new to
their clinical experience. As a result, the Joint Implant Surgery and Research Foundation

Figure 8. Left: Townley Platform Stem. Right: Whiteside Neck Sparing Stem.
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(JISRF) developed a short stem classification system based off stabilization contact for implant
stability.[ 8]

JISRF developed this classification system to help identify, differentiate and catalog short
stemmed total hip implants by primary stabilization contact points. Not all short stems
generate the same radiographic findings and or clinical results. It is also important to appre‐
ciate the specific design and appropriate surgical technique for a given design. We believe this
classification system helps to clarify some of the design principles and clinical findings. While
there will be subcategories within the main categories, (Examples: Neck plugs versus short
curved neck stems) but the primary stabilization point determines the same overall category.

5. JISRF classification system for short stems: Implant examples

1. Head Stabilized

Figure 9. Hip Resurfacing Arthroplasty and “Mid-Head” Resurfacing Arthroplasty (Birmingham System, Smith and
Nephew)

2. Neck Stabilized, Figure 11:
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Figure 10. Hip Resurfacing Arthroplasty and “Mid-Head” Resurfacing Arthroplasty (Birmingham System, Smith and
Nephew)

Figure 11. Metaphyseal Stabilized

Figure 12. Conventional (Metaphyseal/Diaphyseal) Stabilized: Traditional Arthroplasty Stems
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6. Current design rationale for a modular, short, curved neck stabilized
stem

Stem Design:

The TSI™ Stem is a simple short curved trapezoidal neck sparing design that is tissue conser‐
vative (hard & soft) and features a number of unique and novel elements to improve upon
short and long-term survivorship. This novel design has been licensed by Concept, Design and
Development, LLC., in Chagrin Falls, Ohio to two commercial partners and has been intro‐
duced into the Australian market as the MSA™ Stem and the United States as the Apex ARC™
Stem. (Figure 13)

Figure 13. Left: The MSA™ Stem; Right: The Apex ARC™ Stem

The basic curvature of the stem comes from the historical work of Thompson and Müeller. A
side-by-side comparison of the Mueller rasp and the ARC™ stem are seen in Figure 14. The
medial curve and overall stem length are almost identical.

This simple, yet novel, stem design allows for considerable tissue conservation of both hard
and soft tissue. Native bone is preserved in Gruen zones 7, 3,4,5 and zone 1, as seen in
Figure 15.

The medial curve reduces the need to remove lateral bone, where one can risk damage to the
musculature and increased bleeding by removal of cancellous bone in the greater trochanter
(Figure 31). The stem shape is based on a curved trapezoidal design that is intrinsically stable
within the cylindrical femur. The torsional stability is enhanced by a lateral “T-Flange” feature,
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however, this has proven to be too aggressive in the small female profile and has been removed

on the size 0 stem.

Figure 14. Image of historic Mueller proximal femoral rasp (left) placed adjacent to modern TSI neck-sparing arthro‐
plasty implant (right).

Figure 15. Image demonstrating areas of bone preservation maintained with neck-sparing arthroplasty, including
Gruen Zones 1, 3, 4, 5, and 7.
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Figure 16. Key Design Features of the ARC™ stem.

A porous titanium coating is applied circumferentially to the upper third of the stem and is a
combination of commercially pure titanium applied first using a plasma spray process after
which a thin layer of hydroxyapatite (HA) is also applied using a plasma spray process. The
proximal portion of the stem also has a patent pending novel conical flair element that is design
to off load compressive loads to the medial calcar. (Figure 17) This very unique feature has
demonstrated positive stress transfer in both FEA modeling and now clinical observations.

Figure 17. Medial Flare seen on the lateral profile in 3-Dimensional stem rendering
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A lateral distal relief of 11º reduces any distal tip contact with the lateral cortex if the stem is
in a slight varus position. The sagittal slot reduces distal stiffness reducing the potential of
distal load transfer and reduces hoop tension in type A bone by allowing stem to pinch in.

Figure 18. Additional Design Features of the ARC™ stem.

The TSI™ neck stabilized stem with a modular cobalt-chrome neck has demonstrated a
reduction of maximum principal tensile stress in the neck stabilization stem was 35% less than
that of a monoblock taper style design. (Figure 19) With regards to potential failure mode, the
neck sparing feature with a short cobalt-chrome modular neck has basically eliminated
potential fatigue failure of the neck, as opposed to other recent titanium modular neck designs
that have demonstrated catastrophic fatigue fractures.[ 9]

7. Stress in the femoral component

The ring of cortical bone saved in the neck sparing stem has significant bio-mechanical
advantage. Pipino refers to this as a “tension band.” (Figure 20) The principal stress measured
in the femoral component was lowest for model with cortical neck ring intact compared to the
monoblock conventional cementless stem. (Figure 21)

The stress in the distal femur slightly reduces with the TSI neck sparing stem and reduces even
more if the cortical rim remains intact. This data supports the concept that the medial conical
flair does offload compression to the proximal femur especially if the cortical ring is intact.

The short TSI™ stem demonstrates better loading patterns as compared to Pipino’s first stem
(Biodynamic), (Figure 22) which was made of cobalt-chrome material. The x-ray on the right
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side of Figure 22 is his current stem CFP which still has had some medial calcar bone resporp‐

tion issues.

Figure 19. Finite Element Analysis of a short neck-sparing arthroplasty stem (left) compared to a monoblock stem
(right). Increased areas of stress foci are highlighted in red.

Figure 20. Ring of Proximal Femoral Bone
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Figure 22. FEA Modeling of ARC™ (Left) compared with the Biodynamic stem (Right), showing normalized loading of
the medial calcar on the left, and decreased loading on the right.

Figure 23. FEA Modeling of an intact femur (left), the ARC™ stem (Center) and a long, extensively coated press-fit stem
(right), demonstrating improved proximal strain patterns compared to the AML style conventional cementless stem.

Figure 21. Assessment of proximal femoral stress with axial loading
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Prof. Ian Woodgate, Sydney, Australia

Figure 24. A and B: Clinical case examples of favorable bone remodeling from the ARC™ stem

8. Proximal neck modularity

Target Restoration of hip mechanics is aided by proximal neck modularity, especially focued
on femoral offset, neck length, and combined version. Using monoblock femoral stem designs,
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restoration of hip mechanics is difficult to address. Often, accomplishing intra-operative joint
stability comes with an increased risk for over-lengthening..

Neck Modularity allows intraoperative fine tuning of joint mechanics, reducing risk of
impingement and mitigating risk of accelerated wear and dislocation. This priniciple also aids
in access in the event of acetabular revision. Monoblock hip stems are based on proportionality
of design. As the stem gets bigger, the neck gets longer. Unfortunately, this scenario is not
consistent with the variability seen with proximal femoral geometry, and is illustrated with
the radiographs seen in Figure 25.

Figure 25. Anatomic variations commonly associated with primary osteo-arthritis patients using a monoblock stem: a:
large canal, short neck, low offset, b: thin canal, long neck, high offset, c: large canal, short neck, high offset, d: thin
canal, long neck, low offset

Femoral head center location data (Figure 26) shows that a wide variety of offsets and lengths
are required to properly balance the soft tissues, but there is often little correlation between
head center and stem size. A significant number of small stem diameters (10 or 11.5 mm)
required large >45 mm femoral offsets.

One  only  has  to  review  actual  usage  data  on  modular  necks  to  validate  the  need  of
proximal modularity. A review of ARC™ Modular Neck Experience (Figure 27) on 1,640
stems implanted from April 2010 to August 2012 demonstrated that a significant variety
of stems were selected by surgeons while using the device to fine-tune the biomechanics
of the hip joint in vivo.

9. Clinical utilization and outcomes

Case One: A 29 year-old man presented with the acute-onset of debilitating pain in his left hip
from osteonecrosis with collapse secondary to chronic steroid use for immunosuppression of
severe lupus. (Figure 28). His symptoms developed over 4 weeks and were incapacitating,
requiring the use of two crutches and high doses of long-acting narcotic for comfort.
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He was treated with total hip arthroplasty using a neck sparing implant and a ceramic on cross-
linked polyethylene bearing surface couple. The implants were inserted via the direct anterior
approach with a “bone-sparing technique” allowing retention of 1.5 cm of his proximal femoral
bone, with anatomic restoration of his hip center of rotation (Figures 29 and 30). His postop‐
erative course showed complete resolution of his pain with elimination of narcotic use,
dramatic improvement in his hip function, and he was able to begin returning to work as a
professional chef after less than 8 weeks of recovery.

Figure 25: Anatomic variations commonly associated with primary osteo-arthritis patients using a 
monoblock stem: 

 a: large canal, short neck, low offset  
 b: thin canal, long neck, high offset  

 c: large canal, short neck, high offset 
d: thin canal, long neck, low offset 

Femoral head center location data (Figure 27) shows that a wide variety of offsets and lengths are 
required to properly balance the soft tissues, but there is often little correlation between head 
center and stem size. A significant number of small stem diameters (10 or 11.5 mm) required 
large >45 mm femoral offsets. 
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Figure 26. Femoral head location data, mapping a relationship of femoral implant sizing related to vertical drop (ver‐
tical axis) and lateral offset (horizontal axis). Most conventional femoral stems are available only in “standard” and
“lateral” offsets, which do not match the variety of combined values seen in native anatomy.
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Figure 27. ARCTM modular neck utilization data, from April 2010 to August 2012.
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Figure 28. Left Hip Joint with AVN and acute collapse of the dome of the femoral head, indicated by arrows.

Figure 29. Postoperative AP Left Hip, Showing ARC™ “neck-sparing” arthroplasty in an anatomic position with resto‐
ration of hip alignment, offset, and position.
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Figure 27. ARCTM modular neck utilization data, from April 2010 to August 2012.
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Figure 28. Left Hip Joint with AVN and acute collapse of the dome of the femoral head, indicated by arrows.

Figure 29. Postoperative AP Left Hip, Showing ARC™ “neck-sparing” arthroplasty in an anatomic position with resto‐
ration of hip alignment, offset, and position.
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Figure 30. Postoperative Lateral Left Hip demonstrating anatomic prosthesis positioning.

Figure 31. Coronal cross-section of cadaveric left proximal femur, demonstrating neck-sparing prosthesis position
along medial calcar, with retained femoral neck and conservation of native trochanteric bone visible.
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Case Two: A 32 year-old man presented for evaluation after having been previously diagnosed
with advanced bilateral osteonecrosis of his proximal femoral heads. His management had
already included a comprehensive medical and metabolic workup to assess for causes for the
avascular necrosis, but none had been elucidated. He denied any known exposure to high dose
corticosteroids and had no history of alcohol intake. He had previously undergone core
decompression procedures at an outside institution on both the right hip (18 months prior)
and the left hip (14 months prior) in the recent past, without any significant improvements in
his clinical function or symptoms. He underwent simulateneous, bilateral neck-sparing THA,
and is walking normally once again after a brief course of rehabilitation. The specific details
of his case were described in detail elsewhere.[ 10]

Figure 32. Preoperative AP Pelvis of a 32 year-old male with severe, bilateral, osteonecrosis with associated femoral
head collapse and secondary arthrosis.
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Figure 33. Postoperative AP Pelvis

Figure 34. Comparison of historic versus modern femoral stem modularity. Right hip: S-ROM Prosthesis, 1984; Left Hip
ARC™ Stem, 2012. (Image Courtesy Louis Keppler, MD and JISRF.)
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10. Short-term results of TSI and ARC™femoral stem

Since the introduction of these modular, short, neck-sparing femoral stem designs, the early
results of implant utilization have been tracked by their manufacturers and JISRF.[ 11]

With 1,970 stems implanted worldwide, There have been only 8 stem explants, and an over‐
all femoral stem survival of 99.5% at 29 months. There were 2 traumatic and 1 chronic dislo‐
cations, 2 cases of aseptic loosening, 2 infections, and 1 neck/stem disassociation. 10 cases
had a leg length discrepancy greater than 7mm. 6 cases had an iatrogenic calcar fracture,
and 3 required wiring. 6 patients had subsidence more than 5mm. There were 3 neck ex‐
changes, with 2 performed for cup revisions. There were 3 intra-operative femoral perfora‐
tions, and 5 cases that of intra-operative calcar fractures resulting in stem bail-out. There
have been no known cases of pseudotumors, no elevated peripheral metal ion levels, and no
known occurrence of modular neck fracture.

11. Conclusion

Over the next several decades we will continue to see improvements in implant fixation, bi‐
oengineering of bearing surface designs, and prosthesis design that will allow us to reliably
replace hip joints in younger and more active adult patients. The design of the “neck-spar‐
ing” products and bearing surfaces mentioned herein have certainly played a large part in
achieving this goal, but continued improvements and careful outcomes monitoring will be
needed over the next few decades.
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1. Introduction

Many types of prosthesis are used for total knee arthroplasty, and the evolution of knee ar‐
throplasty, which has a history of almost 40 years, involves repetitious cycles of failure and
development. During its early stage (1970-1974), instruments of the unicondylar, duocondy‐
lar, or hinged types were used, but these were eventually abandoned due to low success
rates. A replacement for the total condylar type was successfully developed and became the
model for total knee arthroplasty. Recently, unicondylar arthroplasty has produced good re‐
sults in selected patients, and arthroplasty of the constrained or hinged type have been pro‐
ven useful for revision surgery or combined surgery, respectively. To solve the problem of
the fixed bearing joint, a mobile bearing joint has been developed, and non-cemented fixed
knee arthroplasty is receiving renewed attention. Much effort is being expended on the de‐
velopments of new materials, such as, ceramics and cross-linked polyethylene, on new de‐
signs that maximize function and endurance, and on minimally invasive surgery.

2. History of the evolution of total knee arthroplasty

2.1. Interposition and resurfacing knee arthroplasty

During the late 19th and early 20th century, interposition arthroplasty was attempted using
soft tissues. In 1860, Verneuil proposed interposition arthroplasty, involving the insertion of
soft tissue to reconstruct the joint surface. Since then, pig bladder, nylon, femoral sheath, an‐
terior bursa of the knee, cellophane, and many other materials have been used, but results
have been disappointing. The use of metallic interposition arthroplasty began in the late
1930s. Having obtained successful results for mold arthroplasty in the hip joint, Campbell
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and Smith-Peterson proposed metal femoral mold arthroplasty[2], and McKeever and Mac‐
Intosh proposed hemiarthroplasty of the tibia, but all produced unsatisfactory results in
terms of minimizing pain, and high rate of failures of the interposition [3], and thus, these
procedures were not widely recognized.

Ferguson [1] attempted resection arthroplasty for ankylosis or severe deformity caused by
tuberculosis or infection. This procedure involved resecting cartilage from the knee joint and
allowing knee joint movement along the subchondral surface. When too little bone was re‐
moved, knees spontaneously fused, and when more bone was removed, knee had good mo‐
tion but poor stability. Accordingly, these operations were attempted in only the most
severe cases because their results were poor.

2.2. The hinged prosthesis

In the 1950s, Walldius [4] developed a hinged prosthesis that replaced the joint surfaces of
the femur and tibia, as subsequently, modifications of the basic hinged prosthesis design
were made by many surgeons. The hinged prosthesis allows the intramedullary stem to
align with the artificial knee joint by itself, and is technically easy to perform since all liga‐
ments and soft tissues can be removed due to the mechanical and structural stability of the
prosthesis. During the 1950s and 1960s, hinged total knee arthroplasty provided satisfactory
results for a longer period of time in more patients than any other knee arthroplasty design
used. However, this method could not be widely used since this type of simple hinged pros‐
thesis cannot replace the complex movements of the knee joint and because of a high failure
rate due to early loosening caused by overloading the prosthesis and bone contact surface or
by infection.

2.3. The bicompartmental prosthesis

In 1971, Gunston [5] developed polycentric knee arthroplasty. This was done by adopting
the concepts of low friction hip arthroplasty espoused by Charnley. Gunston’s knee arthro‐
plasty retained the collateral and cruciate ligaments to help absorb stress, and consisted of
relatively flat tibial interposition of high-density polyethylene and a round femoral prosthe‐
sis, which replaced the posterior portion of femoral condyles. These components were fixed
to bones with bone cement, and replaced the complex movements of ‘femoral roll-back’. Pol‐
ycentric knee arthroplasty was initially successful due to improved mobility and movement
range, but the fixation it provided was not sufficient.

Geomedic knee arthroplasty was introduced by Coventry et al. at the Mayo Clinic in
1972[6], and consisted of a polyethylene tibial instrument which was of one structure and
was in joint with the femoral condyles. This design was initially devised to sustain the cruci‐
ate ligament, but joint mobility was limited because of pathologic posterior cruciate liga‐
ment in some cases. The main limitation of this design was rapid and excessive loosening.

Freeman et al.[7] at Imperial College Hospital (London) designed a femoral and tibial pros‐
thesis to work in a ‘roller-in-trough’ manner by the strength of collateral ligament. The ante‐
rior and posterior cruciate ligaments were usually removed, and the tibial prosthesis did not
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have an intramedullary stem to minimize the risk of infection and to maximize knee joint
function for salvage procedures. However, the loosening of the tibial prosthesis became a
major drawback.

In the mid 1970s, duocondylar interposition was designed to resemble the anatomic struc‐
ture of the knee joint [8]. The femoral prosthesis connected with two unicondylar prostheses
via an anterior bridge, and formed a joint, which was considerable wider than previous pol‐
ycentric knee arthroplasties, with two flat tibial instruments. However, the design had the
drawbacks of frequent destruction or deformity of the tibial prosthesis.

2.4. The tricompartmental prosthesis

In the early 1970s, three types of condylar prostheses were developed, which opened the era
of modern knee arthroplasty. First, in 1976, Ranawart et al. [8] at the Hospital for Special
Surgery, developed the duocondylar prosthesis; second, Coventry et al.[6] developed the
geometric prosthesis; and third, Townley [9] developed the anatomic prosthesis. The condy‐
lar prosthesis developed by Ranawart et al. preserved the anterior and posterior cruciate lig‐
aments, provided stability of the knee joint, and used bone cement for fixation to bone.
However, the geometric and anatomic types were not produced continuously due to early
loosening of fixation. The duocondylar type was further developed to produce the first total
condylar prosthesis with a tibial stem by Walker et al. in 1976 [10] at the Hospital for Special
Surgery and became the early model for today’s posterior cruciate ligament substitution
knee arthroplasty. The total condylar prosthesis is a design that removes anterior and poste‐
rior cruciate ligaments. The femoral prosthesis, which is made of chrome cobalt, has a sym‐
metric femur with a double curve, which has a flat patellar trochlear groove. The tibial
prosthesis is completely made of polyethylene, has good conformity in the flexion and ex‐
tension states, has anterior and posterior lips in the tibial joint surface, and has eminence in
the mid joint surface which provides anteroposterior and mediolateral stability. There is also
a stem in the tibial prosthesis, which can endure asymmetric loading. The patellar prosthesis
is of the half-ball type and is completely made of polyethylene, with a fixation lug in the
middle, which is fixed with bone cement. The features of this early total condylar knee are
used in most of today’s prostheses. Along with these total condylar prostheses, the duopa‐
tellar prosthesis was developed, which preserves the posterior cruciate ligament. This pros‐
thesis is anatomically similar to the normal knee joint with respect to the femoral prosthesis
trochlear groove, and forms a joint with a polyethylene patellar prosthesis. The early tibial
prosthesis model could be separated into medial and lateral parts, but later a form commu‐
nicating the bilateral parts was developed. The duopatellar prosthesis was developed into
the kinematic condylar prosthesis, which was widely used in the 1980s[11]. Early total con‐
dylar prostheses did not allow roll-back in the flexed position and the tibial portion was lo‐
cated posteriorly, which reduced the mobility range when the flexion gap was not balanced.
According to early clinical reports, the average mobile angle was 90-100 degrees. To solve
this problem, Insall et al. [12] added a cam to the femoral prosthesis and a post to the tibial
prosthesis for posterior cruciate ligament substitution knee arthroplasty to accelerate the
posterior location of the femoral prosthesis when flexed at about 70 degrees, thus enhancing
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flexion. These Insall-Burnstein and kinematic interpositions became the foundation of mod‐
ern knee arthroplasty. Despite the developments of modern joint replacement designs, com‐
plications of the femoro-patellar joint were frequent after knee arthroplasty in the 1980s and
1990s, which led to the development of today’s knee arthroplasty which increases contact
surface in the femoro-patellar joint and prevents lateral displacement of patellar bone.

2.5. Unicompartmental knee arthroplasty

Although it has been used since its introduction in 1950s, the results of unicompartmental
knee arthroplasty (Figure 1) remain controversial. In the early 1970s, several authors report‐
ed unsatisfactory results for unicompartmental knee arthroplasties but over the next decade,
better surgical techniques and proper patient selection improved results [13]. Unicompart‐
mental knee arthroplasty can be used in cases with up to moderate arthritis and when dis‐
eased is confined to one compartment. Along with Repicci and Eberle’s [14] minimally
invasive techniques, unicompartmental knee arthroplasty has aroused much interest. As
compared with total knee arthroplasty, the unicompartmental knee arthroplasty has the ad‐
vantage of preserving anterior and posterior cruciate ligaments and of recovering almost the
full range of motion of the normal knee joint. It also boasts a small amount of bone loss and
theoretically enables easier revision surgery [15]. The recently reported long-term endurance
of unicompartmental knee arthroplasty is about 85-95%, which is similar to that of total ar‐
throplasty. Therefore, if patients are properly selected and an adequate technique is used, it
may be a good surgical option.

Figure 1. Unicompartmental Knee System (Courtesy of Zimmer)
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2.6. Patellar resurfacing

Patellar resurfacing was described as early as 1955. The first patellar resurfacing materials
were metallic components, but this design was limited because of problems concerning met‐
al to cartilage articulation. Subsequently, the polyethylene patellar prosthesis was devel‐
oped and satisfactory results were obtained. Present day knee arthroplasty became total
knee replacement when patellar component was added.

3. Spectrum of prosthesis designs

Nowadays, many types of prostheses are used for total knee arthroplasty. However, contro‐
versy exists regarding which prostheses are the most appropriate for individual surgeons
and specific patients. Therefore, we compare the advantages and disadvantages of each type
of interposition knee arthroplasty.

Figure 2. Posterior cruciate ligament retention type prosthesis (Courtesy of DePuy)

3.1. Posterior cruciate ligament retention versus substitution

All knee arthroplasties require anterior cruciate ligament removal, but retention of the pos‐
terior cruciate ligament depends on the type of arthroplasty. The preservation type, in
which posterior cruciate ligament is preserved, is considered better than the replacement
type for performing functions, such as, climbing stairs, and has the advantage of simplifying
revision surgery due to less loss of bone (Figure 2). However, knee joints with degenerative
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arthritis usually show soft tissue contracture, and when preserving the posterior cruciate lig‐
ament, the soft tissue balance is not easy to achieve, which possibly increases the risk of ear‐
ly failure due to polyethylene insert overloading caused by posterior cruciate ligament
unbalanced tension [16].

Figure 3. Posterior-substitution prosthesis showing that the post-and-cam mechanism offers no restraint to varus or
valgus stability (Courtesy of Biomet)

When the posterior cruciate ligament substitution type is used, even degenerative knee
joints with relatively severe deformities can achieve ligament balance, and when flexed at
60-70 degrees, the post of the tibial polyethylene contacts the cam of the femoral component
and induces posterior placement of femoral bone, which allows relatively satisfactory roll-
back and can achieve sufficient knee joint flexion (Figure 3) [17]. However, bone loss at the
intercondylar notch makes revision surgery difficult, and fracture may occur intra-opera‐
tively or post-operatively in patients with small femurs. From the biomechanical perspec‐
tive, neither posterior cruciate ligament preservation nor substitution types can totally
replace the biomechanics of the normal knee joint. Furthermore, many clinical studies have
concluded that there is no significant difference between these two types of prosthesis.

3.2. Mobile versus fixed bearing total knee arthroplasty

Traditional fixed bearing knee arthroplasties have produced good clinical results at 10-15
years postoperatively. Unfortunately, problems associated with polyethylene wear can oc‐
cur in the long-term, especially in young patients. This wear can be reduced by reducing
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contact stress at the joint surface and by improving the wear characteristics of the material
used. Contact stress may be reduced by increasing conformity between the femoral compo‐
nent and the polyethylene insert. The development of mobile-bearing articulating polyethy‐
lene surfaces in implants for patients undergoing total knee arthroplasty reflects the efforts
made by designers to optimize wear while addressing the complexities of function. Howev‐
er, the trade-off for conformity and free mobile range in fixed bearing knee arthroplasty
makes marked improvements in contact stress near impossible. To solve this problem, mo‐
bile bearing interposition knee arthroplasty was invented to reduce contact stress but to pre‐
serve freedom of movement. In 1986, Goodfellow and O’Connor [18] invented Oxford knee
arthroplasty, which is a mobile bearing knee arthroplasty of the bicondylar type (Figure 4),
and subsequently, Beuchel and Pappas [19] invented the meniscus sustaining bearing,
which boasts low contact stress. However, in the case of the mobile bearing insert, the bear‐
ing can be dislocated when flexion extension gaps are inadequate. In Europe, this mobile
bearing prosthesis has been used for decades with good clinical results, but recent reports
have found no significant differences between this mobile bearing prosthesis and fixed bear‐
ing polyethylene.

Figure 4. Mobile bearing knee prosthesis, which reduces contact stress but preserves freedom of movement (Courtesy
of Biomet)

3.3. Non-cemented versus cemented knee prostheses

Concern over the long-term tolerance of bone cement fixation led to the development of a
non-cemented fixation design in 1980. Hungerford et al. [20] invented the initial porous-
coated anatomic design, others include, the Miller-Galante, Miller-GalanteII, Tricon-M, Gen‐
esis, and Ortholoc prostheses. These implant designs have a surface topography that is
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replace the biomechanics of the normal knee joint. Furthermore, many clinical studies have
concluded that there is no significant difference between these two types of prosthesis.

3.2. Mobile versus fixed bearing total knee arthroplasty

Traditional fixed bearing knee arthroplasties have produced good clinical results at 10-15
years postoperatively. Unfortunately, problems associated with polyethylene wear can oc‐
cur in the long-term, especially in young patients. This wear can be reduced by reducing
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contact stress at the joint surface and by improving the wear characteristics of the material
used. Contact stress may be reduced by increasing conformity between the femoral compo‐
nent and the polyethylene insert. The development of mobile-bearing articulating polyethy‐
lene surfaces in implants for patients undergoing total knee arthroplasty reflects the efforts
made by designers to optimize wear while addressing the complexities of function. Howev‐
er, the trade-off for conformity and free mobile range in fixed bearing knee arthroplasty
makes marked improvements in contact stress near impossible. To solve this problem, mo‐
bile bearing interposition knee arthroplasty was invented to reduce contact stress but to pre‐
serve freedom of movement. In 1986, Goodfellow and O’Connor [18] invented Oxford knee
arthroplasty, which is a mobile bearing knee arthroplasty of the bicondylar type (Figure 4),
and subsequently, Beuchel and Pappas [19] invented the meniscus sustaining bearing,
which boasts low contact stress. However, in the case of the mobile bearing insert, the bear‐
ing can be dislocated when flexion extension gaps are inadequate. In Europe, this mobile
bearing prosthesis has been used for decades with good clinical results, but recent reports
have found no significant differences between this mobile bearing prosthesis and fixed bear‐
ing polyethylene.

Figure 4. Mobile bearing knee prosthesis, which reduces contact stress but preserves freedom of movement (Courtesy
of Biomet)

3.3. Non-cemented versus cemented knee prostheses

Concern over the long-term tolerance of bone cement fixation led to the development of a
non-cemented fixation design in 1980. Hungerford et al. [20] invented the initial porous-
coated anatomic design, others include, the Miller-Galante, Miller-GalanteII, Tricon-M, Gen‐
esis, and Ortholoc prostheses. These implant designs have a surface topography that is
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conducive to bone ingrowth. Most are coated or textured so that the new bone actually
grows into the surface of the implant. They may also use screws or pegs to stabilize the im‐
plant until bone ingrowth occurs. However, because they depend on new bone growth for
stability, non-cemented implants require a longer healing time than cemented replacements.

Non-cemented implants, unfortunately, showed higher failure rates than cemented knee ar‐
throplasties due to aseptic loosening and bone loss. In all knee replacement implants, metal
rubs against the polyethylene insert, and although the metal is polished and the polyethy‐
lene is treated to resist wear, the loads and stresses of daily movements generate microscop‐
ic particle debris, which in turn, can trigger inflammatory responses that result in osteolysis
or loosening.

Because non-cemented implants have not been used as long as cemented implants, compari‐
sons after long-term use are not possible. However, some studies have shown that non-ce‐
mented fixation has success rates comparable to those of cemented fixation [21].
Nevertheless, non-cemented knee arthroplasty has not widely adopted, but recent material
developments have resulted in materials that enhance bone ingrowth which has led to the
use of non-cemented knee arthroplasty in young patients.

3.4. Constrained condylar knee prostheses

Revision total knee arthroplasty is often associated with poorer outcomes due to bone loss
and ligament damage, which can result in ligamentous laxity and imbalance. A constrained
condylar knee design was developed to resist coronal moments in the plane caused by soft-
tissue deficiency. Constrained condylar knee designs have the advantage of allowing
changes in the center of rotation during flexion, and thereby, theoretically impart less tan‐
gential anterior-posterior stress across the prosthetic interface [22]. An early model of con‐
strained condylar knee design was proposed by Insall et al, although similar to posterior
cruciate ligament substitution knee arthroplasty, the polyethylene post is thicker and longer,
which provides stability for valgus and varus movements as well as not posterior move‐
ments [23]. These early models were developed into Legacy Constrained Condylar Knee
(Figure 5)[24]. Excessive constraint is a problem when the LCCK is used and this causes fail‐
ure by loosening the prosthesis. Thus, in difficult knee arthroplasty cases, usage may be de‐
termined during surgery by taking into consideration the need for constraint. For example,
in severe valgus knee joints, the LCCK polyethylene insert may be a good candidate, but
posterior cruciate substitution tibial bearing is recommended over the constrained type.

3.5. Cross-linked polyethylene bearing

The development of arthroplasty design and materials has led to long-term endurance, but
the not infrequent need for revision due to polyethylene wear has been a cause of patient
dissatisfaction. To reduce polyethylene wear, a cross-linked polyethylene bearing was de‐
veloped and used in hip replacements in 1990s, and thus, its effectiveness has been proven.
Its resistance to wear provides a promising solution for arthroplasty patients, especially to‐
day’s more active, physically demanding patients. However, in knee arthroplasty, it has nei‐
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ther been widely used nor widely studied. Recently improved resistance in posterior
cruciate substitution knees have been reported to lead to cam and post delamination, pit‐
ting, cracking or fractures [25].

Figure 5. The Legacy Constrained Condylar Knee Prosthesis (Courtesy of Zimmer)

3.6. High flexion type knee prostheses

Generally, postoperative knee motion range for total knee arthroplasty is less than 120 degrees.
Recently, to obtain motion ranges similar to those of the normal knee joint, high flexion femoral
prostheses with a thickened posterior portion of femoral prostheis and a wider contact surface
with the bearing are being used to reduce contact pressure and wear (Figure 6). To prevent col‐
lision between the patellar ligament and bearing at high degrees of flexion, a high flexion bear‐
ing with an oblique cutting of the anterior bearing has been developed. Furthermore, many
authors have reported that high flexion knee arthroplasty can result in smaller contact loadings
and wider ranges of motion than previous knee arthroplasties. For example, Huang et al. [26]
found that mean flexion in patients with a high-flexion prosthesis was approximately 10°
greater than in patients with a standard posterior stabilized implant. Laskin [27] has also pub‐
lished similar findings. In addition to pain reduction and restoration of function, survivorship
is also a decisive contributor to the success of TKA. Thanks to its extended posterior condyle
radius, which has been broadened all round, the NexGen CR-Flex system offer a larger contact
surface during deep bending, and therefore, spreads contact stress over a large area. However,
some authors [28, 29] have reported no increase of flexion when using high-flexion prostheses.
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In particular, in a clinical study that used both knee implants, high flexion knee arthroplasty
did not show a significant increase in knee joint flexion range. This issue needs to be proven by
long-term follow up over 10 to 15 years [30].

 

 

 

 

 

 

Figure 6. High flexion type prosthesis (Courtesy of Zimmer)

3.7. Ultracongruent polyethylene bearings

The most important thing to remember when performing posterior cruciate ligament pre‐
serving knee arthroplasty is to balance the posterior cruciate ligament and prevent instabili‐
ty by ligament disruption when flexed. For these reasons, deep-dished polyethylene insert
(also called ultracongruent insert) was developed. This bearing insert has moderate con‐
formity in coronal and sagittal planes, which can prevent edge loading caused from para‐
doxical anterior translation due to elevation of the anterior lip of the prosthesis, prevent
elevation in flexion, and prevent posterior subluxation (Figure 7). Ultracongruent bearings
can reduce cam-and-post wear or fracture that may occur after posterior cruciate ligament
substitution knee arthroplasties, and can prevent bone loss at the intercondylar cutting site.
This bearing represents a new concept in that it can also maintain the posterior cruciate liga‐
ment and provide moderate conformity in total knee arthroplasty. Further long-term clinical
follow-up is required along with comparative clinical trials of posterior cruciate ligament
preservation, substitution, and sacrificing techniques.
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Figure 7. Ultracongruent polyethylene bearing (Courtesy of Biomet)

4. Conclusion

The history of prostheses evolution follows a repetitive course of development and failure.
The continuous and rapid developments of biomechanics and of materials in the 20th centu‐
ry hugely expanded the information available. Furthermore, spectrums of designs are cur‐
rently being used for total knee arthroplasty.

Most knee replacements are now being performed with PCL-retaining or PCL-substituting
prosthesis that have their merits and limitations, as discussed above. New mobile-bearing
devices, which address the issue of functional complexity, have been developed and have
the potential to prolong implant durability. Nonetheless, prosthesis materials and the histor‐
ical and current results of different types of prosthesis remain topics of discussion with re‐
spect to their indications and contraindications. In the future, the new implant will be
developed by applying the pros and removing the cons based on the implant history.
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Chapter 10

Optimization of Tuberosity Healing in Prosthetic
Reconstruction of Proximal Humerus Fractures

Moby Parsons

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53727

1. Introduction

Achieving successful clinical outcomes after hemiarthroplasty for 4-part proximal humerus
fractures remains a sobering challenge for even the experienced shoulder reconstruction sur‐
geon or traumatologist. Despite what appears to be secure tuberosity fixation at the time of
wound closure, serial postoperative radiographs often reveal progressive displacement
and/or resorption of the greater tuberosity.[1-3] This results in a situation akin to a posterior-
superior rotator cuff tear, where most patients cannot generate sufficient cuff strength to sta‐
bilize the humeral head against the superior pull of the deltoid. Secondary mechanical
consequences, including shoulder weakness, superior instability and trapezial substitution
can compromise outcomes both in terms of shoulder function and pain in such circumstan‐
ces.[4, 5] Stiffness and cuff dysfunction frequently render the functional results only fair and
many patients must accept a limited goals end result.[6-8]

It is well established that restoration of shoulder function after hemiarthroplasty for fracture
depends on successful tuberosity healing in combination with proper reconstruction of the
head-tuberosity and head-shaft relationships.[1, 7-9] In the native proximal humerus, the
edge of the articular cartilage of the superior head is directly adjacent to the cuff insertion
and the two are nearly confluent. The dome of the head is about 5-8 mm above the supraspi‐
natus footprint. Restoring this confluence between the cuff insertion and the prosthetic head
while maintaining appropriate tuberosity offset relative to the center of rotation is essential
for proper cuff mechanics. Restoring proper head height, medial offset, posterior offset and
retrotorsion is also critical to achieving soft tissue balance that will provide both strength
and stability.

Despite the introduction of fracture-specific prostheses, translating successful anatomical re‐
construction into shoulder function is not guaranteed by the theoretical solutions these new‐
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er designs propose for complex fracture treatment. Realistically, outcomes after
hemiarthroplasty for fracture are a blend of appropriate prosthesis selection and use, opti‐
mal management of tuberosity fixation, respect for the biology of fracture healing and appli‐
cation of an appropriate rehabilitation protocol that does not jeopardize these other aims. As
follows is a discussion about principles for optimizing tuberosity reduction, fixation and
healing using horizontal cable cerclage in combination with a press-fit, porous coated frac‐
ture-specific prosthesis. This technique can be applied in the setting of hemiarthroplasty or
reverse shoulder arthroplasty for fracture.

2. Why does failure of tuberosity healing occur?

As with fractures in other bones, successful union of the tuberosities after humeral hemiar‐
throplasty requires an optimal biological and mechanical environment for bone healing.
Failure occurs for several potential reasons alone or in combination. Firstly, aggressive mo‐
bilization techniques during exposure may devascularize and further destabilize the tuber‐
osities by stripping periosteal attachments. These periosteal attachments are critical to the
blood supply of the greater tuberosity when the posterior circumflex humeral artery has
been severed by the fracture pattern. This is generally the case when fracture severity war‐
rants prosthetic reconstruction. Secondly, violation of the rotator interval capsule during ex‐
posure and head retrieval disrupts the remaining bridge of tissue that links the tuberosities.
This further destabilizes the tuberosities by dissociating the transverse force couple that
counteracts their individual deforming forces.

Thirdly, thermal damage from cement may further damage the endosteal blood supply of
the humerus, and cement blocks the marrow cavity and areas where the fracture fragments
may interdigitate. Fourthly, conventional suture fixation constructs often fail to achieve suf‐
ficiently rigid fixation to permit healing. Poor bone quality and fracture comminution in‐
crease the likelihood of suture loosening, which occurs early in the postoperative period.
Finally, prosthesis designs that do not provide an adequate template for recreation of the
cortical shell of the proximal humerus and those that do not allow direct fixation of the tu‐
berosities to the body of the prosthesis will invite a degree of micromotion that is not com‐
patible with fracture union.

3. Features of the EPOCA prosthesis

For fracture hemiarthroplasty, the author prefers the EPOCA Shoulder System (Synthes,
Westchester, PA). The EPOCA shoulder prosthesis has several features that make it an ideal
choice for use in reconstructing proximal humerus fractures. The design of the humeral
prosthesis is based on extensive anatomical studies with the goal of restoring the normal
structural relationships between the head, tuberosities and shaft.[10] The rationale behind
the design of the EPOCA system is that aspects of the proximal humeral anatomy that are
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highly variable across the population should be adjustable while those aspects with minimal
variation should be standardized. Features with a high variation include head radius, size of
the humeral medullary canal, medial offset and tuberosity offset. Features with a low varia‐
tion include neck-shaft angle and the ratio of head height to radius. To this end, the system
offers 5 stem sizes (6 - 14mm in 2 mm increments) and 10 head diameters (40 – 58 mm in 2
mm increments). There are also standard (115 mm) and long (215 mm) stem lengths. Inde‐
pendent adjustment of medial and posterior offset can be achieved by a dual eccentricity
(Eccenter) that allows the head to be placed in an infinite number of X-Y positions within a 6
mm orbit relative to the humeral component. This ensures precise reconstruction of the
proximal humeral anatomy and center of rotation.

The EPOCA stem comes in both a press fit and cemented option (Figure 1). The former has
porous coating on the proximal half, the roughness of which may help promote tuberosity
adherence and security. The tapered wedge geometry has a prominent calcar design that
helps the stem self-center, self-rotate and self-lock as it is inserted. Thus, even in a fracture
situation, a press-fit stem can be used and achieve excellent stem stability without the need
for cement fixation.

Figure 1. The EPOCA stem comes in press-fit, porous coated (A) and smooth, cemented (B) options. Both have a ta‐
pered wedge geometry with a prominent calcar design that promotes metaphyseal fill (C). Medial and lateral holes in
the proximal stem allow cerclage directly through the prosthesis rather than around its medial calcar portion. These
features permit use of the press-fit stem in the setting of fracture due to the rotational stability afforded by the stem
geometry.

The proximal body of the stem has both a medial and lateral hole through which cables can
be passed for tuberosity cerclage (Figure 1). This construct improves rotational stability of
the cerclage fixation compared to cables or sutures passed around the calcar section of the
prosthesis. In the latter case, the fixation is not directly linked to the stem so that the tuber‐
osities can still move independently of the prosthesis when the arm is rotated about the axis
of the humerus. By passing fixation through the stem of the prosthesis, the tuberosities are
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compressed directly to the stem so that the construct rotates as a single unit during arm ro‐
tation. The improved stability of this fixation obviates the need for multiple other sutures,
specifically vertical sutures between the shaft and bone-tendon junction that tend to result in
the common mistake of tuberosity over-reduction.

4. Preoperative planning

When the decision to operate has been made, the surgeon needs to consider a variety of
factors  in deciding the best  method of  treatment for  the given fracture pattern.  Aspects
of  the patient’s  medical  and social  history are  important  to  consider.  The following pa‐
tients factors may bear on the decision to attempt fixation versus prosthetic replacement:
age, hand-dominance, physical demands, expectations, compliance, smoking history, and
medical comorbidity.

Figure 2. Head perfusion is best assessed by the length of the medial metaphyseal extension (A) and the displacement
of the medial periosteal hinge (B). If the metaphyseal extension is less than 5mm and/or the displacement of the me‐
dial hinge is more than 5-10mm, the head is likely ischemic.
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It is essential when assessing these fractures to have a thorough understanding of the frac‐
ture “personality” and this usually demands a CT scan with coronal and sagittal reconstruc‐
tions that allow for 3-D rendering. Such imaging can be invaluable in determining the
location and degree of comminution, the integrity of the articular surface, the exact relation‐
ship between the head, tuberosity and shaft, as well as prognostic indicators of head vascu‐
larity. In the latter case, the length of the medial metaphyseal extension and the
displacement of the medial periosteal hinge are most predictive of head perfusion (Figure 2).

This collective information can help the surgeon determine if fixation is both warranted and
feasible. Feasibility depends on factors such as bone quality and comminution, fracture com‐
plexity, availability of the necessary implants and surgeon skill. If stable, anatomical fixation
is not possible, then prosthetic replacement is warranted. While reverse shoulder arthroplas‐
ty has become increasingly popular in this setting, there remains a role for hemiarthroplasty
in younger and more physically demanding patients. Of note, the technique described here‐
in can be used for secure tuberosity fixation during reverse arthroplasty for fracture where
outcome can also be improved by successful tuberosity healing allowing restoration of ac‐
tive external rotation.

5. Surgical technique

The patient is positioned as for a shoulder arthroplasty such that the scapula is supported
but the arm can be brought over the side of the bed to expose the humeral shaft. The frac‐
ture is exposed through a standard delto-pectoral approach taking the cephalic vein laterally
with the deltoid. The anterior deltoid is elevated off the coracoacromial (CA) ligament and a
sharp angled lever is placed behind the ligament. This helps “roll” the deltoid laterally to
expose the proximal humerus.

The clavipectoral fascia is excised en bloc from the CA ligament proximally to the pectoralis
major tendon distally and the conjoint tendon medially to the deltoid laterally. Once this
layer has been removed, the humeroscapular motion interface is accessible and adhesions in
this interval can be freed using blunt dissection. One must avoid overzealous dissection to
prevent stripping of any residual periosteal attachment of the tuberosities to the shaft. A
curved ring retractor can then be placed beneath the deltoid and a right-angle retractor be‐
neath the conjoint tendon.

The  biceps  tendon  is  then  identified  and  followed  proximally.  It  should  be  sutured  to
the pectoralis major tendon to preserve native tension and then tenotomized at the supe‐
rior aspect of the bicipital groove. Because the bicipital groove and a portion of the ante‐
rior  greater  tuberosity  usually  remain  attached  to  the  lesser  tuberosity  fragment,  it  is
critical  to  preserve the rotator  interval  capsule  (Figure 3A).  Thus,  it  should not  be  rou‐
tinely  divided above the  transverse  humeral  ligament  as  many conventional  techniques
recommend (Figure 3B). Preservation of the rotator interval will help stabilize the tuber‐
osity repair by leaving a soft tissue bridge between the anterior and posterior fragments.
This  helps neutralize  the individual  deforming forces  that  lead to loosening and failure
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of fixation. In a majority of cases there is a longitudinal split in the supraspinatus tendon
where  the  anterior  bundle  remains  attached  to  the  lesser  tuberosity  fragment.  Mainte‐
nance of this attachment is critical to maximize the potential for cuff function postopera‐
tively.  Exposure  of  the  humeral  head  and  glenoid  can  be  achieved  by  extending  the
longitudinal cuff split medially. This can be repaired side-to-side at the conclusion of the
case and does not jeopardize the cuff insertion to the bone.

Figure 3. In a typical 4-part fracture, the bicipital groove and anterior most portion of the greater tuberosity remains
attached to the anterior, lesser tuberosity fragment (A). The anterior bundle of the supraspinatus tendon remains at‐
tached to this anterior fragment, separated by a longitudinal split in the tendon at the level of the fracture plane. The
rotator interval capsule remains intact and should not be violated as is current convention (B).

Heavy braided suture is placed through the bone tendon interface of each of the subscapula‐
ris (SC), supraspinatus (SS) and infraspinatus (IS) tendons. It is essential when placing the
posterior sutures that excessive traction is not applied so that soft tissue attachments be‐
tween the tuberosity and shaft are maintained. Overly aggressive tuberosity mobilization in‐
jures the periosteal blood supply and reduces the likelihood of eventual healing. As much as
possible, the greater tuberosity should be left in-situ posteriorly.
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The humeral head can then be retrieved from the joint through the split in the SS tendon.
The head can then be “keyed in” to the shaft to determine the location of the medial meta‐
physeal extension. The length of this extension is then measured and this length represents
the distance above the calcar that the prosthetic head should sit to restore proper head
height (Figure 4). This is a simple, reliable and accurate method of determining head height
that can be cross-referenced with other accepted methods per the surgeon’s discretion. The
humeral head is then sized against the prosthetic head trials. One should typically downsize
if the native head is in between trial head sizes so as not to overstuff the joint. Cancellousau‐
tograft is then harvested from the humeral head for supplemental bone grafting of the tu‐
berosities to aid in restoration of tuberosity offset.

Figure 4. The length of the medial metaphyseal extension can be used as an accurate and reproducible method of
determining the height at which the prosthesis should be seated to recreate proximal humeral anatomy. The native
head can be keyed onto the shaft to determine this height (A). The prosthesis height and medial offset should be set
to reproduce the native shoulder anatomy (B).

Prior to stem implantation, it is important to place the cerclage cables through the greater
tuberosity in an inside-out fashion (Figure 5) At a level approximately 5 mm below the
bone-tendon junction, a 2 mm drill bit is used to make the medial and lateral holes through
the tuberosity bone. Again, care should be taken to leave the tuberosity in-situ when these
holes are drilled to protect soft-tissue attachments. A Synthes 1 mm needled, beadless cable
is then passed through each of the holes. The cable crimp must be taken off before the cable
is placed and the crimp saved on the back table so that it is not inadvertently lost. The nee‐
dle can be bounced off of the curved deltoid retractor and the cable retrieved on the dorsal
tuberosity surface. The needle is removed and the cables are then tagged with a hemostat
and parked posteriorly for later tuberosity repair.

A distally-angled Fukuda retractor is next placed behind the glenoid to inspect the joint. The
root of the biceps should be excised and the glenoid articular surface checked for concomi‐
tant fracture. The labrum should be preserved to aid in stability and load distribution. Ag‐
gressive capsular releases are not necessary in fracture reconstruction as would be
performed during shoulder arthroplasty for degenerative disease, and the temptation to
perform a circumferential subscapularis release should be avoided. This will only jeopardize

Optimization of Tuberosity Healing in Prosthetic Reconstruction of Proximal Humerus Fractures
http://dx.doi.org/10.5772/53727

203



of fixation. In a majority of cases there is a longitudinal split in the supraspinatus tendon
where  the  anterior  bundle  remains  attached  to  the  lesser  tuberosity  fragment.  Mainte‐
nance of this attachment is critical to maximize the potential for cuff function postopera‐
tively.  Exposure  of  the  humeral  head  and  glenoid  can  be  achieved  by  extending  the
longitudinal cuff split medially. This can be repaired side-to-side at the conclusion of the
case and does not jeopardize the cuff insertion to the bone.

Figure 3. In a typical 4-part fracture, the bicipital groove and anterior most portion of the greater tuberosity remains
attached to the anterior, lesser tuberosity fragment (A). The anterior bundle of the supraspinatus tendon remains at‐
tached to this anterior fragment, separated by a longitudinal split in the tendon at the level of the fracture plane. The
rotator interval capsule remains intact and should not be violated as is current convention (B).

Heavy braided suture is placed through the bone tendon interface of each of the subscapula‐
ris (SC), supraspinatus (SS) and infraspinatus (IS) tendons. It is essential when placing the
posterior sutures that excessive traction is not applied so that soft tissue attachments be‐
tween the tuberosity and shaft are maintained. Overly aggressive tuberosity mobilization in‐
jures the periosteal blood supply and reduces the likelihood of eventual healing. As much as
possible, the greater tuberosity should be left in-situ posteriorly.

Arthroplasty - Update202

The humeral head can then be retrieved from the joint through the split in the SS tendon.
The head can then be “keyed in” to the shaft to determine the location of the medial meta‐
physeal extension. The length of this extension is then measured and this length represents
the distance above the calcar that the prosthetic head should sit to restore proper head
height (Figure 4). This is a simple, reliable and accurate method of determining head height
that can be cross-referenced with other accepted methods per the surgeon’s discretion. The
humeral head is then sized against the prosthetic head trials. One should typically downsize
if the native head is in between trial head sizes so as not to overstuff the joint. Cancellousau‐
tograft is then harvested from the humeral head for supplemental bone grafting of the tu‐
berosities to aid in restoration of tuberosity offset.

Figure 4. The length of the medial metaphyseal extension can be used as an accurate and reproducible method of
determining the height at which the prosthesis should be seated to recreate proximal humeral anatomy. The native
head can be keyed onto the shaft to determine this height (A). The prosthesis height and medial offset should be set
to reproduce the native shoulder anatomy (B).

Prior to stem implantation, it is important to place the cerclage cables through the greater
tuberosity in an inside-out fashion (Figure 5) At a level approximately 5 mm below the
bone-tendon junction, a 2 mm drill bit is used to make the medial and lateral holes through
the tuberosity bone. Again, care should be taken to leave the tuberosity in-situ when these
holes are drilled to protect soft-tissue attachments. A Synthes 1 mm needled, beadless cable
is then passed through each of the holes. The cable crimp must be taken off before the cable
is placed and the crimp saved on the back table so that it is not inadvertently lost. The nee‐
dle can be bounced off of the curved deltoid retractor and the cable retrieved on the dorsal
tuberosity surface. The needle is removed and the cables are then tagged with a hemostat
and parked posteriorly for later tuberosity repair.

A distally-angled Fukuda retractor is next placed behind the glenoid to inspect the joint. The
root of the biceps should be excised and the glenoid articular surface checked for concomi‐
tant fracture. The labrum should be preserved to aid in stability and load distribution. Ag‐
gressive capsular releases are not necessary in fracture reconstruction as would be
performed during shoulder arthroplasty for degenerative disease, and the temptation to
perform a circumferential subscapularis release should be avoided. This will only jeopardize

Optimization of Tuberosity Healing in Prosthetic Reconstruction of Proximal Humerus Fractures
http://dx.doi.org/10.5772/53727

203



the anterior circumflex humeral artery, which provides vascularity to the anterior tuberosity
fragment, and disrupt the important rotator interval “bridge.”

The humeral shaft is then exposed by placing the arm in extension, adduction and external
rotation. Two blunt Hohman retractors, posteriorly and medially, are used to leaver the
shaft anteriorly. If necessary, the medullary canal is opened with the cylindrical starter rasp.
Further reaming is not necessary as the EPOCA system uses impaction broaches to prepare
the canal. Starting with the smallest broach, proper stem rotation is determined by orienting
the laser-etched center line of the broach with a point 8 mm posterior to the deepest point of
the bicipital. This point has been shown to correspond to the equatorial plane of the humeral
head (Figure 6A & B).[10] The broach is seated to the level that restores the head height ac‐
cording to the pre-determined metaphyseal extension length. Proper retrotorsion of the
humeral stem can be confirmed by inserting the 6 mm rod into the broach and measuring
roughly 25 degrees relative to the forearm axis with the goniometer.

Figure 5. The Synthes beadles, needled cable should be used (A); cables should be placed prior to instrumentation of
the humeral shaft with care taken not to disrupt periosteal attachments between the tuberosities and the humeral
shaft (B).

Progressively larger broaches are introduced until distal (diaphyseal) canal fill is achieved.
A curved curette can be used to remove cancellous bone along the medial humeral meta‐
physeal region to help fully seat the desired broach if necessary. The pronounced calcar de‐
sign allows the broach to self-center, self-align and self-lock in the proper height and
orientation, obviating the need for cumbersome jigs to position the trial stem. Once the stem
size has been determined, the trial stem is impacted to the proper height using light progres‐
sive taps with the mallet to prevent fracture of the shaft by the wedge-shaped stem.

Arthroplasty - Update204

In a majority of cases, an optimal fit can be achieved allowing the use of a press-fit stem. In
the occasional case, one stem size is over-recessed relative to the calcar and the next size too
big for the diaphysis. In these cases, the surgeon has two choices. The first is to attempt im‐
paction grafting the smaller stem to the proper height using autograft from the humeral
head and the smaller impaction broach. With the diaphyseal portion of the broach inserted
only slightly into the canal, small croutons of bone graft can be placed circumferentially
around the canal opening and progressively impacted into the metaphysis. This process can
be repeated until a snug fit is achieved with the broach. In patients with severely osteoporot‐
ic bone, a stable press-fit may not be possible without undue risk of humeral shaft fracture.
The second option is to cement the final prosethsis in a conventional manner. In such a case,
the final chosen stem will be one size smaller than the broach and trial stem to allow for a
circumferential cement mantle.

Figure 6. The equatorial plane of the humeral head bisects the edge of the articular cartilage adjacent the rotator cuff
at a point approximately 8mm posterior to the deepest point of the bicipical groove (A); This is also true in the meta‐
physeal region and can be used to orient the trial stem into the proper retrotorsion. When the laser etch on the back
of the stem is 8mm posterior to the bicipital groove on the proximal aspect of the humeral shaft, the retrotorsion
should measure roughly 25-30 degrees relative to the forearm axis (B).

The Eccenter is then placed on the trial stem followed by the trial humeral head. The 2.5 mm
hex driver is used to dial the Eccenter with respect to the stem while the head can be man‐
ually rotated on the Eccenter. The combined dual eccentricity of this design allows the head
to be placed in an infinite number of antero-posterior (AP) and medio-lateral (ML) offset po‐
sitions within a 6mm orbit (Figure 7A). More importantly it allows independent adjustment
of the medial and posterior offset to more accurately restore the patient’s native anatomy
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and center of rotation. Optimal medial offset is achieved by recreating the medial calcar line
without step off (Figure 7B). In the AP plane, slight posterior offset is desirable to accommo‐
date the larger greater tuberosity and restore native posterior offset of the humeral head rel‐
ative to the humeral medullary canal. Once the head position has been chosen, the head and
Eccenter can be locked using the 2.0 mm hex driver. The trial prosthesis is then reduced into
the joint to confirm a congruent stable fit with the glenoid. After the offset number of the
head is recorded, the head is removed and the offset letter of the Eccenter is then recorded
so that the construct can be replicated with the final components.

Figure 7. The Eccenter in combination with the humeral head provides a dual offset that allows independent adjust‐
ment of the medial and posterior offset for optimal head positioning (A); The medial offset should be adjusted to re‐
create the normal calcar line relative to the humeral shaft (B).

The final component is then assembled using the press and inserted as a monoblock. The
diaphyseal portion of the stem is placed into the medullary canal. Prior to fully seating the
component, the cables are passed through the medial and lateral holes from posterior to an‐
terior (Figure 8A). The 3 mm retrotorsion bar is then used to cross-check proper rotation and
the component is then fully press fit to the pre-determined height.

The prosthesis is then reduced into the glenoid. Two holes are then drilled into the lesser
tuberosity fragment using the 2.0 mm drill. These holes should be placed slightly below the
bone tendon junction and correspond to positions of the cables exiting the stem. A 14 gauge
angiocath can then be inserted from outside to inside through these holes as a transit to
shuttle the cables through the bone fragment. Prior to final tuberosity reduction, bone graft
from the humeral head is packed around the stem to fill any voids and augment the often
fragile cortical sleeve of the tuberosity fragments. A #2 non-absorbable suture is next used to
reapproximate the longitudinal SS split. This aids in fine tuning the tuberosity reduction.
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Care must be taken not to over-reduce the tuberosities especially distally. Rather than being
pulled down and fixed to the humeral shaft with vertical sutures, the tuberosities should be
pushed up to restore the native position of the superior rotator cuff insertion relative to the
edge of the prosthetic head. Once this position has been optimized, the tuberosities can be
securely fixed with horizontal cable cerclage (Figure 8B).

Figure 8. The cables should be passed through the prosthesis from back to front before final prosthesis seating. After
holes are drilled into the lesser tuberosity fragment, these cables are then passed from inside to outside through the
lesser fragment (A). Once the joint is reduced and the tuberosities situated to recreate the proper head-tuberosity re‐
lationship, the cables can be tightened and crimped to effect a horizonal cerclage directly to the prosthesis (B).

Both ends of each cable are threaded through their respective crimps, which are positioned
over the bicipital groove. The cables are then spaced superiorly and inferiorly on the tuber‐
osities. The superior cable must be placed below the bone tendon junction so that it does not
subluxate over the humeral head. To tension the beadless cable, the crimp must be stabilized
on one side by either a hemostat or by the accessory locking portion of the Synthes tension‐
er. The tensioner is then placed on the opposite side and tensioned until a firm embrace is
achieved (roughly 20-30 kg). Overtensioning should be avoided so to prevent deforming or
crushing the fragile bone and to avoid devascularization. After crimping and cutting the ca‐
bles to length, the biceps tendon can be used to cover the crimps by a soft tissue tenodesis to
the cuff.

Further tuberosity fixation is not necessary and usually only promotes overreduction and
devascularization. A single vertical suture, however, can be passed from the shaft around
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fragile cortical sleeve of the tuberosity fragments. A #2 non-absorbable suture is next used to
reapproximate the longitudinal SS split. This aids in fine tuning the tuberosity reduction.
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Both ends of each cable are threaded through their respective crimps, which are positioned
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osities. The superior cable must be placed below the bone tendon junction so that it does not
subluxate over the humeral head. To tension the beadless cable, the crimp must be stabilized
on one side by either a hemostat or by the accessory locking portion of the Synthes tension‐
er. The tensioner is then placed on the opposite side and tensioned until a firm embrace is
achieved (roughly 20-30 kg). Overtensioning should be avoided so to prevent deforming or
crushing the fragile bone and to avoid devascularization. After crimping and cutting the ca‐
bles to length, the biceps tendon can be used to cover the crimps by a soft tissue tenodesis to
the cuff.

Further tuberosity fixation is not necessary and usually only promotes overreduction and
devascularization. A single vertical suture, however, can be passed from the shaft around

Optimization of Tuberosity Healing in Prosthetic Reconstruction of Proximal Humerus Fractures
http://dx.doi.org/10.5772/53727

207



the superior cable to prevent it from slipping over the head. After copious irrigation, the
wound is closed in layers over a drain, followed by a sterile compressive dressing and sling.
Postoperative radiographs are obtained in the recovery room to confirm an optimal recon‐
struction (Figure 9).

Figure 9. Postoperative AP film showing stable tuberosity reduction with anatomical reconstruction of the calcar line,
head height and tuberosity height and offset.

6. Postoperative protocol

Active use of the arm is avoided for 6 weeks to allow tuberosity healing but passive motion
exercises must be started early to maximize postoperative function. Although some advo‐
cate no passive motion for several weeks, stiffness remains a significant problem that limits
the final outcome of these procedures. Because dense adhesions form in the subacromial
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space and humeroscapular motion interface, nonoperative and operative treatment of post-
surgical adhesive capsulitis in the presence of prosthesis is a substantial challenge that is of‐
ten marginal in its success. Codman’s exercises and positional exercises such as gentle table
slides or resting the arm in an abducted position can be started as soon as patients are com‐
fortable. Patients are instructed to steadily increase their passive range on a self-directed ba‐
sis. Formal physical therapy is often avoided in the early stages to prevent overly aggressive
applied stress that might jeopardize tuberosity fixation.

Serial x-rays and clinical status are checked at approximately 2, 4 and 8 weeks postopera‐
tively. Active-assisted range of motion can be added around 6 weeks assuming stable tuber‐
osity fixation. Progressive active range of motion and active use can be started at 8 weeks
based on radiographic evidence of tuberosity healing and patient compliance.

7. Discussion

Prosthetic replacement for the fractured proximal humerus follows the same biological and
mechanical principles that have evolved from experience in fracture fixation in other areas.
Surgeons should approach this case with the same tenets and goals as any fracture case and
not abandon these principles given the insertion of a prosthesis. Preservation of soft tissue
and periosteal attachments is critical to maintaining blood supply to the fracture fragments.
Preservation of the endosteal blood supply and avoidance of suture strangulation are also
important. Finally, fixation must be sufficiently rigid to reduce micromotion to a level that
permits fracture healing. The use of horizontal cable cerclage for tuberosity fixation using
the above-described technique in combination with a press-fit, porous humeral stem ad‐
dresses each of these critical elements to optimize the chance for successful healing in these
difficult cases.

Nils et al performed a meta-analysis of fracture hemiarthroplasty outcomes. Although the
quality of existing reports was deemed to be insufficient to make formal recommendations
about the role of hemiarthroplasty in the fracture setting, the authors did note that “tuberos‐
ity healing has influenced functional outcome in all series mentioning this parameter.”[7]
Boileau et al followed 66 patients after hemiarthroplasty for fracture and found tuberosity
malposition and migration in 50% of cases leading to unsatisfactory results including supe‐
rior migration, stiffness, weakness and pain.[1] Greiner and associated found that tuberosity
malposition correlates with the development of fatty infiltration of the cuff muscles and this
occurrence was significantly associated with poorer clinical outcomes in patients after hemi‐
arthroplasty for fracture.[11] Huffman and colleagues studied the biomechanics of tuberosi‐
ty malposition in 4-part fractures and determined that inferior placement (tuberosity
overreduction) has a significant negative impact on the mechanical advantage of the deltoid
during shoulder abduction.[5]

Taken together, these reports demonstrate that complications related to failure of tuberosity
reduction and fixation are frequent, have a negative impact on normal shoulder kinematics,
and result in inferior outcomes for pain and function. This fact has remained true despite
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advances in the development of fracture-specific prostheses, improved suture material and
purportedly improved suture constructs. Borowsky and colleagues recently reported on fail‐
ure modes of suture repair and found that tuberosity migration occurs early and in many
cases was over 1 centimeter.[2] Given the frequency of clinical reports of tuberosity migra‐
tion, it seems clear that currently accepted methods of suture repair fail to achieve a biologi‐
cal and mechanical environment that is suitable for bone healing, particularly in
osteoporotic bone. Cable cerclage on the other hand has 4.8 times the circular embracing
strength of conventional suture material and does not succumb to creep as suture material is
proven to do.[12] Cables also have a prone track record in fracture fixation in long bones,
such as periprosthetic fractures, and in fixation of trochanteric osteotomy in revision hip ar‐
throplasty. Thus, their application to tuberosity fixation has a solid mechanical and clinical
foundation.[13] Krause et al retrospectively compared cable fixation to nonabsorbable su‐
ture fixation and found that consistently better radiographic and functional results were
achieved when cables were used with the Epoca stem. [12]

Figure 10. Histogram of Constant Scores in a consecutive series of 56 patients s/p fracture hemiarthroplasty with ca‐
ble cerclage

The technique described above has been refined through Prof. Ralph Hertel’s extensive use
of this prosthesis in the fracture setting. Between 1997 and 2002, 60 patients were followed
prospectively following humeral hemiarthroplasty for fracture.(R Hertel, unpublished data)
The mean age was 68 years (range 39 – 88 years) and there were 26 males and 34 females.
Four patients were lost to follow-up leaving 56 patients available for review with an average
follow-up interval of 40 months (range 12 – 92 months). Successful tuberosity healing was
achieved in 49 patients with displacement or resorption in 7 patients. Five patients under‐
went an additional operation to refix the tuberosities. A total of 31 patients achieved active
forward elevation above 120 degrees. The histogram in Figure 10 demonstrates the range of
Constant Scores in this series of patients. These results, while not as favorable as those ach‐
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ieved in arthroplasty for degenerative joint disease, do demonstrate that relatively robust
shoulder function can be restored by hemiarthroplasty given tuberosity healing and success‐
ful patient rehabilitation. Stiffness remains a problem with neither an optimal preventative
strategy nor a reliably effective treatment.

8. Technique for the reverse prosthesis

There is growing interest in fracture reconstruction using a reverse prosthesis which may af‐
ford better active elevation in cases where tuberosity healing is unpredictable and will po‐
tentially be unsuccessful. Even in these cases, however, the surgeon should attempt to
achieve stable tuberosity fixation to improve the possibility for rotational movement which
aids in positioning the hand in space. Specifically, if active external rotation can be achieved
through reattachment of the greater tuberosity, patients may achieve greatly improved the
functional outcomes with a reverse arthroplasty.

Similar to primary shoulder arthroplasty, fracture specific systems are now available to ad‐
dress this reverse arthroplasty for fracture. As with primary systems, however, their design
does not guarantee successful tuberosity fixation and the principles outlined above still ap‐
ply to reconstruction with a reverse prosthesis. In addition to the importance of sound tech‐
nique which preserves the optimal biological conditions for fracture healing, tuberosity
fixation with horizontal cable cerclage can also be used to achieve a stable reconstruction
with a reverse prosthesis. In such cases, the technical steps are essentially identical to those
outlined for primary fracture hemiarthroplasty. Figure 11 demonstrates cable cerclage of the
tuberosities in a fracture reconstruction using a reverse prosthesis.

As the indication of reverse shoulder arthroplasty for fracture and fracture sequel has
gained more traction and as experience with this technique has grown, clinical studies are
now available to report on the outcomes of this procedure including comparative studies
with conventional hemiarthroplasty. Boyle and colleagues compared 313 fracture hemiar‐
throplasty patients to 55 fracture reverse patients and found that Oxford Shoulder Scores at
5 years postoperatively were superior in the reverse group.[14] Young et al, however, we
unable to realize any gains in range of motion, American Shoulder and Elbow Surgeons
Score or Oxford Shoulder Score in patient who underwent a reverse reconstruction com‐
pared to those who underwent hemiarthroplasty for fracture cases.[15] Cazeneuve et al re‐
ported on 35 patients who underwent reverse reconstruction for fracture or fracture
dislocation.[16] Complications including neurological injury, infection, instability and pro‐
gressive scapular notching led to a complication rate of 24% and stiffness was noted to be a
functionally limiting problem. Bufquin et al also reported stiffness with mean active eleva‐
tion of only 97 degrees and mean active external rotation of only 30 degrees.[17] Tuberosity
migration also occurred in 53% of cases. Lenarz and colleagues reported on 30 patients sta‐
tus post reverse arthroplasty for fracture and mean achieved active elevation of 139 degrees
and mean active external rotation of 27 degrees with a 10% complications rate.[18]
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Figure 11. AP view showing horizontal cable cerclage tuberosity fixation in reverse arthroplasty for fracture.

Collectively these early outcomes are somewhat sobering relative to the anticipated advan‐
tages that reverse shoulder replacement might achieve in fracture cases. They prove the
complexity of these cases and the challenges they present to the shoulder reconstruction sur‐
geon. As design modifications continue to improve reverse systems and as experience with
reverse arthroplasty in the fracture setting increases, surgeons can hopefully look forward to
future advancements in our ability to provide improved function restoration in these diffi‐
cult cases. Nevertheless, strict adherence to surgical techniques that preserve the biology of
fracture healing, that maximize stability of fragment fixation and that permit early rehabili‐
tation to encourage recovery of function are all critical regardless of the theoretical merits of
any specific system in terms of biomechanics and design.
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1. Introduction

Because of  its  impairment of  patients'  personal,  social,  and professional  lives,  degenera‐
tive disk disease has become an important  public  health problem with multiple  dimen‐
sions.  The  current  therapeutic  strategy remains  controversial  and is  also  a  medical  and
surgical  challenge.  Conservative  treatment,  based  mostly  based  on  physical  therapy,
constitutes  the  first-line  approach,  but  persistent  symptomatic  disease  may  be  treated
surgically in selected patients [1-4]. Lack of pain relief, stiffening of the lumbar spine, non-
union,  sagittal  balance misalignment,  bone graft  donor site  morbidity,  and,  last  but  not
least, adjacent segment disease are the pitfalls of intervertebral fusion that led to the idea
of total disk replacement (TDR) [5-12]. Since 1966 and Fernström’s first TDR implantation
[13],  many  designs  and  concepts  have  been  proposed  [14-23].  The  devices  are  usually
articulated implants,  and their  mobility depends on the designs of  the bearing surfaces.
Ball-and-socket two-piece prostheses have 3 degrees of freedom in every rotation around
a single fixed center of rotation. Three-piece devices allow additional translation compo‐
nents, providing 5 degrees of freedom. Articulated TDRs have demonstrated their clinical
utility in several patient series. Specifically, the non-inferiority of TDR versus fusion is now
generally accepted [18-20, 24]. However, in vitro testing of the two types of implants reveals
that both designs have biomechanical advantages and limitations.

Because the healthy human intervertebral disk has a deformable elastic structure with 6 degrees
of freedom, elastomeric one-piece intervertebral prostheses might be the most physiological
implant for mimicking physiologic levels of shock absorption and flexural stiffness. Design‐
ing such a device is challenging, especially when we remember the Acroflex® prostheses: the
elastic rubber failed so rapidly in vivo that only 28 were implanted in all [25-26].

© 2013 Lazennec et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
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The LP-ESP® (lumbar disk prosthesis-elastic spine pad) was developed over a 20-year period.
Improvements in technology have made it possible to solve the problem of the bond between
the elastic component and the titanium endplates. After successful in vitro and in vivo evalua‐
tion, the LP-ESP has been authorized for clinical use in Europe since 2005. The goal of this paper
is to present its innovative concept and the clinical results and radiological outcomes over its 7
years of use. In addition to measuring range of motion, we were specifically interested in the
quality of the kinematics and thus investigated the mean center of rotation at both the instrument‐
ed and adjacent levels. Changes in spinal posture were also a major point of the study.

2. Implant design

The design of the LP ESP® prosthesis is based on the principle of the silent block bush (Figure
1). The LP-ESP ® is a one-piece deformable implant including a central core made of silicone
gel with microvoids and surrounded by polycarbonate urethane (PCU) securely fixed to
titanium endplates. The endplates have five anchoring pegs to provide primary fixation and
are covered by a textured T 40 titanium layer (60 µm thick) and hydroxyapatite to improve
bone ingrowth (Figure 2).

Figure 1. The design of the LP ESP® prosthesis is based on the principle of the silent block bush

Arthroplasty - Update218

Figure 2. The LP-ESP ® is a one-piece deformable implant including a central core made of silicone gel with microvoids
and surrounded by polycarbonate urethane (PCU) securely fixed to titanium endplates.

Depending on the size, the titanium endplates differ in thickness and angulation. The pros‐
theses are available in two thicknesses (10 and 12 mm), each with 3 angles of lordosis (7°, 9°,
and 11°). Regardless of the model, however, the mechanically active cushion and the mechan‐
ical properties of the prosthesis are the same: The differences in thickness of the lordotic angle
do not affect the prosthesis's mobility or its cushioning, even shock-absorbing, effect.

Accordingly, the peripheral cushion (that is, the annulus) is securely fixed to the titanium alloy
endplates by adhesion-molding technology. This attachment is reinforced by a peripheral
groove without the addition of glue. This process of fixation avoids fluid infiltration and the
risk of fatigue fractures of the interface, despite the very different mechanical properties of the
polymer and the metal endplates. The PCU annulus is stabilized by supplementary pegs
located on the internal surface of both metal endplates. The geometry and position of the pegs,
between the peripheral groove and the central area of the endplates, were planned to control
rotational mobility (Figures 3 and 4 ). The polymer molding was designed to prevent all direct
contact between the upper and lower pegs.

The core or nucleus is composed of a compressible silicone structure containing isobutane
microbubbles. This core is injected after the annulus surrounding it has been molded. Two
titanium caps allow the core to be contained at the moment of the injection. These two pieces
are firmly secured to the titanium plates: they also play a mechanical role by their contactless
fit, because they contribute to limiting shearing during antero-posterior and medio-lateral
translation. The cushioning and compressing effects are obtained on the one hand by the
contactless interlocking of the male and female caps and, on the other hand, by crushing the
annulus between the two metal plates. The same components limit the shearing effect when
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The LP-ESP® (lumbar disk prosthesis-elastic spine pad) was developed over a 20-year period.
Improvements in technology have made it possible to solve the problem of the bond between
the elastic component and the titanium endplates. After successful in vitro and in vivo evalua‐
tion, the LP-ESP has been authorized for clinical use in Europe since 2005. The goal of this paper
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quality of the kinematics and thus investigated the mean center of rotation at both the instrument‐
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gel with microvoids and surrounded by polycarbonate urethane (PCU) securely fixed to
titanium endplates. The endplates have five anchoring pegs to provide primary fixation and
are covered by a textured T 40 titanium layer (60 µm thick) and hydroxyapatite to improve
bone ingrowth (Figure 2).

Figure 1. The design of the LP ESP® prosthesis is based on the principle of the silent block bush
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Figure 2. The LP-ESP ® is a one-piece deformable implant including a central core made of silicone gel with microvoids
and surrounded by polycarbonate urethane (PCU) securely fixed to titanium endplates.
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This design and the adhesion-molding technology differentiate the LP ESP prosthesis from

other monoelastomeric prostheses, for which the constraints of shearing during rotations or

movement are absorbed at the plastic/titanium interface because of the molding technology

Figure 3. The LP-ESP ® is a one-piece deformable implant including a central core made of silicone gel with microvoids
and surrounded by polycarbonate urethane (PCU) securely fixed to titanium endplates.

Figure 4. The geometry and position of the pegs, between the peripheral groove and the central area of the end‐
plates, are planned to control rotational mobility
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used in their design. The attachment is obtained by the penetration of the polymer through
small holes in the endplates. This process creates multiple interfaces and potential fatigue
lesions of the anchoring mechanism due to inhomogeneous loading during flexion-extension,
lateral inclination, and rotation. Thus, in these designs, the plastic monobloc cushion secured
to the titanium plates flows into the space between them during compression, creating an area
of friction and wear.

On the whole, in the LP ESP, the constraints of the interface between the PCU cushion and
its titanium seating are reduced. These are principally constraints of compression:

• between the exterior of the male cap and the interior of the female cap for translations;

• between the pegs for the rotation ;

• between the titanium endplates for flexion.

The principle of the LP ESP® makes it possible to reproduce the anisotropy of the healthy disk,
and the design allows modification of the return torque (without modifying the other param‐
eters of the prosthesis. For example:

• bringing the pegs closer together increases stiffness in rotation without modifying either
translation or compression;

Figure 5. The cushioning and compressing effects are obtained on the one hand by the contactless interlocking of the
male and female caps and, on the other hand, by crushing the annulus between the two metal plates.
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On the whole, in the LP ESP, the constraints of the interface between the PCU cushion and
its titanium seating are reduced. These are principally constraints of compression:

• between the exterior of the male cap and the interior of the female cap for translations;

• between the pegs for the rotation ;

• between the titanium endplates for flexion.

The principle of the LP ESP® makes it possible to reproduce the anisotropy of the healthy disk,
and the design allows modification of the return torque (without modifying the other param‐
eters of the prosthesis. For example:

• bringing the pegs closer together increases stiffness in rotation without modifying either
translation or compression;

Figure 5. The cushioning and compressing effects are obtained on the one hand by the contactless interlocking of the
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• diminishing the clearance between the male and female caps increases the stiffness of
translation without modifying either rotation or compression;

• modifying the ratio between the small and large diameters of the elliptic form of the cushion
changes the ratios of the return torques between flexion/extension and lateral flexion
without modifying stiffness in compression or rotation.

3. Manufacturing process

The manufacture of this complex implant includes 6 stages, each with its own quality control
for each piece:

• Stage 1: Machining titanium (TA6V) plates and male and female caps and 3-dimensional
check of each unit.

• Stage 2: Preparation of the annulus made of PCU.

◦ Electrochemical treatment of the interior surfaces of the TA6V plates

◦ Preparation and quality control of materials including drying PCU granules at 85°C for
4 h to reduce their humidity to less than 0.1%

◦ Molding the PCU annulus between the two titanium endplates with a 22-ton vertical
injection press (the endplates are pre-positioned in a mold that makes it possible to define
the external geometry and to preserve the ovoid-shaped housing of the core).

◦ Visual check of each unit, followed by testing compression of the implant without its core.

• Stage 3: Preparation of the core.

◦ Placement of the female cap by screwing it in

◦ Injection of a silicone-based component through the opening of the male cap

◦ Screwing in the male cap as the injection starts

◦ Cold polymerization

• Stage 4: Implant checks.

◦ dimensional check of each unit,

◦ testing rigidity while compressed by an axial load)

◦ destructive testing of the first and last pieces of each lot by axial traction of the 2 metal
endplates and then visual examination of the polymer parts (annulus and core).

• Stage 5:Two-stage spraying for final preparation of the anchoring endplates:

◦ the T40 coating by plasma in a vacuum

◦ and the layer of hydroxyapatite by plasma in a controlled atmosphere (inert gas)

Arthroplasty - Update222

Testing is performed as required by the standards:

ASTM F 1185-03 (2009) Standard Specification for Hydroxylapatite Composition for Surgical
Implants

ISO 5832-2:1999 Surgical implants-- Metal-based products -- Part 2: Non-alloy titanium

ASTM F 1044: Standard test method for Shear Testing of Calcium Phosphate Coatings and
Metallic Coatings

ASTM F 1147: Standard test method for Tension Testing of Calcium Phosphate and Metallic
Coatings

ASTM F 1609: Standard Specification for Calcium Phosphate Coating for Implantable Mate‐
rials.

ISO 13779-1: Hydroxyapatite - Part 1: Hydroxyapatite-based ceramic.

ISO 13779-2: Hydroxyapatite - Part 2: Hydroxyapatite-based coatings.

ISO/CD 13779: Hydroxyapatite - Chemical analysis and characterization of crystallinity and
phase purity

• Stage 6: processing in a class 100 clean room workstation

• Stage 7: sterilization by gamma radiation (min: 25 kgray; max: 40 kgray) according to a
special validated process

4. Design stages

After an initial patent application in 1994 by R. ROY CAMILLE, different avenues of research
were explored, with the scientific expertise of the CEA (Commissariat à l’Energie Atomique,
Fontenay aux Roses,France) and the industrial expertise of FH Industry for further R & D
( Heimsbrunn, France ).

The preliminary stages involved optimizing the choice of PCU, the development of the
attachment of the annulus to the metal endplates without chemical adhesives, the definition
of the pegs and caps, and the implementation of reliable techniques for polymer molding and
injection.

Biocompatibility tests were performed by BIOMATECH, a subsidiary of NAMSA (North‐
wood, Ohio, USA).

Human implantation began in 2004 with the first generation of LP ESP® implants, which used
endplates without lordosis (40 implantations, all complying with the Huriet Act, which defines
French ethical requirements) (Figure 6).

A second generation of implants with lordotic endplates (7°, 9°, and 11°) was introduced in
2005 — LP ESP 1 (Figure 7).
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• Stage 7: sterilization by gamma radiation (min: 25 kgray; max: 40 kgray) according to a
special validated process

4. Design stages

After an initial patent application in 1994 by R. ROY CAMILLE, different avenues of research
were explored, with the scientific expertise of the CEA (Commissariat à l’Energie Atomique,
Fontenay aux Roses,France) and the industrial expertise of FH Industry for further R & D
( Heimsbrunn, France ).

The preliminary stages involved optimizing the choice of PCU, the development of the
attachment of the annulus to the metal endplates without chemical adhesives, the definition
of the pegs and caps, and the implementation of reliable techniques for polymer molding and
injection.

Biocompatibility tests were performed by BIOMATECH, a subsidiary of NAMSA (North‐
wood, Ohio, USA).

Human implantation began in 2004 with the first generation of LP ESP® implants, which used
endplates without lordosis (40 implantations, all complying with the Huriet Act, which defines
French ethical requirements) (Figure 6).

A second generation of implants with lordotic endplates (7°, 9°, and 11°) was introduced in
2005 — LP ESP 1 (Figure 7).
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Figure 6. First generation of lumbar ESP® ( 2004) : endplates without lordosis

Figure 7. Second generation of lumbar ESP® ( 2005) : the shape of the endplates provides lordosis
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A final change was made to the PCU annulus in 2006: its periphery is no longer rectilinear but
was recessed somewhat during the molding process. This change did not modify the attach‐
ment of the cushion of the LP ESP 2® prosthesis but made it possible to reduce its stiffness
during compression by 30% without changing its characteristics for flexion/extension, lateral
incline, or rotation (Figure 8).

Figure 8. Last generation of lumbar ESP® ( 2006) : anterior recess in the PCU annulus to reduce stiffness during com‐
pression

This ESP prosthesis received CE marking in 2005, making it the first elastomeric lumbar
prosthesis to be validated and authorized for marketing.

5. Mechanical properties

The "silent block bush" design of the LP ESP® prosthesis avoids the disadvantage of centers
of rotation that are fixed or controlled by the implant design, as observed in disk prosthe‐
ses based on an articulated design. In addition, in each direction solicited, the prosthesis
offers resistance that increases with the amplitude of the movement. In this sense, the LP
ESP® cannot be compared to first-generation implants. It meets the mechanical criterion of
6  degrees  of  freedom and provides  a  cushioning  effect  while  restoring  elastic  recovery
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5. Mechanical properties

The "silent block bush" design of the LP ESP® prosthesis avoids the disadvantage of centers
of rotation that are fixed or controlled by the implant design, as observed in disk prosthe‐
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properties.  Its  mechanical  properties  are close to those reported in the literature for  the
normal disk (see Table 1).

Pure moments applied in increments up to a

maximum value of 10 N-m

References Level Natural disk

flexion extension Panjabi [27] L4/L5 6°

L5/S1 4°

Campana L1/L2 4°

L4/L5 7°

Yamamoto [28] L1/L2 5°

L4/L5 7.5°

lateral flexion Panjabi L4/L5 4°

L5/S1 2°

Campana [29] L1/L2 4.1°

L4/L5 6.1°

Yamamoto L1/L2 5°

L4/L5 5.7°

Torsion Panjabi L4/L5 2°

L5/S1 1°

Campana L1/L2 2.4°

L4/L5 3.4°

Yamamoto L1/L2 2.3°

L4/L5 2.2°

axial compression Gardner- Morse [30] 2420 N/mm

Variable according to the loading speed, values

retained for 0.1 m/s

Virgin [31] 3000 N/mm

Kemper [32] 1835 N/mm

Bouzakis [33] 1700 N/mm

Elastic recovery» yes

Table 1. Comparison of the mechanical properties of the LP ESP 2® prosthesis with those of the natural disk

6. Biomechanical assessment

The originality of the concept of the ESP® prosthesis led to innovative and intense testing of
various sorts.

6.1. Structural tests

a. Creep tests
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After continuous compression to 1250 kN for 2928 hours (122 days), the height loss was 0.2
mm. In the 8 hours following load removal, the residual height loss was 0.1 mm.

b. Influence of the pegs included in the PCU annulus to control rotations

Tests were performed for combined compression and rotation: the pegs included in the PCU
annulus absorb approximately 50% of the torque.

c. Assessment of the cohesion of the prosthetic cushion and the metal endplates:

The tests were performed for mediolateral and anteroposterior exertion applied to one of the
metal endplates, with the other plate attached to the test machine (figure 9). For implants 12- and
10-mm thick, respectively, a force of 450 and 800 N was required to obtain a gap of 1 mm between
the 2 endplates in the anteroposterior direction and 550 and 600 N in the mediolateral direction.

Figure 9. Assessment of the cohesion of the prosthetic cushion and the metal endplates: the tests were performed for
mediolateral and anteroposterior exertion applied to one of the metal endplates, with the other plate attached to the
test machine

The LP-ESP Lumbar Disc Prosthesis: Concept, Development and Clinical Experience
http://dx.doi.org/10.5772/53726

227



properties.  Its  mechanical  properties  are close to those reported in the literature for  the
normal disk (see Table 1).

Pure moments applied in increments up to a

maximum value of 10 N-m

References Level Natural disk

flexion extension Panjabi [27] L4/L5 6°

L5/S1 4°

Campana L1/L2 4°

L4/L5 7°

Yamamoto [28] L1/L2 5°

L4/L5 7.5°

lateral flexion Panjabi L4/L5 4°

L5/S1 2°

Campana [29] L1/L2 4.1°

L4/L5 6.1°

Yamamoto L1/L2 5°

L4/L5 5.7°

Torsion Panjabi L4/L5 2°

L5/S1 1°

Campana L1/L2 2.4°

L4/L5 3.4°

Yamamoto L1/L2 2.3°

L4/L5 2.2°

axial compression Gardner- Morse [30] 2420 N/mm

Variable according to the loading speed, values

retained for 0.1 m/s

Virgin [31] 3000 N/mm

Kemper [32] 1835 N/mm

Bouzakis [33] 1700 N/mm

Elastic recovery» yes

Table 1. Comparison of the mechanical properties of the LP ESP 2® prosthesis with those of the natural disk

6. Biomechanical assessment

The originality of the concept of the ESP® prosthesis led to innovative and intense testing of
various sorts.

6.1. Structural tests

a. Creep tests

Arthroplasty - Update226
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metal endplates, with the other plate attached to the test machine (figure 9). For implants 12- and
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d. Maximum compression tests

These tests were inspired by the experimental protocol of Virgin [31], who stated that a natural
healthy disk is irreversibly injured by a load of 3 to 11 kN. After application of a force of 4,800
N (100 h) and then 9,200 N (64 h), we did not observe irreversible destruction of the implants.
Compression tests and then compression-shearing at an angle of 45° were performed on the
same samples to obtain successive compressions of 2 mm, 3 mm, and 6 mm. These tests show
the implant's excellent tolerance of these compression–shearing mechanisms.

e. Tests to validate the final stage of coating on the exterior side of the metal plates

Adding a further final coating of porous titanium and spraying hydroxyapatite on the implant
in its permanent form causes its temperature to rise. During the coating process, the disc is
cooled by compressed air so that the ambient temperature remains stable at 21°C. Tests were
performed to verify the absence of any effect from this rise on the mechanically active cushion
in view of the known risk of PCU deterioration at 120°C. These tests demonstrated that the
temperature did not reach a level of risk to the PCU.

6.2. Fatigue and wear tests

Wear tests were conducted in a 3-axis motion simulator according to the following protocol:

• 10 million cycles of flexion, extension, and lateral tilting

• Frequency = 4 Hz

• Loads of 135 to 1350 N

• Inclination of the prosthesis at 45° to reproduce the sagittal orientation of the disk in
functional situations (Figure 10)

• In a demineralized water bath at 37° C

Figure 10. Wear tests were conducted in a 3-axis motion simulator (frequency = 4 Hz, loads of 135 to 1350 N), The
inclination of the prosthesis was 45° to reproduce the sagittal orientation of the disk in functional situations. The gap
between the metal plates was measured after each series of 10 million cycles.
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Tests have even been extended to 40 million cycles without any observation of signs of
mechanical failure. No loss of cohesion was seen. The residual gap between the metal endplates
was 0.55 mm after 20 million cycles and 0.78 mm after 40 million cycles. Loss of mass after 20
million cycles was less than 0.5 % (very low absorption of saline solution and slight degradation
of the endplates coating).

6.3. Biostability tests

This test was conducted according to the requirements of IS0 standard 10993-13/ biological
evaluation of medical devices, Part 13: Identification and quantification of the decay products
of polymer-based medical devices.

The biostability of the implant was assessed by analysis of the particles collected during the
filtration of the demineralized water bath, after a wear test of 10 million cycles under a load
of 1350 N. This study used a scanning electron microscope (SEM LEO1455VP), equipped with
an energy-selective spectrometer (EDS OXFORD). No particles from the component materials
of the prosthesis were found.

The tests looking for salted out or released matter showed the emission of <1 mg/kg methylene
diphenyl 4-4 diisocyanate and of 64.9 mg/kg of 4-4 methylene diamine. These results are
consistent with the data in the literature [34].

6.4. PCU aging test

The specific PCU used for the LP ESP prosthesis is not oxidized during storage (bionate 80A
(DSNM Biomedical,The Netherlands ) according to master file MAF844). Kurz demonstrated
that five years of shelf aging has little effect on the mechanical properties of the PCU and
concludes that the bionate 80A material has greater oxidative stability than ultra-high molec‐
ular weight polyethylene following gamma irradiation in air and exposure to a severe
oxidative challenge [35]. Tests were performed after artificial aging in water at 80°C followed
by 10 million compression cycles at loads ranging from 150 to 1250 N. In the absence of
published standards in the literature, the temperature was determined in comparison with
that recommended for aging plastics, including UHMWPE (ASTM standard F 2003: Acceler‐
ated aging of ultra-high molecular weight polyethylene after gamma irradiation in air) and
the axial load is that recommended by ISO standard 18192 (Intervertebral spinal disk pros‐
theses — Part 1: Loading and displacement parameters for wear testing and corresponding
environmental conditions for test) for wear tests. It was not observed significant changes in
the stiffness of the implants tested.

No modification of the Fournier transform infrared spectrum or any modification of the mean
molecular weight (ASTM standard D 5296) was observed. The chemical composition and
organization of the atomic bonds therefore remained identical because oxidation or natural
cross-linkage would have modified the atomic organization and thus the spectrum. These
results are consistent with the literature [34].
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Tests have even been extended to 40 million cycles without any observation of signs of
mechanical failure. No loss of cohesion was seen. The residual gap between the metal endplates
was 0.55 mm after 20 million cycles and 0.78 mm after 40 million cycles. Loss of mass after 20
million cycles was less than 0.5 % (very low absorption of saline solution and slight degradation
of the endplates coating).
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of 1350 N. This study used a scanning electron microscope (SEM LEO1455VP), equipped with
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7. Biocompatibility tests

They were performed by Biomatech (Chasse-sur-Rhône, France ).

All the materials were studied separately and in their final assembly, meeting the specifications
for biocompatibility tests described in ISO standard 10993 (Biological Evaluation of Medical
Devices).

Cytotoxicity test according to ISO standard 10993-5

Sensitization test according to ISO standard 10993-10

Test of irritation or intradermal reaction according to ISO standard 10993-10; acute systemic
toxicity according to ISO standard 10993-11 Chromosomal genotoxicity (Hearts test, and
chromosomal anomalies according to ISO standard 10993-3)

The implants also meet the criteria of the FDA's subacute sensitization test (following FDA -
Guidelines for Toxicity Tests Chapter IV).

8. Clinical results

8.1. Evaluation process:

As of today, more than 2000 LP ESP II prostheses have been implanted. No complication
related to the materials  has been reported.  Our clinical  experience is  based on prospec‐
tive studies of  clinical  and radiologic assessment.  The time points were 3,  6,  12,  and 36
months.  The  intensity  of  back  pain  was  evaluated  with  a  Visual  Analog  Scale  (VAS).
Disability was assessed with the Oswestry Disability Index (ODI) [36-37, 39]. FDA criteria
consider an improvement in the ODI at 2 years equal to or greater than 15% as success.
The SF 36 was used to assess global health status [40]; the quality of life dimension of this
test (SF-36) is composed of two subscores, the physical component summary (PCS) and the
mental component summary (MCS), expressed as percentages [40-44]. The results of this
score were compared to data known for a normal population [45]. In addition, the GHQ28
was used to investigate psychological distress [46].

Radiographs of  the  lumbar spine were prospectively  collected for  the  studies.  The time
points  for  the  radiological  evaluation  were  3,  6,  and  12  months.  The  X-ray  films  were
digitalized  with  the  VXR12®  scanner  (Vidar  System  Corporation)  and  analyzed  with
Spineview®  software (Surgiview Corporation,  Paris,  France),  the precision and reliability
of  which  has  previously  been  reported  [47].  The  analysis  was  performed  by  a  single
observer  who  was  not  involved  in  patient  selection,  surgical  procedures,  or  follow-up
examinations.  Kinematics  parameters  were  studied at  the  level  of  implantation  and the
adjacent  upper  level  on  the  flexion/extension  X-rays.  Range  of  motion  (ROM)  was
measured  to  describe  angular  mobility  quantitatively.  As  Champain  et  al.  [47]  has
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reported 2° accuracy for the measurement of ROM with Spineview®, we considered that
the prosthesis had no motion if the measured range of motion was less than 3°. For mobile
levels, the mean center of rotation (MCR) was recorded to assess motion qualitatively, as
previously described.  An orthogonal coordinate system centered at  the posterior superi‐
or corner of the lower vertebra, with the X axis along the posterior wall  and the Y axis
along  the  endplate,  was  used  to  describe  the  location  of  the  MCR.  The  percentage  of
MCRs in a correct or normal location was determined according to the method of Tournier
et al [48].

Lateral views in standing position (lumbar spine including femoral heads) were used to assess
the sagittal balance indicators, as defined by Duval and Beaupere [49].

• Sacral slope (SS): angle between the endplate of S1 and the horizontal line,

• Pelvic tilt (PT): the angle between the vertical line and the line connecting the center of the
S1 endplate to the center of the femoral head. The middle of the line connecting the two
femoral heads was used when those were not exactly superimposed;

• Segmental lordosis (SL): the angle between the upper endplate of the superior vertebra and
the lower endplate of the inferior vertebra (for L5S1, the upper L5 endplate and the upper
S1 endplate).

8.2. Clinical results

Clinical outcomes can be assessed from one of our prospective series of 120 patients. The mean
operative time was 92 min (standard deviation, SD: 49 min). The mean blood loss was 73 cc
(SD: 162 cc).

Analysis of the VAS showed a preoperative baseline of 6.6, a strong decrease to 3.7 points at
3 months, and a stable score of 3.6 through 36 months. The VAS thus decreased by 45%.

The baseline preoperative ODI score was 47.3%; it decreased regularly to 19.5% at 36 months,
that is, a reduction of 40%. Overall, 77% of the patients had an ODI score at 36 months that
improved by more than 15 points compared with the preoperative score. At 36 months after
surgery, 90% of the patients showed an improvement of more than 15% compared with the
preoperative value and 83% more than 25% (Tables 2 and 3).

The baseline preoperative GHQ28 score was 64.2; it began to fall at 3 months and remained at
52.2 at 36 months. This indicates an improvement of this psychological score of 18.7%.

The preoperative baseline SF 36 PCS score was 32.3%; it increased to 48.8% at 3 months and
reached 56.8% at 36 months, for an increase of 24,5%.

The preoperative baseline SF 36 MCS score was 42.9%; it increased regularly and reached 57.9%
at 36 months, for an increase of 15%.
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preoperative value and 83% more than 25% (Tables 2 and 3).
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Mean±SD PRE OP 3 MO 6 M 12 M 24 M

VAS 6.6±1.7 3.7±1.9 3.4±2.1 3.5±2.3 3.4±2.4

ODI (%) 47.6±14.6 30.3±17.6 24.5±17.6 21.8±16.3 20.6±17.3

GHQ 28 64.2±15.6 52.5±14.7 52.7±15.8 52.2±15.4 50.6±15.4

SF 36 PCS (%) 32.4±34.8 48.4±39 51.9±39.3 55.6±39.8 59±39.2

SF 36 MCS (%) 42.3±34.0 50.8±34.6 52.8±35.6 53±36.3 58.7±34.6

Table 2. Description of the different evaluations performed

improvement/preoperative status 3 M 6 M 12 M 24 M

ODI improvement of 15 points 53 69 72 76

ODI improvement of 15% 72 82 85 85

ODI improvement of 25% 59 75 82 83

Table 3. Improvement in ODI score compared with preoperative score (in % of the population)

8.3. Radiological outcome

The radiological results can be analyzed from another prospective series of 41 patients (20 L5S1
and 21 L4L5 implantations) for whom postural and kinematic indicators can be evaluated.

Table 4 summarizes the changes in the radiological indicators of sagittal balance over time.
Patients did not have major balance disorders before or after implantation. SS, PT, SL, and DH
all changed significantly between the preoperative period and all other time points.

Pre-op 3 months 6 months

Pelvic incidence (PI) 54.1° ± 14.6

Sacral slope (SS) 36.5° ± 10.6 39.2° ± 5.7 40.8° ± 8.5

Pelvic tilt (PT) 16.7° ± 7.8 15.1° ± 6.7 13.2° ± 8.2

Segmental lordosis (SL) 19.4° ± 6.7 26.6° ± 5.3 27.9° ± 6.9

Discal height (DH) 28.5% ±10.3 50.7% ± 7.4 50.3% ± 5.0

Table 4. Radiological parameters in standing position over time (mean + SD). Changes in SS, PT, SL, and DH were
significant between the preoperative measurements and all other time points.

The average range of motion in flexion-extension at the one-year follow-up was 5.0° (SD: 4.8°)
(Table 5). The ROM increased significantly from 3 to 12 months, from 3.4 ° to 5.0°. With the 3°
cut-off point, 66% of patients demonstrated mobility at one-year. The average ROM for the
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mobile prostheses was 6.9° (SD: 4.5). The average ROM of the prosthesis was 6.4° (SD: 4.9) at
L5S1 and 7.9° (SD: 3.3) at L4L5.

3 months 6 months

ROM at the prosthetic level 3.4° (2.5) 3.1° (2.8)

% of mobile prostheses 66% 60%

ROM of the mobile prostheses 4.4° (2.1) 4.6° (2.8)

ROM at the adjacent upper level 7.5° (5.1) 7.5° (4.2)

Table 5. Range of motion of the prosthesis and the upper adjacent disk over time. Mean (SD). The instrumented level
reached a physiological range of motion similar to the adjacent level above it at between 6 and 12 months.

The MCR was in a normal location for 43% at 3 months, 42% at 6 months, and 87.5% at 12
months. Another prospective series of 74 implants seen at least 2 years after surgery allows
analysis of the prostheses with more than 5° of mobility in flexion-extension: the mean mobility
at L4L5 was 8.2° and at L5S1, 7.6°, for a global mean mobility of 7.9°. Table 6 compares these
values with data from the literature for the same criterion of minimum mobility at 5°.

Author Year
Follow-

up

Type of

Prothesis

L3-L4

ROM

L4-L5

ROM

L5-S1

ROM

Global

ROM

Gioia [50] 2007 2 Charité III 8 10.3 8 8.7

Bertagonil [51] 2005 2 Prodisc - - - 6.5

Guyer [52] 2009
2

Charité
- 6.5 6 6.3

5 - 6 6.3 6.2

David [53] 1993 1 Charité 2 9.4 6.4 5.9

Siepe [54] 2007 1 Charité III - 7.2 5.9 6.5

Zigler [55] 2012 5 Prodisc - - - 7.7

Delamarter [56] 2011 2 Prodisc L 7.8 6.2 7.0

the series 2012 2 LP ESP - 8.2* 7.6* 7.9*

Table 6. Mobility described in the literature of implants restoring more than 5° of segmental mobility

9. Discussion

The geometry of the LP ESP ® prosthesis allows limited rotation and translation with resistance
to motion aimed at avoiding overload of the posterior facet joints. The center of rotation can
vary freely during motion. This viscoelastic prosthesis achieves 6 degrees of freedom including
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vertical translation; it provides a cushion and may allow shock absorption. It thus differs
substantially from other current prostheses, which are 2- or 3-piece devices involving 1 or 2
bearing surfaces and providing 3 or 5 degrees of freedom, with no or very little resistance, and
no elastic return. A 20-year research program has demonstrated that this concept provides
mechanical properties very close to those of a natural disk.

In addition, the biostability of the implant was demonstrated: no particles from the component
materials of the prosthesis were found after a wear test of 10 million cycles under a load of
1350 N.

These experimental data should be considered in relation to previously reported results from
Nechtow et al. [57] of wear rates of 16.59 ± 0.96 mg/million cycles for ProDisc_ L and 19.35 ±
1.16 mg/million cycles for Charite, and from Grupp et al. [58] of wear rates ranging from 0.14
± 0.06 mg/million cycles to 2.7 ± 0.3 mg/million cycles for Active L.

Moreover, the size and morphology of the UHMWPE particulates observed in these studies
are similar to those described in total hip and knee replacements [59], the osteolytic potential
of which is well known.

Seven years after the first implantation, we can document in a solid and detailed fashion the
course of clinical outcomes and the radiological postural and kinematical behavior of this
prosthesis. The clinical data show early and stable improvement of clinical status, while the
radiological data show immediate improvement of local lordosis and discal height at the
instrumented level and associated adaptation of the sacral slope. At 3 and 12 months, 66% of
cases had physiological mobility at the instrumented level, with secondary self-adjustment of
the center of rotation in flexion/extension.

We acknowledge that more studies with more patients and more follow-up would be useful
in the future to assess long term reliability. Nonetheless, the series reported here describe the
outcomes that might be expected by surgeons and patients over the first 7 years. These
encouraging results are basically similar to the clinical results reported by Tropiano [60] et al.
with the Prodisc II® and the clinical data of the SB Charite®, as reported by McAffee et al [61].
Although the preoperative radiological parameters showed no major imbalance in spinal
posture compared to the global population, SS, PT, and SL improved significantly immediately
after implantation. These results are consistent with those reported in literature with articu‐
lated prostheses [48, 62, 63].

We note that publications do not appear to report significant sagittal misalignments after
prosthetic implantation, whereas lumbar fusion may deleteriously alter the sagittal balance of
the spine, including a decrease in the SS and lumbar lordosis [6,7]. The increased segmental
lordosis might be related to the lordotic shape of the prosthesis but also probably to the fact
that arthroplasty, in contrast to fusion, allows the lumbar spine to find a new balance sponta‐
neously. It has not yet been demonstrated, however, that this self-adaptation of the sagittal
balance protects against adjacent level degeneration. Unlike arthrodesis, the preservation or
restoration of some mobility with a total disk replacement aims at limiting overload of the
adjacent levels.
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The optimal ROM after TDR for limiting adjacent segmental disease has not yet been estab‐
lished. Huang et al [64] reported a series of 42 Prodisc I® implantations with 8.7 years of follow-
up, and 24% of the junctional levels showed radiological signs of degeneration. In their study,
the mean ROM of the disk prostheses adjacent to junctional disease was significantly lower
than the mean ROM of the prostheses adjacent to a radiologically normal disk, i.e., 1.6° versus
4.7°. Prevalence of junctional degeneration was 0% among patients with ROM of 5° or more
and 35% among those with less than 5°. The authors did not conclude that 5° was the trigger
value for avoiding adjacent degeneration, as 65% of patients with less than 5° did not develop
adjacent segmental degeneration. In our series, the LP-ESP® device provides mobility levels
similar to those with articulated prostheses such as Prodisc, which vary according to the series
from 3.8° to 13.2° [62, 64].

We recognize that assessing spinal kinematics with static X-rays in flexion and extension is
subject to bias, given the same-day variations due to inconsistent effort during flexion/
extension [65]. Nonetheless, flexion/extension X-rays are easily available and cause less
irradiation than continuous motion analysis with in vivo fluoroscopy. Quality of movement
is also an issue. The LP-ESP is a novel one-piece deformable but cohesive interbody spacer that
provides 6 full degrees of freedom about the 3 axes. This allows instantaneous axis rotation
change freely, as in the normal disk, while preventing facet overloading.

MCR, initially defined by Pearcy [66], is a pivot point about which a vertebra appears to move
and is thought to reflect the quality of movement of a segment. As disk arthroplasty develops,
this indicator appears to be an informative parameter for studying the quality of spinal
movement imposed by the prosthesis. The coordinates of the MCR for LP-ESP® prosthesis
appears similar to those of the natural disk described in literature. After one year of follow-
up, we found the MCR in a physiological area in 87.5% of the patients. With the same methods,
Tournier et al. [48] reported a normal MCR for 51% of patients receiving the Maverick®, 66%
of those with the Prodisc® (both of which have 3 degrees of freedom), and 80% with the SB
Charite® (5 degrees of freedom). These results suggest that less constrained prostheses, i.e.,
those with more than 3 degrees of freedom, are associated with more normal MCR locations.
In addition, we observed that the MCR location tends to improve during the first year.
However, this must be interpreted while bearing in mind the uncertainty of the MCR meas‐
urement reported by Tournier et al., specifically at the L5-S1 level.

10. Conclusion

The concept of the LP-ESP® prosthesis is different from that of the articulated devices currently
used in the lumbar spine; it allows 6 degree of freedom with elastic return and is intended to
respect the spontaneous instantaneous axis of rotation and to reduce facet forces. Our series
provide encouraging clinical results about pain, function, kinematic behavior and radiological
sagittal balance after implantation of the LP-ESP ®.
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instrumented level and associated adaptation of the sacral slope. At 3 and 12 months, 66% of
cases had physiological mobility at the instrumented level, with secondary self-adjustment of
the center of rotation in flexion/extension.

We acknowledge that more studies with more patients and more follow-up would be useful
in the future to assess long term reliability. Nonetheless, the series reported here describe the
outcomes that might be expected by surgeons and patients over the first 7 years. These
encouraging results are basically similar to the clinical results reported by Tropiano [60] et al.
with the Prodisc II® and the clinical data of the SB Charite®, as reported by McAffee et al [61].
Although the preoperative radiological parameters showed no major imbalance in spinal
posture compared to the global population, SS, PT, and SL improved significantly immediately
after implantation. These results are consistent with those reported in literature with articu‐
lated prostheses [48, 62, 63].

We note that publications do not appear to report significant sagittal misalignments after
prosthetic implantation, whereas lumbar fusion may deleteriously alter the sagittal balance of
the spine, including a decrease in the SS and lumbar lordosis [6,7]. The increased segmental
lordosis might be related to the lordotic shape of the prosthesis but also probably to the fact
that arthroplasty, in contrast to fusion, allows the lumbar spine to find a new balance sponta‐
neously. It has not yet been demonstrated, however, that this self-adaptation of the sagittal
balance protects against adjacent level degeneration. Unlike arthrodesis, the preservation or
restoration of some mobility with a total disk replacement aims at limiting overload of the
adjacent levels.
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The optimal ROM after TDR for limiting adjacent segmental disease has not yet been estab‐
lished. Huang et al [64] reported a series of 42 Prodisc I® implantations with 8.7 years of follow-
up, and 24% of the junctional levels showed radiological signs of degeneration. In their study,
the mean ROM of the disk prostheses adjacent to junctional disease was significantly lower
than the mean ROM of the prostheses adjacent to a radiologically normal disk, i.e., 1.6° versus
4.7°. Prevalence of junctional degeneration was 0% among patients with ROM of 5° or more
and 35% among those with less than 5°. The authors did not conclude that 5° was the trigger
value for avoiding adjacent degeneration, as 65% of patients with less than 5° did not develop
adjacent segmental degeneration. In our series, the LP-ESP® device provides mobility levels
similar to those with articulated prostheses such as Prodisc, which vary according to the series
from 3.8° to 13.2° [62, 64].

We recognize that assessing spinal kinematics with static X-rays in flexion and extension is
subject to bias, given the same-day variations due to inconsistent effort during flexion/
extension [65]. Nonetheless, flexion/extension X-rays are easily available and cause less
irradiation than continuous motion analysis with in vivo fluoroscopy. Quality of movement
is also an issue. The LP-ESP is a novel one-piece deformable but cohesive interbody spacer that
provides 6 full degrees of freedom about the 3 axes. This allows instantaneous axis rotation
change freely, as in the normal disk, while preventing facet overloading.

MCR, initially defined by Pearcy [66], is a pivot point about which a vertebra appears to move
and is thought to reflect the quality of movement of a segment. As disk arthroplasty develops,
this indicator appears to be an informative parameter for studying the quality of spinal
movement imposed by the prosthesis. The coordinates of the MCR for LP-ESP® prosthesis
appears similar to those of the natural disk described in literature. After one year of follow-
up, we found the MCR in a physiological area in 87.5% of the patients. With the same methods,
Tournier et al. [48] reported a normal MCR for 51% of patients receiving the Maverick®, 66%
of those with the Prodisc® (both of which have 3 degrees of freedom), and 80% with the SB
Charite® (5 degrees of freedom). These results suggest that less constrained prostheses, i.e.,
those with more than 3 degrees of freedom, are associated with more normal MCR locations.
In addition, we observed that the MCR location tends to improve during the first year.
However, this must be interpreted while bearing in mind the uncertainty of the MCR meas‐
urement reported by Tournier et al., specifically at the L5-S1 level.

10. Conclusion

The concept of the LP-ESP® prosthesis is different from that of the articulated devices currently
used in the lumbar spine; it allows 6 degree of freedom with elastic return and is intended to
respect the spontaneous instantaneous axis of rotation and to reduce facet forces. Our series
provide encouraging clinical results about pain, function, kinematic behavior and radiological
sagittal balance after implantation of the LP-ESP ®.

The LP-ESP Lumbar Disc Prosthesis: Concept, Development and Clinical Experience
http://dx.doi.org/10.5772/53726

235



Author details

Jean-Yves Lazennec1,2,4, Alain Aaron3, Adrien Brusson4, Jean Patrick Rakover5 and
Marc Antoine Rousseau1,2

1 Department of Orthopedic and Trauma Surgery, La Pitié-Salpétrière Hospital, Paris,
France

2 Biomechanics Lab, Arts et Métiers Paritech, Paris, France

3 FH Orthopedics, Heimsbrunn, France

4 Department of Anatomy, Universite´ Pierre et Marie Curie, Paris, France

5 Clinique du Pré, Le Mans, France

References

[1] Fritzell, P, et al. (2001). Volvo Award Winner in Clinical Studies: Lumbar fusion ver‐
sus nonsurgical treatment for chronic low back pain: a multicenter randomized con‐
trolled trial from the Swedish Lumbar Spine Study Group. Spine (Phila Pa 1976),
2001. 26(23): discussion 2532-4., 2521-2532.

[2] Resnick, D. K, Malone, D. G, & Ryken, T. C. Guidelines for the use of discography for
the diagnosis of painful degenerative lumbar disc disease. Neurosurg Focus, (2002). ,
E12.

[3] Wetzel, F. T, et al. The treatment of lumbar spinal pain syndromes diagnosed by dis‐
cography. Lumbar arthrodesis. Spine (Phila Pa 1976), (1994). , 792-800.

[4] Thalgott, J. S, et al. Anterior lumbar interbody fusion with titanium mesh cages, cor‐
alline hydroxyapatite, and demineralized bone matrix as part of a circumferential fu‐
sion. Spine J, (2002). , 63-69.

[5] Moore, K. R, Pinto, M. R, & Butler, L. M. Degenerative disc disease treated with com‐
bined anterior and posterior arthrodesis and posterior instrumentation. Spine (Phila
Pa 1976), (2002). , 1680-1686.

[6] Kumar, M. N, Baklanov, A, & Chopin, D. Correlation between sagittal plane changes
and adjacent segment degeneration following lumbar spine fusion. Eur Spine J,
(2001). , 314-319.

[7] Rao, R. D, David, K. S, & Wang, M. Biomechanical changes at adjacent segments fol‐
lowing anterior lumbar interbody fusion using tapered cages. Spine (Phila Pa 1976),
(2005). , 2772-2776.

Arthroplasty - Update236

[8] Kim, Y. E, et al. Effect of disc degeneration at one level on the adjacent level in axial
mode. Spine (Phila Pa 1976), (1991). , 331-335.

[9] Weinhoffer, S. L, et al. Intradiscal pressure measurements above an instrumented fu‐
sion. A cadaveric study. Spine (Phila Pa 1976), (1995). , 526-531.

[10] Dekutoski, M. B, et al. Comparison of in vivo and in vitro adjacent segment motion
after lumbar fusion. Spine (Phila Pa 1976), (1994). , 1745-1751.

[11] Eck, J. C, Humphreys, S. C, & Hodges, S. D. Adjacent-segment degeneration after
lumbar fusion: a review of clinical, biomechanical, and radiologic studies. Am J Or‐
thop (Belle Mead NJ), (1999). , 336-340.

[12] Rahm, M. D, & Hall, B. B. Adjacent-segment degeneration after lumbar fusion with
instrumentation: a retrospective study. Journal of Spinal Disorders, (1996). , 392-400.

[13] Fernstrom, U. Arthroplasty with intercorporal endoprothesis in herniated disc and in
painful disc. Acta Chir Scand Suppl, (1966). , 154-159.

[14] Cunningham, B. W, et al. General principles of total disc replacement arthroplasty:
seventeen cases in a nonhuman primate model. Spine (Phila Pa 1976), (2003). , S118-
S124.

[15] Cunningham, B. W, et al. Total disc replacement arthroplasty using the AcroFlex
lumbar disc: a non-human primate model. Eur Spine J, (2002). Suppl 2: , S115-S123.

[16] Frelinghuysen, P, et al. Lumbar total disc replacement part I: rationale, biomechanics,
and implant types. Orthop Clin North Am, (2005). , 293-299.

[17] Auerbach, J. D, et al. Evaluation of spinal kinematics following lumbar total disc re‐
placement and circumferential fusion using in vivo fluoroscopy. Spine (Phila Pa
1976), (2007). , 527-536.

[18] Awe, O. O, et al. Impact of total disc arthroplasty on the surgical management of
lumbar degenerative disc disease: Analysis of the Nationwide Inpatient Sample from
2000 to 2008. Surg Neurol Int, (2011). , 139.

[19] Blumenthal, S, et al. A prospective, randomized, multicenter Food and Drug Admin‐
istration investigational device exemptions study of lumbar total disc replacement
with the CHARITE artificial disc versus lumbar fusion: part I: evaluation of clinical
outcomes. Spine (Phila Pa 1976), (2005). discussion E387-91., 1565-1575.

[20] Szpalski, M, Gunzburg, R, & Mayer, M. Spine arthroplasty: a historical review. Eur
Spine J, (2002). Suppl 2: , S65-S84.

[21] Goel, V. K, et al. Effects of charite artificial disc on the implanted and adjacent spinal
segments mechanics using a hybrid testing protocol. Spine (Phila Pa 1976), (2005). ,
2755-2764.

The LP-ESP Lumbar Disc Prosthesis: Concept, Development and Clinical Experience
http://dx.doi.org/10.5772/53726

237



Author details

Jean-Yves Lazennec1,2,4, Alain Aaron3, Adrien Brusson4, Jean Patrick Rakover5 and
Marc Antoine Rousseau1,2

1 Department of Orthopedic and Trauma Surgery, La Pitié-Salpétrière Hospital, Paris,
France

2 Biomechanics Lab, Arts et Métiers Paritech, Paris, France

3 FH Orthopedics, Heimsbrunn, France

4 Department of Anatomy, Universite´ Pierre et Marie Curie, Paris, France

5 Clinique du Pré, Le Mans, France

References

[1] Fritzell, P, et al. (2001). Volvo Award Winner in Clinical Studies: Lumbar fusion ver‐
sus nonsurgical treatment for chronic low back pain: a multicenter randomized con‐
trolled trial from the Swedish Lumbar Spine Study Group. Spine (Phila Pa 1976),
2001. 26(23): discussion 2532-4., 2521-2532.

[2] Resnick, D. K, Malone, D. G, & Ryken, T. C. Guidelines for the use of discography for
the diagnosis of painful degenerative lumbar disc disease. Neurosurg Focus, (2002). ,
E12.

[3] Wetzel, F. T, et al. The treatment of lumbar spinal pain syndromes diagnosed by dis‐
cography. Lumbar arthrodesis. Spine (Phila Pa 1976), (1994). , 792-800.

[4] Thalgott, J. S, et al. Anterior lumbar interbody fusion with titanium mesh cages, cor‐
alline hydroxyapatite, and demineralized bone matrix as part of a circumferential fu‐
sion. Spine J, (2002). , 63-69.

[5] Moore, K. R, Pinto, M. R, & Butler, L. M. Degenerative disc disease treated with com‐
bined anterior and posterior arthrodesis and posterior instrumentation. Spine (Phila
Pa 1976), (2002). , 1680-1686.

[6] Kumar, M. N, Baklanov, A, & Chopin, D. Correlation between sagittal plane changes
and adjacent segment degeneration following lumbar spine fusion. Eur Spine J,
(2001). , 314-319.

[7] Rao, R. D, David, K. S, & Wang, M. Biomechanical changes at adjacent segments fol‐
lowing anterior lumbar interbody fusion using tapered cages. Spine (Phila Pa 1976),
(2005). , 2772-2776.

Arthroplasty - Update236

[8] Kim, Y. E, et al. Effect of disc degeneration at one level on the adjacent level in axial
mode. Spine (Phila Pa 1976), (1991). , 331-335.

[9] Weinhoffer, S. L, et al. Intradiscal pressure measurements above an instrumented fu‐
sion. A cadaveric study. Spine (Phila Pa 1976), (1995). , 526-531.

[10] Dekutoski, M. B, et al. Comparison of in vivo and in vitro adjacent segment motion
after lumbar fusion. Spine (Phila Pa 1976), (1994). , 1745-1751.

[11] Eck, J. C, Humphreys, S. C, & Hodges, S. D. Adjacent-segment degeneration after
lumbar fusion: a review of clinical, biomechanical, and radiologic studies. Am J Or‐
thop (Belle Mead NJ), (1999). , 336-340.

[12] Rahm, M. D, & Hall, B. B. Adjacent-segment degeneration after lumbar fusion with
instrumentation: a retrospective study. Journal of Spinal Disorders, (1996). , 392-400.

[13] Fernstrom, U. Arthroplasty with intercorporal endoprothesis in herniated disc and in
painful disc. Acta Chir Scand Suppl, (1966). , 154-159.

[14] Cunningham, B. W, et al. General principles of total disc replacement arthroplasty:
seventeen cases in a nonhuman primate model. Spine (Phila Pa 1976), (2003). , S118-
S124.

[15] Cunningham, B. W, et al. Total disc replacement arthroplasty using the AcroFlex
lumbar disc: a non-human primate model. Eur Spine J, (2002). Suppl 2: , S115-S123.

[16] Frelinghuysen, P, et al. Lumbar total disc replacement part I: rationale, biomechanics,
and implant types. Orthop Clin North Am, (2005). , 293-299.

[17] Auerbach, J. D, et al. Evaluation of spinal kinematics following lumbar total disc re‐
placement and circumferential fusion using in vivo fluoroscopy. Spine (Phila Pa
1976), (2007). , 527-536.

[18] Awe, O. O, et al. Impact of total disc arthroplasty on the surgical management of
lumbar degenerative disc disease: Analysis of the Nationwide Inpatient Sample from
2000 to 2008. Surg Neurol Int, (2011). , 139.

[19] Blumenthal, S, et al. A prospective, randomized, multicenter Food and Drug Admin‐
istration investigational device exemptions study of lumbar total disc replacement
with the CHARITE artificial disc versus lumbar fusion: part I: evaluation of clinical
outcomes. Spine (Phila Pa 1976), (2005). discussion E387-91., 1565-1575.

[20] Szpalski, M, Gunzburg, R, & Mayer, M. Spine arthroplasty: a historical review. Eur
Spine J, (2002). Suppl 2: , S65-S84.

[21] Goel, V. K, et al. Effects of charite artificial disc on the implanted and adjacent spinal
segments mechanics using a hybrid testing protocol. Spine (Phila Pa 1976), (2005). ,
2755-2764.

The LP-ESP Lumbar Disc Prosthesis: Concept, Development and Clinical Experience
http://dx.doi.org/10.5772/53726

237



[22] Hochschuler, S. H, et al. Artificial disc: preliminary results of a prospective study in
the United States. Eur Spine J, (2002). Suppl 2: , S106-S110.

[23] Galbusera, F, et al. Design concepts in lumbar total disc arthroplasty. Eur Spine J,
(2008). , 1635-1650.

[24] Errico, T, Sasso, R, & Mize, e. a. G, Total disc replacement for treating lumbar disco‐
genic back pain: A prospective randomized multicenter study of FlexiCore vs. 360
spinal fusion. Spine J 2008;. (2008). Suppl 1)): , 15S-16S.

[25] Fraser, R. D, et al. AcroFlex design and results. Spine J, (2004). Suppl): , 245S-251S.

[26] Enker, P, et al. Artificial disc replacement. Preliminary report with a 3-year minimum
follow-up. Spine (Phila Pa 1976), (1993). , 1061-1070.

[27] Panjabi, M. M, et al. Mechanical behavior of the human lumbar and lumbosacral
spine as shown by three-dimensional load-displacement curves. J Bone Joint Surg
Am, (1994). , 413-424.

[28] Yamamoto, I, et al. Three-dimensional movements of the whole lumbar spine and
lumbosacral joint. Spine (Phila Pa 1976), (1989). , 1256-1260.

[29] Campana, S, et al. Relationships between viscoelastic properties of lumbar interverte‐
bral disc and degeneration grade assessed by MRI. J Mech Behav Biomed Mater,
(2011). , 593-599.

[30] Gardner-morse, M. G, & Stokes, I. A. Structural behavior of human lumbar spinal
motion segments. J Biomech, (2004). , 205-212.

[31] Virgin, W. J. Experimental investigations into the physical properties of the interver‐
tebral disc. J Bone Joint Surg Br, (1951). B(4): , 607-611.

[32] Kemper, A. R, Mcnally, C, & Duma, S. M. The influence of strain rate on the com‐
pressive stiffness properties of human lumbar intervertebral discs. Biomed Sci Ins‐
trum, (2007). , 176-181.

[33] Bouzakis, K. D, et al. Loading simulation of lumbar spine vertebrae during a com‐
pression test using the finite elements method and trabecular bone strength proper‐
ties, determined by means of nanoindentations. J Musculoskelet Neuronal Interact,
(2004). , 152-158.

[34] Christenson, E. M, et al. Poly(carbonate urethane) and poly(ether urethane) biodegra‐
dation: in vivo studies. J Biomed Mater Res A, (2004). , 407-416.

[35] Kurtz, S. M, Siskey, R, & Reitman, M. Accelerated aging, natural aging, and small
punch testing of gamma-air sterilized polycarbonate urethane acetabular compo‐
nents. J Biomed Mater Res B Appl Biomater, (2010). , 442-447.

[36] Page, S. J, et al. Scaling of the revised Oswestry low back pain questionnaire. Arch
Phys Med Rehabil, (2002). , 1579-1584.

Arthroplasty - Update238

[37] Fairbank, J. C, et al. The Oswestry low back pain disability questionnaire. Physiother‐
apy, (1980). , 271-273.

[38] Niskanen, R. O. The Oswestry Low Back Pain Disability Questionnaire. a two-year
follow-up of spine surgery patients. Scand J Surg, (2002). , 208-211.

[39] Sanjaroensuttikul, N. The Oswestry low back pain disability questionnaire (version
1.0) Thai version. J Med Assoc Thai, (2007). , 1417-1422.

[40] Ware, J. E, & Jr, C. D. Sherbourne, The MOS 36-item short-form health survey
(SF-36). I. Conceptual framework and item selection. Med Care, (1992). , 473-483.

[41] Brazier, J. E, et al. Validating the SF-36 health survey questionnaire: new outcome
measure for primary care. BMJ, (1992). , 160-164.

[42] Leplege, A, et al. The French SF-36 Health Survey: translation, cultural adaptation
and preliminary psychometric evaluation. J Clin Epidemiol, (1998). , 1013-1023.

[43] Mchorney, C. A, Haley, S. M, & Ware, J. E. Jr., Evaluation of the MOS SF-36 Physical
Functioning Scale (PF-10): II. Comparison of relative precision using Likert and
Rasch scoring methods. J Clin Epidemiol, (1997). , 451-461.

[44] Veresciagina, K, Ambrozaitis, K. V, & Spakauskas, B. Health-related quality-of-life
assessment in patients with low back pain using SF-36 questionnaire. Medicina (Kau‐
nas), (2007). , 607-613.

[45] Leplege, A, et al. Manuel de l’utilisateur et guide d’interprétation des scores de la
SF-36, ed. P. ESTEM. (2001).

[46] De Mont-marin, F, et al. Validation of a French version of the General Health Ques‐
tionnaire (GHQ-28) in a diabetic population]. Encephale, (1993). , 293-301.

[47] Champain, S, et al. Validation of new clinical quantitative analysis software applica‐
ble in spine orthopaedic studies. Eur Spine J, (2006). , 982-991.

[48] Tournier, C, et al. Total disc arthroplasty: consequences for sagittal balance and lum‐
bar spine movement. Eur Spine J, (2007). , 411-421.

[49] Duval-beaupere, G, Schmidt, C, & Cosson, P. A Barycentremetric study of the sagit‐
tal shape of spine and pelvis: the conditions required for an economic standing posi‐
tion. Ann Biomed Eng, (1992). , 451-462.

[50] Gioia, G, Mandelli, D, & Randelli, F. The Charité III Artificial Disc lumbar disc pros‐
thesis: assessment of medium-term results. Journal of Orthopaedics and Traumatolo‐
gy, (2007). , 134-139.

[51] Bertagnoli, R, et al. The treatment of disabling single-level lumbar discogenic low
back pain with total disc arthroplasty utilizing the Prodisc prosthesis: a prospective
study with 2-year minimum follow-up. Spine (Phila Pa 1976), (2005). , 2230-2236.

[52] Guyer, R. D, et al. Prospective, randomized, multicenter Food and Drug Administra‐
tion investigational device exemption study of lumbar total disc replacement with

The LP-ESP Lumbar Disc Prosthesis: Concept, Development and Clinical Experience
http://dx.doi.org/10.5772/53726

239



[22] Hochschuler, S. H, et al. Artificial disc: preliminary results of a prospective study in
the United States. Eur Spine J, (2002). Suppl 2: , S106-S110.

[23] Galbusera, F, et al. Design concepts in lumbar total disc arthroplasty. Eur Spine J,
(2008). , 1635-1650.

[24] Errico, T, Sasso, R, & Mize, e. a. G, Total disc replacement for treating lumbar disco‐
genic back pain: A prospective randomized multicenter study of FlexiCore vs. 360
spinal fusion. Spine J 2008;. (2008). Suppl 1)): , 15S-16S.

[25] Fraser, R. D, et al. AcroFlex design and results. Spine J, (2004). Suppl): , 245S-251S.

[26] Enker, P, et al. Artificial disc replacement. Preliminary report with a 3-year minimum
follow-up. Spine (Phila Pa 1976), (1993). , 1061-1070.

[27] Panjabi, M. M, et al. Mechanical behavior of the human lumbar and lumbosacral
spine as shown by three-dimensional load-displacement curves. J Bone Joint Surg
Am, (1994). , 413-424.

[28] Yamamoto, I, et al. Three-dimensional movements of the whole lumbar spine and
lumbosacral joint. Spine (Phila Pa 1976), (1989). , 1256-1260.

[29] Campana, S, et al. Relationships between viscoelastic properties of lumbar interverte‐
bral disc and degeneration grade assessed by MRI. J Mech Behav Biomed Mater,
(2011). , 593-599.

[30] Gardner-morse, M. G, & Stokes, I. A. Structural behavior of human lumbar spinal
motion segments. J Biomech, (2004). , 205-212.

[31] Virgin, W. J. Experimental investigations into the physical properties of the interver‐
tebral disc. J Bone Joint Surg Br, (1951). B(4): , 607-611.

[32] Kemper, A. R, Mcnally, C, & Duma, S. M. The influence of strain rate on the com‐
pressive stiffness properties of human lumbar intervertebral discs. Biomed Sci Ins‐
trum, (2007). , 176-181.

[33] Bouzakis, K. D, et al. Loading simulation of lumbar spine vertebrae during a com‐
pression test using the finite elements method and trabecular bone strength proper‐
ties, determined by means of nanoindentations. J Musculoskelet Neuronal Interact,
(2004). , 152-158.

[34] Christenson, E. M, et al. Poly(carbonate urethane) and poly(ether urethane) biodegra‐
dation: in vivo studies. J Biomed Mater Res A, (2004). , 407-416.

[35] Kurtz, S. M, Siskey, R, & Reitman, M. Accelerated aging, natural aging, and small
punch testing of gamma-air sterilized polycarbonate urethane acetabular compo‐
nents. J Biomed Mater Res B Appl Biomater, (2010). , 442-447.

[36] Page, S. J, et al. Scaling of the revised Oswestry low back pain questionnaire. Arch
Phys Med Rehabil, (2002). , 1579-1584.

Arthroplasty - Update238

[37] Fairbank, J. C, et al. The Oswestry low back pain disability questionnaire. Physiother‐
apy, (1980). , 271-273.

[38] Niskanen, R. O. The Oswestry Low Back Pain Disability Questionnaire. a two-year
follow-up of spine surgery patients. Scand J Surg, (2002). , 208-211.

[39] Sanjaroensuttikul, N. The Oswestry low back pain disability questionnaire (version
1.0) Thai version. J Med Assoc Thai, (2007). , 1417-1422.

[40] Ware, J. E, & Jr, C. D. Sherbourne, The MOS 36-item short-form health survey
(SF-36). I. Conceptual framework and item selection. Med Care, (1992). , 473-483.

[41] Brazier, J. E, et al. Validating the SF-36 health survey questionnaire: new outcome
measure for primary care. BMJ, (1992). , 160-164.

[42] Leplege, A, et al. The French SF-36 Health Survey: translation, cultural adaptation
and preliminary psychometric evaluation. J Clin Epidemiol, (1998). , 1013-1023.

[43] Mchorney, C. A, Haley, S. M, & Ware, J. E. Jr., Evaluation of the MOS SF-36 Physical
Functioning Scale (PF-10): II. Comparison of relative precision using Likert and
Rasch scoring methods. J Clin Epidemiol, (1997). , 451-461.

[44] Veresciagina, K, Ambrozaitis, K. V, & Spakauskas, B. Health-related quality-of-life
assessment in patients with low back pain using SF-36 questionnaire. Medicina (Kau‐
nas), (2007). , 607-613.

[45] Leplege, A, et al. Manuel de l’utilisateur et guide d’interprétation des scores de la
SF-36, ed. P. ESTEM. (2001).

[46] De Mont-marin, F, et al. Validation of a French version of the General Health Ques‐
tionnaire (GHQ-28) in a diabetic population]. Encephale, (1993). , 293-301.

[47] Champain, S, et al. Validation of new clinical quantitative analysis software applica‐
ble in spine orthopaedic studies. Eur Spine J, (2006). , 982-991.

[48] Tournier, C, et al. Total disc arthroplasty: consequences for sagittal balance and lum‐
bar spine movement. Eur Spine J, (2007). , 411-421.

[49] Duval-beaupere, G, Schmidt, C, & Cosson, P. A Barycentremetric study of the sagit‐
tal shape of spine and pelvis: the conditions required for an economic standing posi‐
tion. Ann Biomed Eng, (1992). , 451-462.

[50] Gioia, G, Mandelli, D, & Randelli, F. The Charité III Artificial Disc lumbar disc pros‐
thesis: assessment of medium-term results. Journal of Orthopaedics and Traumatolo‐
gy, (2007). , 134-139.

[51] Bertagnoli, R, et al. The treatment of disabling single-level lumbar discogenic low
back pain with total disc arthroplasty utilizing the Prodisc prosthesis: a prospective
study with 2-year minimum follow-up. Spine (Phila Pa 1976), (2005). , 2230-2236.

[52] Guyer, R. D, et al. Prospective, randomized, multicenter Food and Drug Administra‐
tion investigational device exemption study of lumbar total disc replacement with

The LP-ESP Lumbar Disc Prosthesis: Concept, Development and Clinical Experience
http://dx.doi.org/10.5772/53726

239



the CHARITE artificial disc versus lumbar fusion: five-year follow-up. Spine J,
(2009). , 374-386.

[53] David, T. Lumbar disc prosthesis. Surgical technique, indications and clinical results
in 22 patients with a minimum of 12 months follow-up. Eur Spine J, (1993). , 254-259.

[54] Siepe, C. J, et al. Total lumbar disc replacement in athletes: clinical results, return to
sport and athletic performance. Eur Spine J, (2007). , 1001-1013.

[55] Zigler, J. E. Five-Year Results of the ProDisc-L Multicenter, Prospective, Random‐
ized, Controlled Trial Comparing ProDisc-L With Circumferential Spinal Fusion for
Single-Level Disabling Degenerative Disk Disease. Seminars in Spine Surgery,
(2012). , 25-31.

[56] Delamarter, R, et al. Prospective, randomized, multicenter Food and Drug Adminis‐
tration investigational device exemption study of the ProDisc-L total disc replace‐
ment compared with circumferential arthrodesis for the treatment of two-level
lumbar degenerative disc disease: results at twenty-four months. J Bone Joint Surg
Am, (2011). , 705-715.

[57] Nechtow et al. Nechtow W, Hintner M, Bushelow M, Kaddick C (2006) Intervertebral
disc replacement mechanical performance depends strongly on input parameters.
52nd Orthopaedic Research Society. Abstract 0118

[58] Grupp TM, Yue JJ, Garcia R Jr, Basson J, Schwiesau J, Fritz B, Blömer W (2009) Biotri‐
bological evaluation of artificial disc arthroplasty devices: influence of loading and
kinematic patterns during in vitro wear simulation. Eur Spine J 18(1):98–108

[59] Ingham E, Fisher J (2000) Biological reactions to wear debris in total joint replace‐
ment. Proc Instn Mech Engrs 214:21–37

[60] Tropiano, P, et al. Lumbar disc replacement: preliminary results with ProDisc II after
a minimum follow-up period of 1 year. J Spinal Disord Tech, (2003)., 362-368.

[61] McAfee PC, Cunningham B, Holsapple G, Adams K, Blumenthal S, Guyer RD, Dmie‐
triev A, Maxwell JH, Regan JJ, Isaza J (2005) A prospective, randomized, multicenter
Food and Drug Administration investigational device exemption study of lumbar to‐
tal disc replacement with the CHARITE artificial disc versus lumbar fusion: part II:
evaluation of radiographic outcomes and correlation of surgical technique accuracy
with clinical outcomes. Spine (Phila Pa 1976) 30:1576–1583 (discussion E388–90)

[62] Chung, S. S, et al. The effect of lumbar total disc replacement on the spinopelvic
alignment and range of motion of the lumbar spine. J Spinal Disord Tech, (2006).,
307-311.

[63] Le Huec J., et al.The effect of single-level, total disc arthroplasty on sagittal balance
parameters: a prospective study. Eur Spine J, (2005)., 480-486.

Arthroplasty - Update240

[64] Huang, R. C, et al. Range of motion and adjacent level degeneration after lumbar to‐
tal disc replacement. Spine J, (2006)., 242-247.

[65] Ensink, F. B, et al. Lumbar range of motion: influence of time of day and individual
factors on measurements. Spine (Phila Pa 1976), (1996)., 1339-1343.

[66] Pearcy, M. J, & Bogduk, N. Instantaneous axes of rotation of the lumbar interverte‐
bral joints. Spine (Phila Pa 1976), (1988)., 1033-1041.

The LP-ESP Lumbar Disc Prosthesis: Concept, Development and Clinical Experience
http://dx.doi.org/10.5772/53726

241



the CHARITE artificial disc versus lumbar fusion: five-year follow-up. Spine J,
(2009). , 374-386.

[53] David, T. Lumbar disc prosthesis. Surgical technique, indications and clinical results
in 22 patients with a minimum of 12 months follow-up. Eur Spine J, (1993). , 254-259.

[54] Siepe, C. J, et al. Total lumbar disc replacement in athletes: clinical results, return to
sport and athletic performance. Eur Spine J, (2007). , 1001-1013.

[55] Zigler, J. E. Five-Year Results of the ProDisc-L Multicenter, Prospective, Random‐
ized, Controlled Trial Comparing ProDisc-L With Circumferential Spinal Fusion for
Single-Level Disabling Degenerative Disk Disease. Seminars in Spine Surgery,
(2012). , 25-31.

[56] Delamarter, R, et al. Prospective, randomized, multicenter Food and Drug Adminis‐
tration investigational device exemption study of the ProDisc-L total disc replace‐
ment compared with circumferential arthrodesis for the treatment of two-level
lumbar degenerative disc disease: results at twenty-four months. J Bone Joint Surg
Am, (2011). , 705-715.

[57] Nechtow et al. Nechtow W, Hintner M, Bushelow M, Kaddick C (2006) Intervertebral
disc replacement mechanical performance depends strongly on input parameters.
52nd Orthopaedic Research Society. Abstract 0118

[58] Grupp TM, Yue JJ, Garcia R Jr, Basson J, Schwiesau J, Fritz B, Blömer W (2009) Biotri‐
bological evaluation of artificial disc arthroplasty devices: influence of loading and
kinematic patterns during in vitro wear simulation. Eur Spine J 18(1):98–108

[59] Ingham E, Fisher J (2000) Biological reactions to wear debris in total joint replace‐
ment. Proc Instn Mech Engrs 214:21–37

[60] Tropiano, P, et al. Lumbar disc replacement: preliminary results with ProDisc II after
a minimum follow-up period of 1 year. J Spinal Disord Tech, (2003)., 362-368.

[61] McAfee PC, Cunningham B, Holsapple G, Adams K, Blumenthal S, Guyer RD, Dmie‐
triev A, Maxwell JH, Regan JJ, Isaza J (2005) A prospective, randomized, multicenter
Food and Drug Administration investigational device exemption study of lumbar to‐
tal disc replacement with the CHARITE artificial disc versus lumbar fusion: part II:
evaluation of radiographic outcomes and correlation of surgical technique accuracy
with clinical outcomes. Spine (Phila Pa 1976) 30:1576–1583 (discussion E388–90)

[62] Chung, S. S, et al. The effect of lumbar total disc replacement on the spinopelvic
alignment and range of motion of the lumbar spine. J Spinal Disord Tech, (2006).,
307-311.

[63] Le Huec J., et al.The effect of single-level, total disc arthroplasty on sagittal balance
parameters: a prospective study. Eur Spine J, (2005)., 480-486.

Arthroplasty - Update240

[64] Huang, R. C, et al. Range of motion and adjacent level degeneration after lumbar to‐
tal disc replacement. Spine J, (2006)., 242-247.

[65] Ensink, F. B, et al. Lumbar range of motion: influence of time of day and individual
factors on measurements. Spine (Phila Pa 1976), (1996)., 1339-1343.

[66] Pearcy, M. J, & Bogduk, N. Instantaneous axes of rotation of the lumbar interverte‐
bral joints. Spine (Phila Pa 1976), (1988)., 1033-1041.

The LP-ESP Lumbar Disc Prosthesis: Concept, Development and Clinical Experience
http://dx.doi.org/10.5772/53726

241



Section 3

Diagnostic Techniques



Section 3

Diagnostic Techniques



Chapter 12

X-Ray Digital Tomosynthesis Imaging: An Appropriate
Reconstruction Algorithm for Arthroplasty

Tsutomu Gomi, Hiroshi Hirano and
Masahiro Nakajima

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53248

1. Introduction

Digital tomosynthesis is a limited-angle method for image reconstruction. In this technique,
a projection dataset of an object acquired at regular intervals during a single acquisition pass
is used to reconstruct planar sections post priori. Tomosynthetic slices exhibit high resolu‐
tion in planes that are parallel to the detector plane. Digital tomosynthesis enhances the ex‐
isting advantages of conventional tomography, including low radiation dose, short
examination time, and easy, low-cost availability of longitudinal tomographs, which do not
include the partial volume effect. Furthermore, digital tomosynthesis provides the addition‐
al benefits of digital imaging (Ziedses et al 1971, Miller et al 1971, Grant et al 1972, Baily et al
1973, Kruger et al 1983, Sone et al 1991, Sone et al 1995) as well as the tomographic benefits
of computed tomography (CT) at a decreased radiation dose and cost in an approach that is
easily implemented in conjunction with chest radiography. This technique was developed
by improving the old technique of geometric tomography, which is unpopular for chest
imaging because of positioning difficulties, high radiation dose, and residual blur due to
out-of-plane structures. Digital tomosynthesis overcomes these difficulties by enabling the
reconstruction of numerous image slices from the data acquired from a single low-dose im‐
age. Digital tomosynthesis images are invariably affected by blurring because of objects ly‐
ing outside the plane of interest and those superimposed on the focused image of the
fulcrum plane by the limited acquisition angle. This results in poor object detectability in the
in-focus plane. This technique has been investigated in angiography and the imaging of
chest, hand joints, lungs, teeth and breasts (Stiel et al 1993, Duryea et al 2003, Sone et al 1995,
Niklason et al 1997, Dobbins et al 2003).

© 2013 Gomi et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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Imaging by X-ray CT has improved over the past three decades and is now a powerful tool
in medical diagnostics. It has become an essential, non-invasive imaging technique since the
advent of spiral CT imaging in the 1990s, which led to shorter scan times and improved
three-dimensional (3D) spatial resolution. CT provides a high resolution in the tomographic
plane but limited resolution in the axial direction. However, the quality of images generated
by a CT scanner can still be reduced by the presence of metal objects in the field-of-view.
Imaging patients with metal implants such as marker pins, dental fillings or hip prostheses
is susceptible to artifacts, generally in the form of bright and dark streaks, cupping, capping
and so on. This artifact susceptibility is mostly due to quantum noise, scattered radiation
and beam hardening (Hsieh 1995). Metal artifacts influence the image quality by reducing
the contrast and obscuring details, thus hindering the ability to detect structures of interest
and possibly leading to misdiagnosis. In addition, CT values are reduced, which can lead to
errors while using these data e.g. for attenuation correction in positrin emission tomography
(PET)/CT imaging (Kamel et al 2003). The metallic components of arthroplasty devices are
high-contrast objects that generate artifacts when imaged using CT scans. These artifacts can
make it extremely difficult or impossible to interpret images obtained by these devices. The
presence of artifacts, along with the partial volume effect, severely limits the potential for
the objective quantification of total joint replacement with CT.

Methods for reducing metal artifacts aim to improve the quality of images, affected by them.
Recently, modified- iterative (Wang et al 1996, 1999, 2000, Man et al 2000) or wavelet-recon‐
struction techniques have produced promising results. However, these methods cannot be
combined with the fast, robust filtered backprojection (FBP) algorithm, which is the stand‐
ard reconstruction technique (Robertson et al 1997) implemented in modern CT scanners.

Digital  tomosynthesis  using  the  FBP  algorithm  shows  satisfactory  overall  performance,
but its effectiveness depends strongly on the region of the image. This type of digital to‐
mosynthesis  gives good results  independent of  the type of  the metal  present  in the pa‐
tient and effectively removes noise artifacts, especially at greater distances from the metal
objects (Gomi et al 2008). In addition, flexibility in choosing digital tomosynthesis imaging
parameters on the basis of the desired final images and generation of high-quality images
may be beneficial.

In this study, we focus on the potential application of digital tomosynthesis using a differ‐
ent  algorithm  for  an  enhanced  performance,  which  is  used  for  imaging  hip  prosthesis
phantoms  (titanium)  and  human  hip  prostheses.  The  present  study  was  performed  to
evaluate  the  clinical  application  of  digital  tomosynthesis  in  imaging these  objects  using
the relatively commercial tomosynthesis method. Digital tomosynthesis was compared to
the  use  of  conventional  reconstruction  for  tomosynthesis  (FBP),  metal-artifact-reduction
processing reconstruction for tomosynthesis, iterative reconstruction for tomosynthesis [si‐
multaneous iterative reconstruction technique; SIRT (Gordon et al 1970)], adaptive statisti‐
cal  iterative  reconstruction  CT  and  non-metal-artifact-reduction  processing  CT
(conventional FBP reconstruction) scans of a hip prosthesis phantom and human hip pros‐
thetic case.
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2. Image reconstruction

2.1. Tomosynthesis

Existing tomosynthesis algorithms can be divided into three categories: (1) backprojection
algorithms, (2) FBP algorithms, and (3) iterative algorithms. The backprojection algorithm is
referred to as a shift-and-add (SAA) process, in which the projection images obtained at dif‐
ferent angles are electronically shifted and added to generate an image plane, focused at a
certain depth below the surface. The projection shift is adjusted such that the visibility of
features in the selected plane is enhanced, whereas that in other planes is blurred. By using a
digital detector, the image planes at all depths can be retrospectively reconstructed from one
set of projections. The SAA algorithm is valid only if the motion of the X-ray focal spot is
parallel to the detector (Gomi et al 2012).

In  FBP algorithms,  which  are  widely  used in  CT,  many projections  acquired at  greater
than 360º are used to reconstruct cross-sectional images. The number of projections typi‐
cally ranges between a few hundred and approximately one thousand. The Fourier central
slice theorem is fundamental to the FBP theory. In two-dimensional (2D) CT imaging, pro‐
jecting an object  corresponds to sampling it  perpendicular to the X-ray beam in Fourier
space (Kak et  al  1988).  For many projections,  information of  the object  is  well  sampled,
and the object can be restored by combining the information from all the projections. In
3D cone-beam imaging, the information of the object in Fourier space is related to the Ra‐
don  transform  of  the  object.  The  relationship  between  the  Radon  transform  and  cone-
beam  projections  has  been  studied  properly,  and  solutions  to  the  cone-beam
reconstruction  have  been  provided (Smith  1985).  The  FBP algorithm generally  provides
highly precise 3D reconstruction images when an exact-type algorithm is employed (Feld‐
kamp et al 1984). Therefore, this method has been adopted for the image reconstruction of
3D tomography and multi-detector cone-beam CT.

An iterative algorithm performs reconstruction recursively (Ruttimann et al 1984, Bleuet et
al 2002), unlike the one-step operation in backprojection and FBP algorithms. During the
iterative reconstruction, a 3-D object model is repeatedly updated until it converges to the
solution, which optimizes an objective function. The objective function defines the criteria of
the reconstruction solution. The objective function in SIRT are applied iteratively so that the
projections of the reconstructed volume, computed from an image-formation model, resem‐
ble the experimental projections. A linear-projection model is a first-order approximation of
the nonlinear image-formation process, occurring in tomosynthesis. Furthermore, although
the noise is not white, the SIRT formula for white noise produces good estimates of the un‐
derlying structures.

Metal artifacts influence the image quality by reducing the contrast and obscuring the detail,
thereby impairing the ability to detect structures of interest and making diagnosis impossi‐
ble. Artifacts due to high-attenuation features in hip prostheses are observed in digital-to‐
mosynthesis reconstruction because of the small number of projections and narrow angular
range, typically employed in tomosynthesis imaging developed artifact-reduction methods
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on the basis of a modified Shepp–Logan reconstruction filter kernel by considering the addi‐
tional weight of the direct current components in the frequency domain (Gomi et al 2009).
Processing increases the ratio of low-frequency components in an image (Fig. 1). Artifact
was reduced using basic and FBP algorithms. It provides a filtering method that can be used
in combination with the backprojection algorithm to yield sliced images with the desired
properties via tomosynthesis.

The tomosynthesis system (SonialVision Safire II, Shimadzu Co., Kyoto, Japan) comprised
an X-ray tube with a 0.4-mm focal spot and a 362.88 × 362.88-mm digital flat-panel detector
composed of amorphous selenium. Each detector element was 150 × 150 µm in size. Tomog‐
raphy was performed linearly with a total acquisition time of 6.4 s {80 kVp, 250 mA, 20 ms/
view, effective dose: 1.33 mSv [International Commission on Radiological Protection (ICRP)
60], 0.69 mSv (ICRP 103)} and an acquisition angle of 40 degree. Projection images were sam‐
pled during a single tomographic pass (74 projections) using a matrix size of 1440 × 1440
with 12 bits per image and were used to reconstruct tomograms of a desired height. The re‐
constructed images (0.272 mm/pixel) were obtained with a 4-mm slice thickness at 1-mm re‐
construction intervals. An antiscatter grid was used (focused type, grid ratio 12:1). The
distance from the source to the isocentre was 980 mm and that from the isocentre to the de‐
tector was 1100 mm (3.0-mm aluminium equivalent filtration). The tomosynthesis images
were reconstructed using FBP with the conventional Shepp–Logan filter kernel.

Figure 1. Concept of the metal-artifact-reduction processing method for tomosynthesis. The image is weighted by mul‐
tiplying the different weight coefficients and adding them to the shift-added image and the conventional FBP image.
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2.2. CT

The presence of metal artifacts has been a major problem in X-ray CT. Metal parts in the
field-of-view attenuate most of the X-ray photons and generate dark and bright streaks after
FBP, which is currently the selected reconstruction method for CT. These artifacts severely
degrade the image quality, particularly near metal surfaces. Metal-artifact reduction has im‐
portant applications in orthopaedic, oncologic, and dental imaging.

Iterative reconstruction algorithms, with and without the incorporation of a priori informa‐
tion, have been used to reconstruct incomplete projections. Although previous results using
iterative reconstruction were unsatisfactory, a recently developed iterative-deblurring meth‐
od has produced an image reconstruction of the incomplete data with few artifacts. Iterative
reconstruction, which has recently become available on commercial CT scanners, enables
metal-artifact-noise reduction without trade-off in spatial resolution (Main et al 2010). How‐
ever, iterative reconstruction has unfavourable effects. Its use alters the texture of the image
noise and can yield an unusually homogenous image. This may not be immediately appeal‐
ing to most radiologists, who are usually accustomed to FBP images (Hara et al 2009). More‐
over, an excessive degree of iterative reconstruction may obscure fine and subtle findings
(Yanagawa et al 2010).

In computation with iterative reconstruction, the image has an initial condition of values,
which are iteratively optimized according to the rules of the model. The FBP image is used
for the initial condition in adaptive statistical iterative reconstruction (GE Healthcare Corp.;
the initial value of each pixel) for the following reasons: it is presumably close to the final
optimized solution (lessening the need for iterations), it is a valid indicator of specific-slice
image noise and it can be obtained rapidly. For modelling and using iterative reconstruc‐
tion, minimum convergence is achievable with adaptive statistical iterative reconstruction.
However, a fully converged, 100% adaptive statistical iterative reconstruction image, has a
noise-free appearance with an unusually homogeneous attenuation. Because some noise is
inherent in CT, the use of 100% adaptive statistical iterative reconstruction may not be im‐
mediately appealing to most of the radiologists. However, blended images containing a line‐
ar mixture of the original FBP and this reconstruction can exhibit markedly decreased noise
while retaining a more typical CT appearance. This blended image can be adjusted from 1%
to 100% in adaptive statistical iterative reconstruction. The 40% level was chosen because
40% adaptive statistical iterative reconstruction should produce a diagnostically acceptable
image with less noise than a full-dose FBP image. We selected the blending ratios of 20%,
40%, and 60% according to the results of a previous study (Hara et al 2009). In the conven‐
tional FBP reconstruction, standard reconstruction kernels were used.

CT scan was performed on a multi-slice CT scanner (64-slice Discovery CT 750HD scanner;
GE Healthcare Corp., Milwaukee, WI) with 120 kVp, 150 mA, 0.625 mm × 64 collimation,
and a 1-s gantry rotation time at a beam pitch of 0.984 [effective dose, 5.4 mSv (ICRP 60), 4.1
mSv (ICRP 103)]. The clinical task was to assess the hip prostheses. A 4-mm thick slice is
generally used in clinical practice. In this study, we applied the slice thickness used during
the screenings; therefore, the axial reconstructed images were obtained with a 4-mm slice
thickness at 1-mm reconstruction intervals (512 × 512 pixels and 140-mm field-of-view).
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iterative reconstruction were unsatisfactory, a recently developed iterative-deblurring meth‐
od has produced an image reconstruction of the incomplete data with few artifacts. Iterative
reconstruction, which has recently become available on commercial CT scanners, enables
metal-artifact-noise reduction without trade-off in spatial resolution (Main et al 2010). How‐
ever, iterative reconstruction has unfavourable effects. Its use alters the texture of the image
noise and can yield an unusually homogenous image. This may not be immediately appeal‐
ing to most radiologists, who are usually accustomed to FBP images (Hara et al 2009). More‐
over, an excessive degree of iterative reconstruction may obscure fine and subtle findings
(Yanagawa et al 2010).

In computation with iterative reconstruction, the image has an initial condition of values,
which are iteratively optimized according to the rules of the model. The FBP image is used
for the initial condition in adaptive statistical iterative reconstruction (GE Healthcare Corp.;
the initial value of each pixel) for the following reasons: it is presumably close to the final
optimized solution (lessening the need for iterations), it is a valid indicator of specific-slice
image noise and it can be obtained rapidly. For modelling and using iterative reconstruc‐
tion, minimum convergence is achievable with adaptive statistical iterative reconstruction.
However, a fully converged, 100% adaptive statistical iterative reconstruction image, has a
noise-free appearance with an unusually homogeneous attenuation. Because some noise is
inherent in CT, the use of 100% adaptive statistical iterative reconstruction may not be im‐
mediately appealing to most of the radiologists. However, blended images containing a line‐
ar mixture of the original FBP and this reconstruction can exhibit markedly decreased noise
while retaining a more typical CT appearance. This blended image can be adjusted from 1%
to 100% in adaptive statistical iterative reconstruction. The 40% level was chosen because
40% adaptive statistical iterative reconstruction should produce a diagnostically acceptable
image with less noise than a full-dose FBP image. We selected the blending ratios of 20%,
40%, and 60% according to the results of a previous study (Hara et al 2009). In the conven‐
tional FBP reconstruction, standard reconstruction kernels were used.

CT scan was performed on a multi-slice CT scanner (64-slice Discovery CT 750HD scanner;
GE Healthcare Corp., Milwaukee, WI) with 120 kVp, 150 mA, 0.625 mm × 64 collimation,
and a 1-s gantry rotation time at a beam pitch of 0.984 [effective dose, 5.4 mSv (ICRP 60), 4.1
mSv (ICRP 103)]. The clinical task was to assess the hip prostheses. A 4-mm thick slice is
generally used in clinical practice. In this study, we applied the slice thickness used during
the screenings; therefore, the axial reconstructed images were obtained with a 4-mm slice
thickness at 1-mm reconstruction intervals (512 × 512 pixels and 140-mm field-of-view).
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3. Evaluation

In the study, the artifact-reduction performance was evaluated using the intensity profile,
artifact spread function (ASF) and root-mean-square error (RMSE). The intensity profiles
were compared using different reconstruction methods in the in-focus plane. Wu et al. pro‐
posed an ASF metric to quantify the artifacts observed in planes outside the focus image
plane (Wu et al 2003). These artifacts are generated from real features located in the focus
image plane and resemble the real feature. The artifacts exhibited in the image plane are de‐

fined by the ASF as 
Nartifact(z)− N BG(z)

Nartifact(z0)− N BG(z0)
 , where z to the base of 0 is the location of the in-

focus plane of the real feature and z is the location of the off-focus plane. N to the base of
artifact (z0) (z) and NBG(z0) are the average pixel intensities of the feature and the image
background in the in-focus plane, respectively. Nartifact(z) and NBG(z) are the average pixel
intensities of the artifact and the image background in the off-focus plane, respectively. An‐
other important metric to be considered is RMSE, which can be computed by obtaining the
root of the summation of the square of the standard deviation and the square of the bias.

The errors in the image plane are defined in terms of RMSE as RMSE = ∑
i=1

n
(X − xi)2 / n ,

where X  is the observed image, xi is the referenced image, and n is the number of com‐
pounds in the analysed set.

4. Results

4.1. Hip prosthesis phantoms (titanium)

A comparison of the intensity profiles and RMSEs of the tomosynthesis and CT images re‐
vealed that tomosynthesis (metal-artifact-reduction processing and the iterative algorithm)
decreased the number of metal and beam hardening artifacts in the reconstructed images.
Furthermore, this technique yielded a higher contrast detectability than the existing FBP
algorithm. In the reconstructed images obtained from metal-artifact-reduction processing,
the  quantum  noise  structure  decreased,  and  the  noise  structure  was  slightly  smoother
(Figs. 2–6).

The chart in Fig.  7 shows the ASF results for the prosthetic case.  This chart shows ASF
versus the distance from the in-focus slice in millimetres. There were nine reconstructed
slices. The chart demonstrates that tomosynthesis with metal-artifact-reduction processing
(W  = high) removes the highest number of metal artifacts. Examining Fig. 7 through the
entire  thickness  of  the  specimen shows that  the  order  of  ASF performance of  the  algo‐
rithm is as follows: (1) tomosynthesis (metal-artifact-reduction processing with FBP, W  =
high); (2) CT (20%, 40%, and 60% adaptive statistical iterative reconstruction and conven‐
tional FBP);  (3)  tomosynthesis (iterative algorithm, 100 iterations);  and (4)  tomosynthesis
(conventional FBP).
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4.2. Human hip prostheses

To demonstrate the potential benefits of digital tomosynthesis compared with CT in imag‐
ing hip prostheses, we used one clinical case, a 52-year-old female with total hip arthroplas‐
ty. The use of digital tomosynthesis improved the visualisation of the underlying tissue
detail by blurring the overlying structures. CT provided information [multiplanar reforma‐
tion (MPR) of images] on the hip prostheses, as shown in Fig. 8. MPR of CT images suffered
from string artifacts in all regions. In addition, due to strong beam hardening and scattering,
the femur region was poorly displayed. The artifacts in CT images, produced by FBP, were
realistic and resembled actual patient images. The more metal was present in the field-of-
view (metal-backed and bilateral prostheses), the more metal artifacts were produced. Re‐
construction of the incomplete projection data by using iterative deblurring produced an
essentially metal-artifact-free image for soft tissues and outperformed the FBP methods. The
hip prostheses present on the digital tomosynthesis images could be removed effectively by
blurring in the 74-projection digital tomosynthesis image. This allowed better visualisation
of the tissue detail directly below the hip prostheses structures.

Figure 2. Comparison between tomosynthesis images and those obtained by metal-artifact-reduction processing,
conventional FBP and SIRT imaging algorithms in the in-focus plane. (Reference is projection image.)
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vealed that tomosynthesis (metal-artifact-reduction processing and the iterative algorithm)
decreased the number of metal and beam hardening artifacts in the reconstructed images.
Furthermore, this technique yielded a higher contrast detectability than the existing FBP
algorithm. In the reconstructed images obtained from metal-artifact-reduction processing,
the  quantum  noise  structure  decreased,  and  the  noise  structure  was  slightly  smoother
(Figs. 2–6).

The chart in Fig.  7 shows the ASF results for the prosthetic case.  This chart shows ASF
versus the distance from the in-focus slice in millimetres. There were nine reconstructed
slices. The chart demonstrates that tomosynthesis with metal-artifact-reduction processing
(W  = high) removes the highest number of metal artifacts. Examining Fig. 7 through the
entire  thickness  of  the  specimen shows that  the  order  of  ASF performance of  the  algo‐
rithm is as follows: (1) tomosynthesis (metal-artifact-reduction processing with FBP, W  =
high); (2) CT (20%, 40%, and 60% adaptive statistical iterative reconstruction and conven‐
tional FBP);  (3)  tomosynthesis (iterative algorithm, 100 iterations);  and (4)  tomosynthesis
(conventional FBP).
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4.2. Human hip prostheses

To demonstrate the potential benefits of digital tomosynthesis compared with CT in imag‐
ing hip prostheses, we used one clinical case, a 52-year-old female with total hip arthroplas‐
ty. The use of digital tomosynthesis improved the visualisation of the underlying tissue
detail by blurring the overlying structures. CT provided information [multiplanar reforma‐
tion (MPR) of images] on the hip prostheses, as shown in Fig. 8. MPR of CT images suffered
from string artifacts in all regions. In addition, due to strong beam hardening and scattering,
the femur region was poorly displayed. The artifacts in CT images, produced by FBP, were
realistic and resembled actual patient images. The more metal was present in the field-of-
view (metal-backed and bilateral prostheses), the more metal artifacts were produced. Re‐
construction of the incomplete projection data by using iterative deblurring produced an
essentially metal-artifact-free image for soft tissues and outperformed the FBP methods. The
hip prostheses present on the digital tomosynthesis images could be removed effectively by
blurring in the 74-projection digital tomosynthesis image. This allowed better visualisation
of the tissue detail directly below the hip prostheses structures.

Figure 2. Comparison between tomosynthesis images and those obtained by metal-artifact-reduction processing,
conventional FBP and SIRT imaging algorithms in the in-focus plane. (Reference is projection image.)
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Figure 3. Comparison between excellent tomosynthesis images and those obtained by metal-artifact-reduction proc‐
essing (W = high), conventional FBP, SIRT imaging algorithms (60 iterations) in the in-focus plane and CT images (con‐
ventional FBP and iterative reconstruction). Metal-artifact-reduction processing provided a better visualisation of the
hip prosthesis phantom by eliminating, blurring and reducing the artifacts, above, and the visualized planes, below.

Figure 4. Comparison between intensity profiles using tomosynthesis and CT in the in-focus plane. Artifacts (part of
undershooting) are reduced by metal-artifact-reduction processing and SIRT technique for tomosynthesis.
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Figure 5. Comparison between tomosynthesis error images and RMSE of the images obtained by metal-artifact-re‐
duction processing (W = low, medium and high), conventional FBP and SIRT imaging algorithms in the in-focus plane.
(Reference is the projected image.)

Figure 6. Comparison between CT error images and RMSE of images obtained from conventional FBP and iterative
reconstruction algorithms in the in-focus plane. (Reference is the projected image.)
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essing (W = high), conventional FBP, SIRT imaging algorithms (60 iterations) in the in-focus plane and CT images (con‐
ventional FBP and iterative reconstruction). Metal-artifact-reduction processing provided a better visualisation of the
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Figure 5. Comparison between tomosynthesis error images and RMSE of the images obtained by metal-artifact-re‐
duction processing (W = low, medium and high), conventional FBP and SIRT imaging algorithms in the in-focus plane.
(Reference is the projected image.)

Figure 6. Comparison between CT error images and RMSE of images obtained from conventional FBP and iterative
reconstruction algorithms in the in-focus plane. (Reference is the projected image.)
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Figure 7. Comparison between ASF versus distance from the in-focus plane for tomosynthesis and CT. ASF chart demon‐
strates that tomosynthesis with metal-artifact-reduction processing results in the maximum removal of metal artifacts.

Figure 8. Case patient (52-year-old woman; coxarthrosis, after total hip arthroplasty). The use of metal-artifact-reduc‐
tion processing tomosynthesis allowed a better visualisation of the left hip joint prosthesis by blurring the anatomic
structures above and below the visualized planes. (MAR; metal-artifact-reduction)
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5. Conclusion

Applicaton of metal-artifact-reduction processing digital tomosynthesis in imaging prosthe‐
ses appears promising. The results of a prosthesis study suggest that digital tomosynthesis
(metal-artifact-reduction processing and an iterative reconstruction algorithm) can produce
improved image quality compared with that by conventional FBP tomosynthesis by remov‐
ing the overlying structures and providing limited 3D information. In addition, the digital
tomosynthesis method apparently facilitates the significant improvement of images corrupt‐
ed by metal artifacts. Metal-artifact-reduction processing digital tomosynthesis provided
higher quality images compared to those by CT. Metal-artifact-reduction processing digital
tomosynthesis is the best solution when the high-attenuation feature causing the artifacts
can be segmented accurately from the projection.

On the whole, metal-artifact-reduction processing performed satisfactorily, but its effective‐
ness depended strongly on the image region. Metal-artifact-reduction processing digital to‐
mosynthesis images yielded good results, which were independent of the type of metal
present in the phantom study or patient, and showed good removal of metal artifacts, par‐
ticularly at greater distances from the metal objects. Flexibility in selecting the imaging pa‐
rameters in metal-artifact-reduction processing digital tomosynthesis on the basis of the
desired final images and realistic imaging conditions may be beneficial.
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1. Introduction

The term inflammatory arthritis refers to an inflammatory arthropathy in patients suffering
from one of a number of chronic inflammatory conditions including rheumatoid arthritis (RA),
and the seronegative spondyloarthropathies of ankylosing spondylitis (AS), psoriatic arthritis
(PsA), spondyloarthritis associated with inflammatory bowel disease and undifferentiated
spondyloarthritis. This chapter will focus on a review of the surgical management of patients
with RA, AS, and PsA, as these represent the most common of the inflammatory arthropathies.

Knowledge of the inflammatory arthritidies is important for lower limb arthroplasty surgeons
as awareness of both the local changes within the affected joints and how extra-articular
manifestations can adversely affect anaesthesia, surgery and rehabilitation is necessary to
ensure good surgical outcomes. In addition to the local and systemic manifestations of the
inflammatory diseases, patients may be prescribed multiple medications, including disease
modifying anti-rheumatic drugs (DMARDs) or biological therapies that may affect the local
surgical site or affect the patient systemically and have an impact on rehabilitation and patient
outcome. In addition, quality of life and functional outcome of patients with chronic inflam‐
matory arthropathies may also be reduced compared to simple osteoarthritis because of the
chronicity and systemic nature of the inflammatory disease. Finally, the choice of implant and
the method of fixation may affect implant survival and revision burden.

The term inflammatory arthropathy covers a wide spectrum of diseases which ultimately
manifest themselves with joint destruction, systemic features and disability. In the following
section the pathophysiology, presentation, diagnosis and medical treatments for the inflam‐
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matory conditions will be considered separately to the treatment of hip and knee ‘inflamma‐
tory arthritis’.

2. Rheumatoid arthritis

2.1. Epidemiology and pathophysiology

Rheumatoid arthritis (RA) is the most common chronic inflammatory condition and affects
3% of women and 1% of men, and has its peak age of onset between 35 and 45 years. The
aetiology of RA remains unclear but involves environmental and heritable factors. Several
susceptibility loci reside in the HLA region on chromosome 6 and within this region, normal
genetic variation may increase a patient’s susceptibility to or severity of rheumatoid disease.
Although many genetic variants have been identified [1-4], the impact of individual variants
on the risk of developing RA is low. Research into the functional mechanisms by which these
genetic variants confer disease susceptibility is on-going, with the ultimate goal of identifying
discrete biological pathways which pathologically induce chronic inflammation. From this
research, medical therapies to specifically target RA may be further developed. Environmental
triggers which may increase the risk of RA include smoking, high alcohol intake, coffee,
vitamin D levels and low socio-economic group [5-10].

The underlying pathophysiology of RA is of over-activation of intra and extra-cellular
inflammatory cascades including over the expression of tumour necrosis factor and other
inflammatory cytokines including interleukin (IL) 6 and IL-1 [11-14]. The cells that drive the
inflammatory response include B and T lymphocytes, macrophages and synovial cells [15].
The activation of inflammatory pathways result in persistent synovial inflammation with
subsequent joint and periarticular bone destruction.

2.2. Presentation

2.2.1. Joint features

Patients with RA typically present with a persistent symmetrical polyarthritis. The small joints
of the hand and foot are most commonly affected, although any synovial joint may be involved.
The natural history of the affected joint is one of low grade chronic inflammation with periods
of intense pain and stiffness during a ‘flare.’ Between flares, joint stiffness is usually worst in
the morning or after a period of rest.

2.2.2. Systemic features

Extra articular manifestations (EAM) of RA affect many organ systems and can be classified
by the Malmö criteria [16] into severe and non-severe (Table 1). EAM may be present in up to
41% of patients with RhA and up to 22% of patients may develop the severe EAMs [17]. These
EAMs must be considered in any patient presenting to the orthopaedic surgeon and investi‐
gated further in conjunction with rheumatology and anaesthetic specialists prior to any
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surgery. In addition, patients with RA may suffer from general malaise, anorexia, anaemia,
weight loss and depression.

Affected tissue or

organ

EAM Co-morbidities

Not severe Severe

Skin Nodules

Raynaud’s phenomenon

Petechiae, purpura, ulcers,

gangrene

Cancer

Pulmonary system Bronchiolitis obliterans

Organizing pneumonia

Pleuritis

Interstitial lung disease

Lung carcinoma

Heart Valvular heart disease

Myocarditis

Arrhythmias

Pericarditis

Coronary vasculitis and aortitis

Hypertension

Heart failure

Ischaemic heart disease

Nervous system Non identified Mono/polyneuritis multiplex

Central nervous system vasculitis

Depressive syndrome

Cervical myelopathy

Eyes Secondary Sjögren's

syndrome

Sicca syndrome

Episcleritis or scleritis

Retinal vasculitides

None identified

Haematological system None identified Felty’s syndrome Non-Hodgkin lymphoma

Lymphadenopathy

Splenomegaly

Kidneys None identified Glomerulonephritis

Interstitial nephritis

Amyloid deposition

None identified

Bone None identified None identified Osteoporosis

Table 1. Extra-articular manifestations (EAM) in rheumatoid arthritis (RA). (Reproduced with permission from Prete M
et al [17]).

2.3. Diagnosis

Diagnostic criteria have been designed to differentiate RA from other joint diseases. In 1987
the American College of Rheumatology (ACR) published seven diagnostic criteria to aid the
diagnosis [18]. For a patient to be diagnosed with RA, four of the seven criteria have to be
present and morning stiffness, arthritis in three or more joints, symmetrical arthritis and hand
arthritis had to be present for at least 6 weeks (Table 2).
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ACR Criteria for Rheumatoid Arthritis

1 Morning stiffness (present for at least 1 hour)

2 Arthritis of 3 or more joints.

3 Arthritis of hand joints (>1 swollen joint)

4 Symmetrical arthritis

5 Rheumatoid Nodules

6 Serum Rheumatoid factor

7 Radiographic changes

Table 2. The American College of Rheumatology diagnostic criteria for Rheumatoid Arthritis [18].

However, the ACR classification has been criticised for its low sensitivity and specificity for
early RA [19], a time which is critical since early pharmacological intervention increases
remission rate. Further, early treatment can limit the severity of the disease and prevent bony
destruction [9]. This has led to the development of another classification system by the ACR
and the European League Against Rheumatism (ELAR) (Table 3) [20]. This more recent
classification system assesses joint involvement, and duration of symptoms along with
serological markers including acute-phase reactants and detection of antibodies against
citrullinated peptides (ACPA). The detection of ACPA antibodies increases the sensitivity of
the serological tests greater than the detection of rheumatoid factor. The common radiographic
features of RA are shown in Table 4.

ACR/EULAR 2010 criteria

1 Joint involvement (0-5)

One medium to large joint (0)

Two to ten medium to large joints (1)

One to three small joints (large joints not counted( (2)

Four to ten small joints (large joints not counted) (3)

More than ten joints (at least one small joint) (5)

2 Serology (0-3)

Negative RF and negative ACPA (0)

Low positive RF and low positive ACPA (2)

High positive RF or high positive ACPA (3)

3 Acute-phase reactants (0-1)

Normal CRP and normal ESR (0)

Abnormal CRP or abnormal ESR (1)

4 Duration of symptoms (0-1)

Less than 6 weeks (0)

Greater than 6 weeks (1)

Table 3. The 2010 American College of Rheumatology &European League Against Rheumatism classification criteria
for Rheumatoid Arthritis [20].
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Soft tissue overlying the joint

Swelling

Effusion

Rheumatoid nodules

Intra-articular changes

Global joint space narrowing

Marginal erosions

Secondary osteoarthritic change (osteophytes, sclerosis, cysts)

Peri-articular changes

Juxta-articular osteoporosis

Metaphyseal cysts (geodes)

Periostitis (common at the digits, rare at large joints)

Joint mal-alignment (alignment abnormalities due to ligament

incompetence, joint subluxation, joint dislocation)

Table 4. Common radiographic features in rheumatoid arthritis [48]

2.4. Medical management

The classes of medication therapies used in rheumatoid and in other inflammatory arthropa‐
thies include simple analgesics non-steroidal anti-inflammatories (NSAIDs), disease modify‐
ing anti-rheumatic drugs (DMARDs), glucocorticosteroids and biological agents.

In RA, reduction of pain and stiffness may be achieved with the use of simple analgesics and
NSAIDs. However, the long-term use of NSAIDs is limited by their cardiac and renal toxic
effects and their lack of impact on disease progression [9]. DMARDs are the first line of
treatment for rheumatoid disease. Although they are a heterogeneous group of drugs, they all
decrease pain and stiffness, improve function, and may limit disease progression and induce
disease remission. The most frequent DMARD used in RA remains methotrexate. Others
include sulfasalazine, leflunomide, hydroxychloroquine, and gold. Serious adverse effects are
associated with these potential agents and require careful monitoring. Hepatotoxicity,
pancreatitis, interstitial lung disease, blood dyscrasias, marrow aplasia, induction of autoim‐
mune diseases and acute kidney injury are all adverse effects of DMARDs. In particular,
methotrexate can induce bone marrow suppression, induction of liver enzymes and folic acid
depletion, necessitating concurrent folic acid supplementation.

Glucocorticosteroids may be used as an effective local treatment when given intra-articularly.
They may also be administered systemically for controlling acute flares, as they reduce
synovitis, however with longer term use the adverse effects of osteoporosis, increased risk of
infection and chronic adrenal suppression limit their use.

To date, five anti-tumour necrosis factor (anti-TNF) antibodies have been licenced as biological
therapy for RA. They act in one of two ways, Enterocept blocks the effect of TNF by acting as
a soluble TNF receptor whereas Infliximab, Golimumab, Adalimumab and Certolizumab are
monoclonal antibodies which bind and block TNF. A recent meta-analysis of the efficacy of
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the TNF blocking agents concluded that TNF blockers as a monotherapy were efficacious but
only as much as the DMARD methotrexate [21]. Combination therapy of methotrexate and an
anti-TNF were more efficacious than either of the treatments in isolation. Adverse reactions
and complications of anti-TNF treatment has been widely reported and includes local injection
site reactions, infusion reactions, reactivation of latent infections, especially tuberculosis and
an increased risk of sepsis, both local and systemic. Other biological approaches to disease
modification include depletion in B cell numbers that drive inflammation using Rituximab, a
monoclonal antibody to a protein found of the surface of B cells.

3. Ankylosing spondylitis

3.1. Epidemiology and pathophysiology

Ankylosing spondylitis (AS) is a chronic seronegative autoimmune arthropathy and is the most
common of the spondyloarthritis subtypes. It predominantly affects the axial skeleton especial‐
ly the sacroiliac joints and the spine, however the lower limb joints, the entheses and peripheral
joints may be affected. AS typically starts in the third decade of life, has a prevalence of up to
1.2% and is 2.5 times more common in men than women [22, 23]. All of the spondyloarthropa‐
thies have a strong heritable component to susceptibility, most strongly with the HLAB27 var‐
iant on chromosome 6. 90-95% of patients with ankylosing spondylitis are positive for HLAB27.
However, only 5% of subjects carrying this variant develop a spondyloarthropathy.

3.2. Bony features

Bony changes in AS commonly include new bone formation which arises from the cortical
surfaces. Bony spurs from the vertebral bodies (syndesmophytes) extend vertically and may
bridge across the intervertebral disc ultimately leading to a rigid ‘bamboo’ spine appearance.
Entheses are also affected by new bone formation and patients may develop bony spurs in the
Achilles tendon or plantar fascia. In addition, patients with AS have an increased risk of
osteoporosis which can lead to devastating spinal fractures and cord compromise. The hip
joint is more commonly affected than the knee joint in AS, 20% of patients who develop AS
during adolescence go onto total hip arthroplasty (THA) [24].

3.3. Systemic features

AS is a systemic disease and extra-articular features (EAMs) are present in up to 40% of patients
[25]. The most common EAMs include anterior uveitis, inflammatory bowel disease, lung
disease, cardiac abnormalities (including conduction defects, valvular disease and cardiomy‐
opathy) and renal disease secondary to deposition of IgA and renal amyloid [25].

3.4. Diagnosis

The main clinical manifestations of AS are pain and stiffness within the axial skeleton. A
number of radiographic grading systems have been developed in AS, however magnetic
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resonance imaging (MRI) is more sensitive and can detect inflammation within the sacroiliac
joints before radiographic changes are apparent [26, 27]. The clinical diagnosis of AS can
approach a sensitivity of 70% and a specificity of 81% if two of the four criteria developed by
Rudwaleit et al are present [28] (Table 5). Other investigations that aid the diagnosis include
typing for HLAB27 and C-reactive protein however this may be elevated in only 50% of cases
[27]. Serum alkaline phosphatase is elevated in severe disease.

In established disease, lumbar spine and pelvis plain radiographs may show squaring of the
lumbar vertebrae (a consequence of inflammatory bone remodelling), syndesmoses and
structural changes within the sacroiliac joint. MR imaging reveals bony oedema, inflammation
and bony erosions within the sacroiliac joints before radiographic changes are apparent.

New criteria for inflammatory back pain in young to middle-

aged adults (<50 yrs) with chronic back pain

Morning stiffness >30 minutes

Improvement in back pain with exercise but not with rest

Awakening because of back pain during the second half of the

night only

Alternating buttock pain

The criteria are fulfilled at least two of four of the parameters

are present (sensitivity 70.3%, specificity 81.2%).

Table 5. Clinical criteria for the diagnosis of Ankylosing Spondylitis [25].

3.5. Medical management

Simple NSAIDs and cyclooxygenase-2 inhibitors are used to control pain and stiffness. In
addition NSAIDs may limit the osteoprolific component of the disease as they block the
osteoblastic effects of prostaglandin E2. Again the adverse effects of long term NSAIDs
however limit protracted use. Intense physiotherapy may assist individual patients but its role
has not been proven to be of benefit when evaluated in Cochrane systematic reviews [29].

As with RA, AS is a systemic disease and the DMARDs methotrexate, sulphasalazine and
leflunomide have been used to treat symptoms and prevent or slow disease progression.
Clinical results and results from RCTs unfortunately have been disappointing. Methotrexate
may be effective at treating the peripheral joint disease but its use for axial disease has not been
proven. Similar results are seen with other DMARs as well perhaps reflecting a different
pathophysiology in AS compared to RhA.

The recent introduction of anti-TNF biological agents has greatly aided the medical manage‐
ment of AS. RCTs have shown that these agents control symptoms, improve function and limit
or halt disease progression. The adverse reactions of these drugs have been previously
documented but in selected patients therapy is well tolerated both in the short term and up to
6 years [30, 31].
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resonance imaging (MRI) is more sensitive and can detect inflammation within the sacroiliac
joints before radiographic changes are apparent [26, 27]. The clinical diagnosis of AS can
approach a sensitivity of 70% and a specificity of 81% if two of the four criteria developed by
Rudwaleit et al are present [28] (Table 5). Other investigations that aid the diagnosis include
typing for HLAB27 and C-reactive protein however this may be elevated in only 50% of cases
[27]. Serum alkaline phosphatase is elevated in severe disease.
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New criteria for inflammatory back pain in young to middle-

aged adults (<50 yrs) with chronic back pain

Morning stiffness >30 minutes

Improvement in back pain with exercise but not with rest

Awakening because of back pain during the second half of the

night only

Alternating buttock pain

The criteria are fulfilled at least two of four of the parameters

are present (sensitivity 70.3%, specificity 81.2%).

Table 5. Clinical criteria for the diagnosis of Ankylosing Spondylitis [25].

3.5. Medical management

Simple NSAIDs and cyclooxygenase-2 inhibitors are used to control pain and stiffness. In
addition NSAIDs may limit the osteoprolific component of the disease as they block the
osteoblastic effects of prostaglandin E2. Again the adverse effects of long term NSAIDs
however limit protracted use. Intense physiotherapy may assist individual patients but its role
has not been proven to be of benefit when evaluated in Cochrane systematic reviews [29].

As with RA, AS is a systemic disease and the DMARDs methotrexate, sulphasalazine and
leflunomide have been used to treat symptoms and prevent or slow disease progression.
Clinical results and results from RCTs unfortunately have been disappointing. Methotrexate
may be effective at treating the peripheral joint disease but its use for axial disease has not been
proven. Similar results are seen with other DMARs as well perhaps reflecting a different
pathophysiology in AS compared to RhA.

The recent introduction of anti-TNF biological agents has greatly aided the medical manage‐
ment of AS. RCTs have shown that these agents control symptoms, improve function and limit
or halt disease progression. The adverse reactions of these drugs have been previously
documented but in selected patients therapy is well tolerated both in the short term and up to
6 years [30, 31].
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4. Psoriatic arthritis

4.1. Epidemiology and pathophysiology

Psoriatic arthritis (PsA) is usually a seronegative spondyloarthropathy associated with
psoriasis. Five subsets were described by Moll and Wright in 1973 [32] and are widely used in
clinical practise, these include; distal interphalangeal arthritis, asymmetrical oligoarthritits,
symmetrical arthritis, spondylitis and arthritis mutilans. The prevalence of psoriasis in
Western Europe is 2-3% and up to 30% of patients with psoriasis develop an arthritis [33].
However this prevalence varies considerably due to geographic variation and variation in
diagnostic criteria.

PsA has a strong genetic component to susceptibility, and has been linked to the MHC region
and HLA-B28, HLA-B39 and HLA-B27. This latter association is much weaker in PsA than
ankylosing spondylitis [34, 35]. As with the other major spondyloarthropathies, upregulation
of the T-cells and increased expression of inflammatory cytokines are features of the disease.
A bacterial or traumatic environmental trigger has been proposed with PsA, however no
conclusive evidence for this has been found to date [36, 37].

4.2. Presentation

PsA differs from RA in that fewer joints are affected, and the pattern of joint involvement is
commonly asymmetric, and involves the distal interphalangeal joints and nail lesions [38].
Dactylitis, spondylitis and sacroiliitis are common features of PsA, the involved joints are
tighter, contain less fluid and are less tender than those in RA [38]. The systemic features of
PsA are less significant than RhA but patients may still suffer from EAMs of anterior uveitis
and a disease pattern similar to SAPHO (synovitis, acnes, pustulosis, hyperostosis and oseitis).
The incidence of and mortality from cardiovascular complications is increased in patients with
PsA which is thought to be secondary to an increase in atherosclerosis [39, 40].

4.3. Diagnosis

Many diagnostic criteria have been used to detect psoriatic arthropathy, the most recent in
2006 by the Classification Criteria for Psoriatic Arthritis (CASPAR) group [41] (Table 6). The
sensitivity and specificity for psoriatic arthritis may reach 98.7 and 91.4 respectively [42]. No
single laboratory finding in PsA is diagnostic however acute phase reactants are elevated in
approximately 50% of cases [43].

4.4. Medical management

Methotrexate, retinoids and psoralen combined with ultraviolet A (PUVA) treatment appear
to be most effective at treating skin and joints together [43]. The role of biological agents re‐
mains unclear with limited data evaluating their use in PsA [33].
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Category Point

Current psoriasis 2

Personal history of psoriasis 1

Family history of psoriasis 1

Typical psoriatic nail dystrophy (onycholysis, pitting, hyperkeratosis) 1

Negative rheumatoid factor 1

Current dactylitis or history of dactylitis (recorded by a rheumatologist) 1

Hand or foot plain radiography: evidence of juxta-articular new bone formation,

appearing as ill-defied ossification near joint margin (excluding osteophytes)
1

Table 6. Caspar Classification of Psoriatic Arthritis [41]

5. Surgical interventions for inflammatory arthritis

Optimal management of the patient with inflammatory arthropathy requires a multidiscipli‐
nary approach both in primary and secondary care. The hospital management of the inflam‐
matory arthropathies is predominantly led by the rheumatologist with support from
physiotherapy, occupational therapy, the surgeon, dieticians, social workers, orthotists and
chiropodists. Community care is also paramount to maintain and optimise pain control and
function. The multidisciplinary approach comprises general practitioners, district nursing,
occupational therapy and social workers. Patients also often require support through housing
agencies for home adaptation, community care workers and employment services [44].

In the lower limb, patients with inflammatory arthritis can present with a combination of
progressive pain, restricted movement, instability particularly in the knee joint and progres‐
sive loss of function. Arthroplasty should be considered when optimal medical and non-drug
supportive therapies have failed.

5.1. Pre-operative assessment

The systemic features of RA and the spondyloarthropathies need to be thoroughly identified
through a detailed history, examination and appropriate investigations (Table 7). Abnormal‐
ities which may affect fitness for surgery or rehabilitation need to be discussed with the
anaesthetist, rheumatologist and where necessary other relevant medical and allied profes‐
sionals. Cardiovascular pathology maybe silent because of low physical demand. The inci‐
dence of silent myocardial infarction is six times that of the general population and is
responsible for much of the 10 year reduced life expectancy in the rheumatoid population
versus the background population [45]. Any abnormalities within the history in a patient with
inflammatory arthritis therefore need to be investigated further.
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History

Disease onset

Pattern and temporal sequence of joints involved

Presence and persistence of joint swelling

Pain: site, severity and radiation

Morning stiffness and duration

Functional difficulties

Presence of non-articular features (e.g. nodules)

Systemic features (e.g. anorexia, fatigue, weight loss)

Psychological effects

Full review of systems

Previous anaesthetic and surgical history

Drugs and allergies

Examination

Complete medical

Evidence of joint inflammation

Joint damage, range of motion, and previous surgical scars

Tendon and ligamentous damage

Presence of extra-articular features (e.g. plenomegaly, leg ulcers, vasculitis)

Grip strength

General health, anaemia, muscle atrophy

Dental inspection, assessment of mouth opening ability, dysphonia

Neurological assessment for cervical myelopathy and

peripheral neuropathy

Investigations

Full blood count, urea, creatinine, electrolytes, and liver function tests

Chest radiograph, lateral cervical spine flexion and extension radiographs

Electrocardiogram

Urine dipstick; culture to exclude occult infection

Pulmonary function tests in patients with limiting lung disease

Echocardiogram in patients with limiting cardiac involvement

Table 7. Preoperative assessment of the Rheumatoid Patient, Wilkinson et al [48]

Airway management in the rheumatoid patient may also present difficulties because of
laryngomalacia and atlanto-axial subluxation (AAS). AAS may be anterior, posterior, vertical,
lateral/rotatory and sub-axial. The less common posterior and lateral subluxations place the
spinal cord in jeopardy during extension of the neck. Cervical pathology is common. In a
review of rheumatoid patients awaiting orthopaedic surgery, Neva et al found that 44% of
patients had cervical spine subluxation or previous fusion [46]. Interestingly, they found no
difference in neck pain, headaches or upper limb radiculopathy between patients with or
without cervical spine instability. Flexion and extension views of the cervical spine or com‐
puted tomography (CT) scanning may aid AAS diagnosis and although this diagnosis may
not change anaesthetic practise it will ensure that neck handling is kept to a minimal and ensure
that staff with adequate training are present for anaesthesia [45]. Further cervical spine
difficulties are encountered in the AS patient who may have fixed spinal deformities. These
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fixed deformities in the presence of osteoporosis place patients at high risk of fracture and
subsequent neurological deficit. The anaesthetist needs to be made aware of these issues before
surgery. Cervical spine involvement is not common in psoriatic arthritis and the most common
clinical feature is a decrease in range of movement secondary to apophysial joint ankylosis [47].
Radiographically, the prevalence of anterior atlanto-axial instability is less than 10%. Published
data with regards to the incidence of cervical spine involvement with spondyloarthritis
secondary to inflammatory bowel disease is extremely limited.

Finally, patients with chronic inflammatory disease often have anaemia both as a result of their
disease or secondary to medication. Optimising pre-operative haemoglobin levels, intraoper‐
ative cell salvage and reinfusion post-operative drains should be planned before surgery is
undertaken.

5.2. The order of surgery

Patients with inflammatory arthritis often present with many symptomatic joints of both the
upper and lower limbs. Careful consideration to the order of surgical intervention requires
assessment on an individual level. Surgical priority should be given to structures that are at
high risk of failure (for example symptomatic cervical spine instability or imminent tendon
rupture). In general, lower limb surgical procedures precede those of the upper limb as post-
operative rehabilitation using crutches can compromise upper limb reconstructive surgery.
Within the lower limb, total knee arthroplasty implant positioning and rotational alignment
is simpler once femoral length and rotation have been restored with a total hip arthroplasty
[48], however generally the order of surgery should be dictated by managing the most painful
and functionally limiting joints first. In patients with severe forefoot disease, consideration
should be given to undertaking forefoot arthroplasty prior to hip or knee joint replacement
(Figure 1).

Figure 1. Soles of the feet in a patient with rheumatoid arthritis. There is distal subluxation of the forefoot fad pad
with exposure of subluxed metatarsal heads and resultant callosity formation.
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5.3. The perioperative management of medical therapies

The adverse effect profile of many of the medications used to control symptoms and influence
disease progression in inflammatory arthropathy may affect a wide variety of organ systems
and an awareness of these and of their potential drug interactions is required.

NSAIDs increase the risk of gastric ulceration and patients may benefit from perioperative
gastric protection with proton pump inhibitors. Long term use may also impair renal function
increasing the risk of acute kidney injury secondary to post-operative dehydration.

The risk of an Addisonian crisis, an insufficient adrenal response to stress, is increased in
patients with long term glucocorticosteroid use.  Exognous steroid use results  in adrenal
atrophy secondary to suppression of  corticotropin-releasing hormone and adrenocortico‐
tropic hormone (ACTH). Patients in Addisonian crisis may present with symptoms rang‐
ing from lethargy, abdominal pain and syncope to coma. Biochemically,  hypoglycaemia,
hyponatraemia,  hyperkalaemia  and hypercalcaemia  may be  present.  Local  practice  gov‐
erns the regimen of hydrocortisone supplementation in the perioperative period, however
typical dosing includes 100mg of intravenous hydrocortisone at induction of anaesthesia
and 100mg 6 or 8 hourly for 3 days.  Lower dosing regimens with a total  of  150mg per
day are also used [48].

While the effects of NSAIDs and glucocorticoids are well understood, there is no consensus
on the perioperative management of the DMARDs. A randomised controlled trial in RA
patients revealed that the infection rate was lower in patients continuing methotrexate versus
those who stopped methotrexate prior to surgery (2% versus 15% respectively) [49]. A recent
systematic review of the use of methotrexate in RA patients undergoing elective orthopaedic
surgery found that continuing methotrexate was not associated with increasing risk of surgery
complications, and led to fewer disease flares in the perioperative period [50]. Disease activity
is also better controlled when methotrexate weekly administration remains un-interrupted
[51]. Also, a study examining late infection rates with uninterrupted methotrexate use found
no evidence of increased risk of late deep infection in 65 patients undergoing elective ortho‐
paedic surgery over 10 years of follow up [52].

There is, to date, no clear evidence on the perioperative risk of orthopaedic infections in
patients receiving biological agents, such as anti-TNF therapy [53]. A review of the limited
published data in this area reveals much heterogeneity. RA patients have shown no increase
in superficial wound infection rates following arthroplasty surgery with the continued use of
biological agents [54, 55]. Conversely other studies have shown an increased rate of post-
operative infection [56]. In a retrospective review of 81 total hip arthroplasties (THA) and 339
total knee arthroplasties (TKA), there was an increased odds ratio for superficial skin infection
of up to 9.8 with continued use of anti-TNF therapy [57]. In a much larger Japanese study [58],
1626 patients treated with biological agents versus 29,903 patients not on a biological agent,
reported an odds ratio for superficial infection of 2.1 with the use of biological agents even
when these were stopped prior to surgery. The general recommendations of the American
College of Rheumatology (ACR) guidelines in 2008 [59] and its update in 2012 [60] on the
perioperative management of DMARDs are as follows:
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i. Methotrexate: continue perioperatively for all procedures.

ii. Sulfasalazine: discontinue 1 day before surgery, resume 3 days after surgery.

iii. Leflunomide: discontinue 2 days before surgery, resume 2 weeks after surgery.

iv. Hydroxychloroquine: continue perioperatively for all procedures.

v. Biological agents (eg. Anti-TNF- α): discontinue 1 week before surgery, resume 2
weeks after surgery. The ACR guidelines also recommend that the time period for
cessation of biological agents is dependent upon the half-life of the biological agent
used. Gilson et al. [110] recommends that the cessation of anti-TNF therapy should
allow levels to fall by 5 half-lives prior to surgery in order to ensure that the drug has
been eliminated.

6. Surgical challenges and choice of implant in inflammatory arthritis

Patients with inflammatory arthritis may be regular attenders to primary and secondary care.
A good rapport and doctor-patient relationship is essential to gain trust and understanding
and help to manage patients expectations. Some orthopaedic challenges stem from the general
chronicity of the inflammatory disease or from the medications used to treat it. Others are joint-
specific.

6.1. General features

Many patients will have had previous hip or knee procedures or had surgery at other sites.
The overall function of these sites, as well as the presenting joint, must be assessed as they may
affect rehabilitation and outcome. Soft tissue pathology may manifest as joint contracture,
tendon attenuation or rupture, ligamentous instability, skin loss, chronic ulceration, vascular
or neurological insufficiency, or a combination of these features (Figure 2). Previous surgical
scars, especially around the knee, may affect planning, exposure and outcome after surgery.
Bony disease can result in extensive bone loss secondary to erosive disease, avascular necrosis,
or osteoporosis with increased fracture risk and deformity and challenges in establishing
primary implant fixation.

6.2. Surgical challenges for hip arthroplasty

Surgical challenges at the hip include acetabular protrusio, focal bone loss and osteoporosis.
Flexion contractures may be present in patients who have been chair-bound for a considerable
time prior to seeking treatment for their joint disease.

Protrusio may be primary, or secondary, and can occur with or without medial wall defects
and is common in all inflammatory arthritidies (Figure 3). Protrusio was first recognised by
Otto in 1816 [61] and it was 1935 when Overgaard [62] presented the first useful classification
into primary and secondary, since modified by Gilmour [63]. Other classifications have also
emerged e.g. Charnley [64] and Hirst [65].
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Flexion contractures may be present in patients who have been chair-bound for a considerable
time prior to seeking treatment for their joint disease.

Protrusio may be primary, or secondary, and can occur with or without medial wall defects
and is common in all inflammatory arthritidies (Figure 3). Protrusio was first recognised by
Otto in 1816 [61] and it was 1935 when Overgaard [62] presented the first useful classification
into primary and secondary, since modified by Gilmour [63]. Other classifications have also
emerged e.g. Charnley [64] and Hirst [65].
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Figure 3. Plain radiograph of the pelvis in a patient with rheumatoid arthritis. On the right side there is protrusio ace‐
tabuli, on the left this has been treated with cemented total hip arthroplasty plus impaction of morsellised allograft to
the protrusio defect.

Charnley graded protrusio acetabuli by measuring the distance between the medial wall of
the acetabulum and the iliopectineal line. In Grade I protrusio the medial acetabular wall is
medial to the line by 1-5mm, Grade II 6-15mm and Grade III greater than 15mm. Edstein and
Murphy recognised that using the ilioischial line as a reference point that there was sex specific
variation of the medial wall of the acetabulum, in males the medial wall was 2mm lateral to
the line and females were 1mm medial [66]. Hirst graded the protrusio taking into account this
sex related variation [65](Table 8).

Figure 2. Thin skin, ligamentous damage, infection, and soft tissue loss at the wrist in a patient with rheumatoid ar‐
thritis. Similar problems at the foot are common, and may impact on hip and knee reconstructive options.
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Grade Men Women

I 3-8 mm 6-11 mm

II 8-13 mm 12-17 mm

III >13 mm
>17 mm with

fragmentation

Table 8. Protrusio acetabuli classification by Hirst [65]

In Grade III cases dislocation of the femoral head may be difficult and the surgeon should be
confident with his/her ability to divide the femoral neck in situ and remove the femoral head
as a secondary procedure. The normal anatomy of the sciatic nerve may also be altered and it
should be actively sought for in posterior approaches to the hip. Anatomical restoration of the
centre of hip rotation lateral to Kohler’s line is essential. Anatomical restoration optimises hip
biomechanics and prevents impingement; therefore further deepening of the acetabulum
should be avoided. Medial wall supplementation and anatomical restoration can be achieved
with the use of bone grafting or metal augmentation. Hirst [65] initially described the use of
2mm thick femoral head slices impacted into the medial acetabular wall and Rosenburg et al
have reported a 90% survival rate at 12 years using morsellised impaction bone grafting [67].
Larger defects require medial wall supplementation. The clinical results of support with metal
mesh in these large defects is poor [68] and therefore cage supplementation prior to impaction
bone grafting is needed. These systems report good outcomes, up to 95% survival at 9 year
follow-up [69], in revision surgery for large defects. However there are few long term studies
assessing the clinical and radiographic outcomes of primary hip arthroplasty in Grade III
protrusio defects in inflammatory arthritis. Studies utilising trabecular metal supplementation
are awaited.

6.3. Choice of implant for hip arthroplasty

Cemented or cementless THA components may be used in patients with RA. A study from the
Finish Arthroplasty register found comparable long-term results between cemented and
cementless components in 4,019 patients who were over 55 years when revision for any reason
was used as an end point [70]. Similarly, in a study of 2,557 patients under the age of 55 years
there were no significant differences in overall survival between different components [71].
The 15-year survival rate for cementless proximally circumferentially porous-coated stems
was 87% and for cemented stems was 81%. However, the 15-year survivorship for cementless
cups was poorer than cemented cups, 67% versus 80%, respectively.

In another study from the Danish Hip Arthroplasty registry [72], 1,395 (1,661 primary hips)
patients with RA were followed for up to 14 years and results were compared with 64,858
patients with osteoarthritis (RA: cemented cups 47%, cemented stems 73%, OA: cemented cups
43%, cemented stems 68%). There was no difference in survival of cups between primary THAs
in rheumatoid versus osteoarthritis patients. In contrast, there was better overall survival of
stems in rheumatoid versus osteoarthritis patients, both for revision due to aseptic loosening
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(adjusted relative risk = 0.58; 95% CI: 0.34-0.99) and for any reason (adjusted relative risk = 0.63;
95% CI: 0.45-0.88).

In a 10-year follow up study of 75 patients with RA (106 hips) who received a cemented THA,
stem survival was 98% and cup survival was 92% [73]. In cemented Charnley THA in young
patients with rheumatoid arthritis (63 patients, 100 hips) versus osteoarthritis (54 patients, 66
hips), 25-year survivorship of the femoral component was 85% in patients with rheumatoid
arthritis versus 74% in patients with osteoarthritis, and of the acetabular component was 79%
versus 59%, respectively [74]. Finally, in a recent systematic review of 23 small case series and
5 national implant registers of THA in rheumatoid patients there was no evidence in favour
of cemented components over cementless ones [75].

The role of resurfacing arthroplasty in RA remains unclear. In a recent international register
study, 47 rheumatoid patients (54 hips) were gender and age matched with 131 osteoarthritis
patients (138 hips) and all had uncemented acetabular and cemented femoral hip resurfacing
with Birmingham Hip Resurfacing implant. At 8-year average follow up, the survival rate was
96.3% in the RA group and 97.8% in OA group [76]. In another small series of 10 patients (13
hips) who had metal-on-metal resurfacing, no failures were reported at short term 3-year
follow up [77]. However, recent data on the survival of resurfacing prostheses in general
suggests avoiding this type of prosthesis in women, and in smaller men, phenotypic charac‐
teristics that are common in the rheumatoid population.

6.4. Surgical challenges for Total Knee Arthroplasty (TKA)

Soft tissue destruction leading to ligamentous instability, focal bone loss particularly of the
femoral condylar bone leading to loss of height within the lateral compartment and fixed
valgus deformity (Figure 4a and b), and periarticular osteoporosis are common features in the
rheumatoid knee [48]. Valgus deformities with a variable degree of hyperextension rather than
fixed flexion are commonly seen. Varus deformities are often secondary to osteoarthritic
changes with a degree of fixed flexion [78]. The surgical challenge is to ensure correct soft tissue
balance to avoid unequal loading and asymmetric stresses on the implant and eventual
loosening. A stepwise approach to the release of contracted tissue is required [79-81]. A medial
parapatellar or a lateral approach is used and structural bone grafting or prosthetic augmen‐
tation blocks may be required to restore large bone defects [48, 82]. Soft tissue insufficiency
and ligamentous imbalance often favours the use of a cruciate sacrificing, rather than a
posterior cruciate-retaining prosthesis. The survivorship of cruciate retaining prostheses is
reported as poor in some series [83][84]. In cases of ligamentous incompetence a fully con‐
strained prosthesis may be required [85]. The role of patella resurfacing in the rheumatoid
patient is unclear. In a randomised controlled trial of 26 patients with RA who had bilateral
TKA and patellar replacement performed in one randomly selected knee in each patient
demonstrated improved pain and function in the patella resurfacing group [86].
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Figure 4. Plain anteroposterior (a) and lateral (b) radiographs of the knee in a patient with rheumatoid arthritis. De‐
generative changes are present in all 3 joint compartments. There is collapse of the lateral compartment with resul‐
tant valgus deformity. Erosion of the anterior aspect of the distal femoral metaphysis due to pannus is also seen.

6.5. Choice of implant for knee arthroplasty

Cemented TKA has been considered the gold standard prosthesis for the rheumatoid patient.
The 10-year revision rate of cemented TKA between 2001 and 2010 in rheumatoid patients
reported to the Swedish Knee Arthroplasty register was 4% [87]. Fifteen-year survival rate of
cemented Kinematic TKA was 93.7% in 25 rheumatoid patients (36 knees) [88]. However,
recent survivorship data on cementless TKA also show good results, with a survival rate of
96.8 % at 10 years in a cohort of 112 patients (179 knees) [89]. The cementless Hi-Tech Knee II
cruciate-retaining prosthesis was evaluated in 31 Japanese patients with RA with an average
8-year follow up and a reported survival rate 96.9% [90]. Similarly, 16-year survival rate of
cementless low contact stress TKA in 47 patients was 94% [91]. Unicompartmental prostheses
are not appropriate for RA patients as the degenerative changes are pan-articular, and their
use is associated with high failure rates [92].
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use is associated with high failure rates [92].
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7. Complications of hip and knee arthroplasty in inflammatory arthritis

When compared to the general arthroplasty population, patients with inflammatory arthritis
have more comorbidities and are taking more prescription medication. This is reflected by the
higher risk of systemic and surgery specific complications. Mortality rates in rheumatoid
patients are 1.5-1.6 fold higher than in the general population [93]. In a ten-year survivorship
analysis from the Scottish register, greater mortality rate was associated with rheumatoid
disease. Cardiovascular disease is the most commonly attributed cause of death, although
other complications, such as infection, pulmonary and renal disease, are also more prevalent
in the rheumatoid population [94].

In a population based study on risk of revision for infection in THA and TKA from the
Norwegian Arthroplasty register, data from 6,629 (2,462 TKA, 4,167 THA) patients with RA
were compared with 102,157 osteoarthritis patients (21,832 TKA, 80,325 THA). On an average
8-9 year follow up, rheumatoid patients with TKA had a 1.6 times higher risk of revision for
infection than osteoarthritis patients, whereas there was no difference in the THAs [95]. In a
population based study from Mayo clinic, 462 patients with RA (657 total joint replacements)
the prosthetic infection rate at 4 years follow up was 3.7% [96]. Da Cunha et al [97] found no
significant difference in infectious complications when compared perioperative infections in
49 rheumatoid patients (28 TKA, 47 THA) with 75 gender and age matched osteoarthritis
patients (56 TKA, 75 THA).

A retrospective review of nearly 5 million patients demonstrated that RA was an independent
risk factor for pulmonary embolism and deep vein thrombosis (DVT) in hospital patients, with
a relative risk of 2.25 and 1.9 respectively [98]. In a recent comparative study, the risk of DVT
was compared in 199 patients (238 knees) with RA and 156 patients (169 knees) with osteoar‐
thritis and was found to be higher in the osteoarthritis group [99]. Earlier studies have also
demonstrated lower risk in rheumatoid patients, which has been attributed to the use of
NSAIDs [100]. The use of NSAIDs is also believed to cause lower incidence of heterotopic
ossification in the rheumatoid patient as compared with those with osteoarthritis [101].

The risk of dislocation is also reported as higher in RA patients in a recent population based
study from the Scottish National arthroplasty register, 62,175 total hip arthroplasties per‐
formed from April 1989 to March 2004 [102]. This is supported by the results of a prospective
study assessing dislocation 2-years following THA in inflammatory arthritis patients [103].
Finally, periprosthetic fractures are reported more common in RA patients compared to OA,
this can be explained by the poor bone quality and comorbidities [104, 105]

7.1. Functional outcomes

Successful functional outcome requires realistic understanding of goals and expectations of
surgery with active inclusion of the patient in the decision making process [109]. In measuring
the success of lower limb arthroplasty in patients with inflammatory arthritis, condition-
specific outcome measures should be used. Scoring systems have been developed to measure
disease activity and functional deficit. The American College of Rheumatology has developed
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the “ACR20 response score” [106], this was modified and adapted by the European League
Against Rheumatism “EULAR score”[107]. The ACR score is considered the gold standard
and it is based on seven clinical end points: swollen joint count, tender joint count, the
physician’s assessment of disease activity, the patient’s assessment of disease activity, pain,
and physical function, and levels of an acute-phase reactant (either the C - reactive protein
levels or the erythrocyte sedimentation rate). The “ACR20 response’’ [106], defined as at least
20% improvement in in both the tender joint count and the swollen joint count and at least
20% improvement in 3 of the 5 other core set measures listed above. ACR20 aims to provide
an objective assessment of disease status and is used in longitudinal studies to measure the
effectiveness of medical and surgical interventions. The use of these scores helped to provide
objective assessment of patients outcomes, better preoperative scores are associated with better
surgical outcome [108].

The outcome of surgery is influenced by the local pathology, nature of the procedure and the
severity of the disease [53, 88, 110]. In a systematic review of patients characteristics affecting
the surgical outcome of total joint arthroplasty, older age was related to worse function
particularly among women, whilst age and sex did not influence the outcome of pain [111].
There is good evidence that an increase in joint damage is associated with an increase in
functional disability [112] and joint surgery has improved the function and quality of life of
patients with RA [113].

However, when compared to patients with osteoarthritis, those with inflammatory arthritis
have a slower, more gradual functional improvement in clinical outcomes scores [114].
Functional outcomes following THA are poorer in rheumatoid compared with non-inflam‐
matory arthritis [73], this is perhaps explained by the multiple joints involvement in this group
and its effects on functional outcomes [115]. Nevertheless, following THA in 50 rheumatoid
patients, Harris hip score improved from 22 to 82 at 9 years mean follow up [116], and from
25 to 89 at 11 years follow up in another cohort of 20 patients [117].

Studies on TKA in rheumatoid patients have also reported good long term functional out‐
comes. When using the knee society score, 46 patients (71 knees) achieved 77% ‘Good’ or
‘Excellent’ at 10 years follow up [118]. In another study, 25 patients (36 knees) achieved 78%
‘Good’ or ‘Excellent’ at 15 year follow up [88]. However, when compared with osteoarthritis
patients who had TKA, 207 rheumatoid patients younger than 55 years achieved less postop‐
erative improvement [119]. On the other hand, when assessing patient satisfaction following
TKA, there was a significantly better subjective outcome in rheumatoid versus osteoarthritis
patients [120].

8. Conclusions

Hip and knee reconstruction are important surgical  interventions in the management of
the  patient  with  inflammatory  arthritis.  Evidence  to  date  suggests  that  both  cemented
and cemented prosthesis give good long term results. The functional benefit achieved in
an  individual  patient  will  be  affected  by  the  systemic  nature  of  the  disease,  and  other
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and cemented prosthesis give good long term results. The functional benefit achieved in
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joint  involvement.  Because  inflammatory  arthropathy  involves  the  whole  joint,  partial
and uni-compartmental joint replacement should be avoided. The perioperative manage‐
ment of the patient with inflammatory arthropathy requires multidisciplinary input, and
recognition  and appropriate  management  of  comorbidities  that  are  common in  this  pa‐
tient  group.  Finally,  an awareness of  the pharmaceutical  and biological  agents  taken by
the  patient,  and  their  appropriate  peri-operative  management  is  important  to  minimise
the risk of iatrogenic complications.
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joint  involvement.  Because  inflammatory  arthropathy  involves  the  whole  joint,  partial
and uni-compartmental joint replacement should be avoided. The perioperative manage‐
ment of the patient with inflammatory arthropathy requires multidisciplinary input, and
recognition  and appropriate  management  of  comorbidities  that  are  common in  this  pa‐
tient  group.  Finally,  an awareness of  the pharmaceutical  and biological  agents  taken by
the  patient,  and  their  appropriate  peri-operative  management  is  important  to  minimise
the risk of iatrogenic complications.
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1. Introduction

Hemophilia is hereditary x-chromosomal recessive disorders. Hemophilia A is caused by
deficiency or absence of coagulation factor VIII and hemophilia B is caused by that of coagu‐
lation factor IX. The prevalence is reported as one in 5000 in the male population and one in
10000 overall. These diseases are classified into three categories according to serum coagula‐
tion factor activity; severe (<1%), moderate (1-5%), or mild (>5%). The particular hemophilic
manifestation is intra-articular bleeding. Intra-articular bleeding is usually occurred by trau‐
ma but also often spontaneously. Approximately 5% of first bleeding episodes in hemophilic
boys are into a joint. The average age of first intra-articular bleeding is 1.91±0.91 years old
and the median age of that is 1.63 years old [1]. A joint in which four or more recurrent
bleedings have occurred in the prior 6 months is defined as target joint. In the United States,
2.3% of children 2-5 years of age enrolled in the Universal Data Collection Project have tar‐
get joints [2]. Most of target joints have hemophilic synovitis, which is characterized by in‐
flammation, angiogenesis and fibrosis [3] and develop hemophilic arthroplasty which is
characterized by cartilage and bone destruction.

The average annual intra-articular bleeding number were higher in the episodic-therapy
group than in the prophylaxis group and the relative risk of MRI-detected joint damage
with the episodic was 6-fold greater compared with prophylactic group [4]. Therefore, it is a
clear the relationship between intra-articular bleeding and hemophilic arthropathy. Howev‐
er, the number and volume of intra-articular bleedings which result in target joint and ar‐
thropathy is not understood. Experimental pathgenetic studies were reported and many
points of the pathogenesis are still remained as poorly understood points [2,5,6].

As for radiological evaluation methods of hemophilic arthropathy, there are three major sys‐
tems. De Palma classification is classical progressive system and popular in Japan. This sys‐
tem classified hemophilic arthropathy from grade 0 (normal) to grade IV (end-stage) [7].
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Arnold-Hilgartner classification is also classical progressive system and classified from stage
0 (normal) to stage V (end-stage) [8]. Pettersson score is recommend additive scoring system
by World Federation of Hemophilia (WFH) [9]. 8 categories in this system have 0 (normal)
to 2 (worse) points and totally scored from 0 (normal) to 13 points (worst). There are classi‐
cal and authorized good systems but it may need to improve them, because their inter-ob‐
server reliabilities were poor [10].

As for MRI evaluation methods, there were several reports since 2000 [11-13], and WFH rec‐
ommended MRI scale and modified version were published from the international prophy‐
laxis study group [14, 15].

The causative mechanism of hemophilia was recognized in the 1950s [16], and concentrates
for coagulation factor replacement became generally available since 1960s, however the easy
administration of the concentrates resulted in transmission of viral infection including hepa‐
titis C (HCV) and Human immunodeficiency virus infection (HIV) during the 1980s [17]. Al‐
so, the appearance of allo-immune antibody (inhibitor) against deficient coagulation factor
is severe adversity. Product development such as recombinant concentrates has especially
improved therapeutic safety and availability [18], resulting in the possibility of performing
elective orthopedic surgery and prevention of bleeding episodes. The routine administration
of prophylactic treatment has undoubtedly resulted in a greatly improvement in the quality
of life and life expectancy of hemophilic patients. However, many of young hemophilic
adults still have severe destructive joints as a result of repeated intra-articular bleeding dur‐
ing their early years.

For hemophilic arthropathy, there are two major surgical options which are synovectomy
for early stage (hemophilic synovitis) and total joint arthroplasty (TJA) for end stage. At pro‐
gressive stage, there are not good surgical options so that several usual orthopedic options
are tried: anti-inflammatory drugs, corticosteroids, joint infusion of hyaluronic acid or corti‐
costeroids, braces and rehabilitation. However many of them are progressed to end-stage.
Total joint arthroplasty (TJA) is effective procedure in the management of hemophilic ar‐
thropathy for them [19].

2. Major surgery for hemophilia

In our hospital, 126 major surgeries for 80 patients have been performed between June 2006
and June 2012 in which were 96 surgeries for 63 hemophilia A, 28 surgeries for 16 hemophil‐
ia B, and 2 surgeries for 2 other coagulation disorders. 18 surgeries with inhibitor were in‐
cluded. The average age at operation was 39.03 years (13 ~ 60 years). As for virus infection,
HBs antigen positive ratio was 1.5% (2/126 surgeries), HCV antibody positive ratio was
89.7% (113/126), HIV antibody positive ratio was 33.3% (42/126) and both HCV and HIV an‐
tibody positive ratio was 31.7% (41/126).

Major surgery such as TJA is never easily undertaking in hemophilic patients. It required
bleeding control at peri-operative periods, management for viral infection and inhibitor, and
treatment for complication subsequently to bleeding.
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As for bleeding control, guidelines were published[20, 21], in which the aim serum factor
level at peri-operative period is explained clearly. However it is difficult without the sup‐
port of hematologists so that major surgeries are usually performed at hemophilia centers.

As for HIV infection, CD4 cell counts had been important factor as major influence factor on
bacterial infection in the early literatures [22-25]. HIV medical treatment has drastically im‐
proved during the last decade. In the recent literatures [26-29] and our experience, there was
no evidence to suggest that bacterial deep infection at surgical site was influenced on the de‐
cline of CD4 cell counts. However HIV-positive patients whose CD4 cell counts is less than
50 cell/mm3 have a considerable risk of the occurrence of opportunistic infection at peri-op‐
eraive periods.

Most hemophilia adult patients infected hepatitis C virus at 1980s and long period of the vi‐
rus carrier results in hepatic insufficiency and hepatoma. The treatment for chronic hepatitis
has also improved, however it was not good enough to control it. According to our clinical
experiences, severe hepatic insufficiency has been influenced on the fatal ratio after major
surgery.

Between 10-30% of patients with hemophilia A and 2-5% of patients with hemophilia B de‐
velop an inhibitor to FVIII or FIX [30]. Intra-articular bleedings in inhibitor patients have a
more negative impact on their joint function and daily life. They desire to reduce the pain
and improve function at affected joint. However surgical treatments may be deferred until
patients suffer from increasingly severe pain and progressive physical incapacity find no
other options, due to the higher bleeding risks associated with surgery [31]. In fact, there are
some surgical reports for inhibitors, but many of them are a few cases reports [32]. Guide‐
lines for inhibitor [33] were also published, but bleeding control plan at peri-operative peri‐
ods is not established. We believe surgical treatments for inhibitor should be performed at
hemophilic center.

Delayed wound healing is the major complication subsequently to bleeding. In hemophilia
B mice, dermal wound healing is delayed and can be treated with factor IX replacement
therapy to restore thrombin generation. This delay is associated with bleeding into granula‐
tion tissue [34]. In our hospital, there were 3.3% delayed wound healings.

3. Total joint arthroplasty

TJA has been available as a final option in the end-stage hemophilic arthropathy with signif‐
icantly reduced quality of life. The major objectives of TJA are to reduce the pain in the af‐
fected joint and improve the joint function. These effects are influenced on the adjacent
joints beneficially. In addition, the frequency and number of the intra-articular bleeding is
significantly reduced. Thereby, their life-style and quality of life significantly improved. The
indications are adult hemophilia patients with severe destructive arthropathy and subjective
dysfunction. Adult means the patient’s epiphyses are closed. We have performed total hip
arthroplasty for 18 years boy. Their dysfunction have been started from childhood and
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made worse gradually. They are satisfied to live on their ability even if they have severe de‐
structive arthropathies. These cases are not indication subjectively. Total knee or hip arthro‐
plasty (TKA, THA) are generally performed and total elbow and ankle arthroplasty (TEA,
TAA) are rarely performed. However the most common affected joints are elbow, knee and
ankle. The average of operation is around forty [35, 36]. In our hospital, 81 total joint arthro‐
plasty were performed included 59 TKAs, 20 THAs, 1TEA and 1TAA and average age were
44.5. (figure 1, 2)

Figure 1. A 18-year-old hemophilia A patient without inhibitor. No virus infection. Severe hemophilic arthropathy of
the right knee. His knee range of motion was improved at four years after surgery: extension was -30 degrees to 0
degrees and flexion was 90 degrees to 110 degrees. (a): pre-operative radiography; (b) at one month radiography (c)
at four year radiography

Figure 2. A 23-year-old hemophilia A patient with inhibitor. HCV is positive. Severe hemophilic arthropathy of the
right hip. His back pain and tilted pelvis are improved after surgery. (a): pre-operative radiography; (b) just operative
radiography (c) at five year radiography
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As for surgical technique, we believe orthopedic surgeons do not need special skills when
deficient factor level is kept with concentrate adequately. However, there are some careful
points on TJA for hemophilia, in addition to the aforementioned surgical risks for hemophil‐
ia, which are higher infection rate, higher revision rate or shorter durability (table 1), and the
occurrence of deep venous thrombosis (DVT).

Authers Year
Number of

TJA

Average of

Follow-up

(years)

Infection

rate

(%)

Aseptic loosening

rate

(%)

Cohen et al 2000 21 TKAs 5.6 10 0

Norian et al 2002 53 TKAs 5 13.2 9.4

Sheth et al 2004 14 TKAs 6.4 0 0

Goddard et al 2010 70 TKAs 9.2 1.5 8.6

Habermann et al 2007 15 THAs 11 6.7 6.7

Miles et al 2008 34 THAs 6.3 3 9

Yoo et al 2009 23 THAs 7.7 0 4.8

Powell et al 2005
35 TKAs

16 THAs
6.9

TKA:14.3

THA:6.3
0

Wang et al 2012
40 TKAs

18 THAs
10.7

TKA:13

THA:0

TKA:2.5

THA:5.6

Table 1. Infection and aseptic loosening rate after TJA in hemophilia including current study [35-38,40-44]

As for the infection after TJA, most reports show a deep infection rate of 10-16% [35-41], and
our result shows much lower infection rate of 2.5 (2/81). However, these rates are higher
than infection rate of 1-2% consistently reported in the literatures in the general population
[45]. HIV infection had been important factor as major influence factor on bacterial infection,
however the recent clinical results suggest there is no difference in the infection rate be‐
tween HIV positive and negative. It is unclear why the ratio after TJA for hemophilia is
much higher than that for non-hemophilia. The hypothesis that much frequent venous self-
infusion is influenced on highly infection rate [40] is one of possibilities, but there is no evi‐
dence as yet.

As for durability, there are a few long clinical reports. When revision for aseptic mechanical
failure was considered as endpoint, the survival rate for 40 TKAs at 10 years was 93%. The
survival rate for 18 THAs at 8.5 years was 89% [36]. According to clinical result for 60 TKAs
at a mean follow-up of 9.2 years, Kaplan-Meier analysis using infection and aseptic loosen‐
ing as endpoint showed the survival rate at 20 years to be 94.0% [35]. These survival rates
were similar to that in young non-hemophilia patients [46,47], however we believe it is not
good enough rate for young hemophilic patients who have multi-arthropathy.
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Hemophilia patients are often considered that their risk of DVT is lower by virtue of their
bleeding disorder. However, they have as same risk of DVT as non-hemophilic patients, be‐
cause the coagulation factor level is normalized by administration of concentrates at peri-
operative periods. In our hospital, all patients use compression devices and not administrate
drugs such as heparin or aspirin. Thrombosis has been checked by ultrasound and not de‐
tected at pre- and post-operation. Subclinical DVT was observed in 10% of hemophilia pa‐
tients undergoing major orthopedic surgery [48]. According to the simple questionnaires
survey at hemophilia treatment center in the United States, 78% provided thrombo-prophy‐
laxis to selected patients. Of those providing of thrombo-prophylaxis, 67% used compres‐
sion stocking or devices, 24% used low molecular weight heparin, 1% fondaparinux, 3%
unfractionated heparin. 4% warfarin and 1% aspirin [49].

Finally, the cost of hemophilia treatment is major economical concern. The concentrate cost
is occupied of major part of TJA cost and it is depended on the patient body weight. And the
price of concentrates and insurance situation are quite differences internationally, so that we
introduced our situation in this chapter. The cost is too expensive to performed surgery
without insurance coverage, however Japanese general health insurance is covered with
most of the cost, fortunately. The cost of TJA at peri-operative periods about two weeks is
forty to fifty thousand dollars for average Japanese hemophilic patients without inhibitor
(50-70kg). The cost for inhibitor cases is about 5 to 10-folds.

Total joint arthroplasty for hemophilia is a challenging surgery and never a simple under‐
taking, however hemophilia patient need to improve their life style and release severe pain.
We believe it is a safe and effective procedure in the management of hemophilic arthropathy
at hemophilia centers.
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Hemophilia patients are often considered that their risk of DVT is lower by virtue of their
bleeding disorder. However, they have as same risk of DVT as non-hemophilic patients, be‐
cause the coagulation factor level is normalized by administration of concentrates at peri-
operative periods. In our hospital, all patients use compression devices and not administrate
drugs such as heparin or aspirin. Thrombosis has been checked by ultrasound and not de‐
tected at pre- and post-operation. Subclinical DVT was observed in 10% of hemophilia pa‐
tients undergoing major orthopedic surgery [48]. According to the simple questionnaires
survey at hemophilia treatment center in the United States, 78% provided thrombo-prophy‐
laxis to selected patients. Of those providing of thrombo-prophylaxis, 67% used compres‐
sion stocking or devices, 24% used low molecular weight heparin, 1% fondaparinux, 3%
unfractionated heparin. 4% warfarin and 1% aspirin [49].

Finally, the cost of hemophilia treatment is major economical concern. The concentrate cost
is occupied of major part of TJA cost and it is depended on the patient body weight. And the
price of concentrates and insurance situation are quite differences internationally, so that we
introduced our situation in this chapter. The cost is too expensive to performed surgery
without insurance coverage, however Japanese general health insurance is covered with
most of the cost, fortunately. The cost of TJA at peri-operative periods about two weeks is
forty to fifty thousand dollars for average Japanese hemophilic patients without inhibitor
(50-70kg). The cost for inhibitor cases is about 5 to 10-folds.

Total joint arthroplasty for hemophilia is a challenging surgery and never a simple under‐
taking, however hemophilia patient need to improve their life style and release severe pain.
We believe it is a safe and effective procedure in the management of hemophilic arthropathy
at hemophilia centers.
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1. Introduction

Total hip arthroplasty (THA) is one of the most successful surgical procedures with well
documented survivorship at up to 25 years. With ageing of the population and higher ar‐
thritis prevalence in older adults, the demand for the procedure increases worldwide [89]. In
addition, over the last two decades the age range has been broadened to include younger
patients. Over 270 000 hip replacements are performed annually in the US alone, and the an‐
nual volume of hip joint replacement is projected to double by the year 2030 [89]. Although
very successful procedure, significant percentage of patients undergoing total hip arthro‐
plasty require revision within 10 to 15 years after the surgery. Aseptic loosening and the as‐
sociated osteolysis have been recognized as the main reason for implant failure in 71% of
cases [66]. Other indications for revision include periprosthetic fracture, dislocation, and in‐
fection. New technologies in implant design and advances in surgical technique have im‐
proved the outcomes after primary total hip arthroplasty and decreased the rate of
complications. However, as a consequence of increased rate of primary THA's the preva‐
lence of revision hip surgery is increasing proportionally. The increased rate and costs of re‐
vision procedures impose high demands on both surgeon and healthcare system. Moreover,
the cost of hip replacement is exponentially increasing [82].

Bone loss is the major challenge in revision setting. In 2009, Bozic et al. reviewed the most
common causes for revision hip arthroplasty [8]. Aseptic loosening, instability, and infection
were reported as the main reasons for revision surgery. This study underlined the need for a
complex approach to evaluation and management of patients with implant failure after hip
replacement. Such approach will guarantee precise diagnosis, proper selection of revision
implant and surgical approach, uncomplicated surgery, and optimal clinical result.

This chapter provides an overview of aseptic loosening of revision hip arthroplasty and out‐
lines the management strategies in the clinical scenario of a failed hip prosthesis.

© 2013 Kinov and Tivchev; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Patient evaluation

Various signs and symptoms can occur in the clinical  setting of  a  failed hip prosthesis.
Painful  hip  arthroplasty  is  the  most  common  complication  after  total  hip  arthroplasty
reaching 18% of patients in some series [6].  Most of these painful hips will require revi‐
sion.  Groin  pain  can  be  referred  to  implant  failure  easily  whereas  occasional  hip  pain,
pain in the buttock, knee pain or migrating pain can have different etiology. Other diseas‐
es and conditions such as disk disease, radiculopathy, inguinal or femoral hernia, pelvic
infections,  tumors,  and trauma may have manifestations similar to that of a failed pros‐
thesis.

The differential diagnosis of hip pain requires a careful history and examination. In sim‐
ple  cases,  the reason could be identified with clinical  examinations and standard radio‐
graphs only. Thorough examination elicits the underlying cause of hip complains such as
infection, neurological injury, referred pain, wear, aseptic loosening or instability. In many
cases, the diagnosis is a challenge to the surgeon. In addition to clinical history and physi‐
cal examination, radiographic examination and advanced imaging techniques could help
establish exact localization of pain, and its possible connection with the implant. Addition‐
al radiographic examinations as well  as an algorithmic approach with special  diagnostic
imaging  and  tests  help  establishing  precise  diagnosis.  Computed  tomography  and  3-D
computed tomography is often helpful in establishing periprosthetic osteolysis and its se‐
verity. In addition to plain radiographs arthrography with contrast medium could be con‐
sidered in certain cases.

Once extrinsic and periarticular diseases have been excluded as a reason for the hip pain,
septic loosening should be excluded. Laboratory investigations are the initial tests that help
differentiate septic from aseptic loosening. A standard set includes WBC, Erythrocyte sedi‐
mentation rate (ESR), C-reactive protein (CRP), complete chemistries and urinalysis. In ad‐
dition to plain radiographs and laboratory tests joint aspiration is considered the most
important diagnostic tool in ruling out periprosthetic infection. The aspirate should be sent
for cell count and anaerobic and aerobic cultures. Recently, local markers such as interleu‐
kin-6 (IL-6) and other cytokines [34], synovial CRP, and leukocyte esterase (LE) [118] from
joint aspirate have been proposed. All of these local markers have shown accuracy of more
than 90% in predicting periprosthetic infection. Nuclear medicine scans with techneti‐
um-99m-HDP, gallium citrate, and labeled WBC have been used to diagnose the presence of
infection. However, because of poor sensitivity, specificity, and accuracy, it is cost-prohibi‐
tive and remains a tertiary tool. Nuclear medicine is used only if infection could not be pro‐
ven otherwise. Intraoperatively, diagnostic evaluations such as Gram stains and frozen
sections have been proposed.

Guidelines and algorithms for evaluation of painful hip arthroplasty have been published
in the literature and implemented in practice [119]. Such approach helps eliminate infec‐
tion of the failed hip that would change treatment approach and could exclude one-stage
revision.
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3. Classification systems for bone defects

It is important to have a practical, relatively simple classification system for assessment of
bone defects associated with loose hip implants. The use of a radiographic classification sys‐
tem helps to establish the severity and localization of bone defects, and to guide treatment
decisions. It should allow the surgeon to be prepared for the possible intraoperative findings
and to plan adequate treatment approach. Numerous classification systems have been de‐
scribed in the literature [17,23,25,32,40,58,60,99,116,137,158].

3.1. AAOS classification

The American Academy of Orthopedic Surgeons (AAOS) classification system of bone de‐
fects, described by D’Antonio et al. identifies the pattern and localization of osteolysis but
does not quantify the bone loss [23-25]. It is one of the most widely used classification sys‐
tem in the literature.

3.2. Paprosky classification

Perhaps the most widely used classification system, the Paprosky Classification [32,116,158]
(Tables 1, 2) was developed to establish bone defect type, size, and localization in order to
allow selection of appropriate cementless reconstructive option for a given bone loss pat‐
tern. We base our clinical decisions on this classification system.

The key advantage of this classification is the assessment of the host bone ability to provide
initial stability of a cementless implant until bone ingrowth occurs. The bone defects are
usually classified on the basis of plain radiographs. However, final assessment is made in‐
traoperatively, after removal of the failed implant and thorough debridement of the host
bone. Intraoperative assessment of implant stability is made with help of trial components.
The remaining host bone determines the stability of the implant and the type of the defect.

Type Radiographic and intraoperative findings

1 Minimal metaphyseal bone loss

2 Extensive metaphyseal bone loss and an intact diaphysis

3A
Extensive metadiaphyseal bone loss and a minimum of 4 cm of

intact cortical bone in the diaphysis

3B
Extensive metadiaphyseal bone loss and <4 cm of intact cortical

bone in the diaphysis

4 Extensive metadiaphyseal bone loss and a nonsupportive diaphysis

Table 1. Paprosky classification systems for femoral defects.
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Type Radiographic and intraoperative findings

1 Acetabular rim, anterior-posterior column intact

2

Less than 3 cm superior migration

Distorted acetabular rim. Intact anterior and posterior columns

Adequate stability with Trial. Greater than 50% contact surface

2A Superior and medial cavitation defect. Intact rim

2B Segmental supero-lateral defect (less than 1/3 of circumference)

2C Medial defect with cup medial to Kohler’s line (Protrusio)

3
Greater than 3 cm superior migration

Non-supportive acetabular rim for biological fixation

3A

Lateral to Kohler’s line. Intact medial support

Moderate ischial lysis (<15 mm below superior obturator line)

Medial limb of teardrop is intact

Superior and lateral migration “up and out”

Contact of trial with bone over 40-60%

3B

Broken Kohler’s line. No medial or superior support

Extensive ischial osteolysis (>15 mm below superior obturator line)

Complete destruction of tear drop

Superior and medial migration “up and in”

Under 40% contact surface. High risk of occult pelvic discontinuity

Table 2. Paprosky classification system for acetabular defects.

4. Preoperative planning

Careful preoperative planning is a prerequisite for successful revision surgery. The principle
aims in revision hip arthroplasty are to achieve supportive host bone, secure implant fixa‐
tion and to restore hip center and joint kinematics. The type and severity of host bone loss
determine the method of reconstruction. Careful preoperative planning improves effective‐
ness during surgery, and helps distinguish more complex alternatives for reconstruction if
needed.

Thorough clinical and radiographic examination is essential for determining the extent and
severity of bone loss, quality of the host bone, exclusion of infection, additional deformities,
and potentially confounding factors. Computed tomography may be needed in the presence
of massive bone loss. In case of medial migration of the failed components angiography
with contrast medium should be considered. Manual or digital templating helps for ade‐
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quate selection (size, diameter, length) of revision implant and reduce the operative room
inventory. Templating also helps determine whether stable initial fixation could be obtained
and the need for additional procedures. Preoperative planning is critical for the assessment
of the need of graft, tools for implant removal, and selection of proper components available
at the time of surgery. Appropriate surgical exposure should be planned with an extensile
approach often necessary. Classification system of bone defects based on radiographs that
assesses the severity of bone loss according to the type of fixation for a given bone loss pat‐
tern is beneficial. In our practice, we find the Paprosky classification system a useful tool for
guidance of clinical decisions. Any attempt should be made to identify the failed implant.
The implant manufacturer should be contacted for implant-specific extraction devices if
available. In case of isolated partial revision, it is advisable to have an option for partial (lin‐
er or head) exchange.

5. Surgical approaches in revision arthroplasty

The aims of revision surgery are to extract the failed prosthesis with minimal soft tissue and
bone damage, to restore bone loss, and to implant prosthesis with stable and durable fixa‐
tion. Ultimate goals are long-lasting and painless joint function. To obtain these goals arthro‐
plasty surgeons may require a variety of approaches for adequate exposure of the femur and
acetabulum in different revision settings. Usually arthroplasty surgeons are familiar and
most comfortable with a certain approach and use it in most surgeries. However, in order to
obtain reproducible results after revision of most difficult cases, surgeons should be familiar
with all approaches to the hip joint. Next to standard approaches used in primary total hip
arthroplasty, extensile approaches were developed in order to minimize damage to the host
bone, safely remove the loose implant and provide good visualization for correct insertion
of the revision components. Contained defects can be reconstructed through any conven‐
tional approach. For uncontained defects, we prefer to have wide access and, therefore, we
use transtrochanteric approach or trochanteric slide osteotomy with preserved insertion of
vastus lateralis. If greater exposure is needed extended trochanteric osteotomy is advisable.

5.1. Extended trochanteric osteotomy

The extended trochanteric osteotomy (ETO) is one of the significant achievements in revi‐
sion surgery [9] (Figure 1).

It is safe and straightforward, saving time and minimizing risk of fracture during cement
and failed implant removal. However, it limits femoral component options to those that rely
on distal fixation. Advantages of the technique are: predictable healing of the osteotomy, de‐
crease in intraoperative fractures and femoral perforations, direct access to the distal canal
for cement removal and neutral reaming, and decreased surgical time [9,104]. Favorable
clinical results after use of ETO have been published in the literature [9,104].
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5. Surgical approaches in revision arthroplasty

The aims of revision surgery are to extract the failed prosthesis with minimal soft tissue and
bone damage, to restore bone loss, and to implant prosthesis with stable and durable fixa‐
tion. Ultimate goals are long-lasting and painless joint function. To obtain these goals arthro‐
plasty surgeons may require a variety of approaches for adequate exposure of the femur and
acetabulum in different revision settings. Usually arthroplasty surgeons are familiar and
most comfortable with a certain approach and use it in most surgeries. However, in order to
obtain reproducible results after revision of most difficult cases, surgeons should be familiar
with all approaches to the hip joint. Next to standard approaches used in primary total hip
arthroplasty, extensile approaches were developed in order to minimize damage to the host
bone, safely remove the loose implant and provide good visualization for correct insertion
of the revision components. Contained defects can be reconstructed through any conven‐
tional approach. For uncontained defects, we prefer to have wide access and, therefore, we
use transtrochanteric approach or trochanteric slide osteotomy with preserved insertion of
vastus lateralis. If greater exposure is needed extended trochanteric osteotomy is advisable.

5.1. Extended trochanteric osteotomy

The extended trochanteric osteotomy (ETO) is one of the significant achievements in revi‐
sion surgery [9] (Figure 1).

It is safe and straightforward, saving time and minimizing risk of fracture during cement
and failed implant removal. However, it limits femoral component options to those that rely
on distal fixation. Advantages of the technique are: predictable healing of the osteotomy, de‐
crease in intraoperative fractures and femoral perforations, direct access to the distal canal
for cement removal and neutral reaming, and decreased surgical time [9,104]. Favorable
clinical results after use of ETO have been published in the literature [9,104].
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Figure 1. (A) The Extended trochanteric osteotomy is performed by cutting from the greater trochanter distally along
the long axis of the femur. (B) The bone is cut with a saw. (C) The flap with the attached muscles is elevated. (D) Ex‐
posed femoral bone bed.

6. Surgical revision options

Majority of hip revisions could be performed using cementing technique. However, patients
with severe bone loss and poor bone quality require complex alternatives for revision.

6.1. Options for Femoral revision

6.1.1. Cemented fixation of the femoral component

Various studies publish the outcomes after cemented femoral revision [2,13,122]. Use of the
early cementing technique produced disappointing results [2,69]. Gaining more extensive
experience resulted in acceptable short- to mid-term results [13,81,122]. Re-revision rates
ranging from 4.3% to 6.0% and radiographic loosening ranging from 12% to 44% after mid-
term follow-up of 3.4 to 4.5 years were reported (Table 3). However, long-term studies
showed suboptimal outcomes after revision with an early cementing technique. At 8.1-year
follow-up of the initial group of cemented revisions, Pellicci et al. found more than doubled
incidence of re-revision and radiographic loosening ranging from 5.4% to 19% and from
13.6% to 29%, respectively [121]. Similar results were published by Kavanagh et al. in a 10-
year follow-up study [79]. Sixty-four per cent of the stems had been revised or were radio‐
graphically loose. The incidence of revision had more than doubled from 18% at 3 years to
39% at final follow-up.
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Authors Year Hips (No)
Follow-up

(yrs)

Re-revision

rate (%)

Radiographic

loosening (%)

Early technique

Amstutz et al. [2] 1982 66 2.1 9.0 29.9

Pellicci et al. [122] 1982 110 3.4 5.4 13.6

Pellicci et al. [121] 1985 99 8.1 19.0 29.0

Kavanagh et al. [81] 1985 166 4.5 6.0 44.0

Engelbrecht et al. [39] 1990 138 7.4 8.8 38.0

Improved technique

Rubash and Harris [134] 1988 43 6.2 2.0 11.0

Katz et al. [78] 1997 79 11.9 5.4 16.0

Callaghan et al. [13] 1985 139 3.6 4.3 12.0

Estok and Harris [43] 1994 38 11.7 10.5 10.5

Mulroy and Harris [109] 1996 43 15.1 20.0 6.0

Table 3. Results of cemented femoral revision.

The main reason for suboptimal results with early cemented revisions was difficulty in ob‐
taining stable and long-lasting fixation in compromised host bone stock where the rate of re-
revision was very high [83]. In early studies, the reactive sclerotic bone between the fibrous
membrane and the native cancellous bone was not removed [12]. Poor fixation of the revi‐
sion femoral component compared to that in the primary setting may be due to inadequate
excision of residual fibrous membrane, incomplete drying of bone, suboptimal cement fill‐
ing technique, or insufficient cement-bone interlock on the smooth sclerotic bone surface. In
such setting, even long cemented stems, are generally difficult to be inserted with adequate
primary and long lasting stability. Femoral revision using so-called modern cementing tech‐
niques may yield promising results (Figure 2).
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Table 3. Results of cemented femoral revision.

The main reason for suboptimal results with early cemented revisions was difficulty in ob‐
taining stable and long-lasting fixation in compromised host bone stock where the rate of re-
revision was very high [83]. In early studies, the reactive sclerotic bone between the fibrous
membrane and the native cancellous bone was not removed [12]. Poor fixation of the revi‐
sion femoral component compared to that in the primary setting may be due to inadequate
excision of residual fibrous membrane, incomplete drying of bone, suboptimal cement fill‐
ing technique, or insufficient cement-bone interlock on the smooth sclerotic bone surface. In
such setting, even long cemented stems, are generally difficult to be inserted with adequate
primary and long lasting stability. Femoral revision using so-called modern cementing tech‐
niques may yield promising results (Figure 2).
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Figure 2. Modern cementing technique. (A) Distal cement plug. (B) Cement injector. (C) Delivery and pressurization of
cement using cement injector.

Different studies have demonstrated that modern cementing techniques have improved im‐
plant survival and clinical outcome compared with the mid-term results after revision with
use of so-called first-generation technique [71,85,109,128,134] (Figure 3).

Figure 3. (A) Preoperative radiograph of a failed cemented prosthesis. (B) Grade A cemented fixation achieved with
modern cementing technique.

Arthroplasty - Update308

Cemented femoral revision has several advantages in elderly patients. It allows early mobili‐
zation, a shorter operating time, and possibly less risk of a peroperative fracture. Use of
modern cementing techniques seems to improve fixation of the femoral components and
clinical outcomes and justifies its use. Whenever possible the failed arthroplasty should be
revised before occurrence of severe bone loss and femoral enlargement.

6.1.1.1. Cement-within-cement fixation of the femoral component

Removal of the well-fixed cement mantle around the stem can be extremely difficult, time
consuming, and risky procedure. A solution to the problem, cement-within-cement revision
was first proposed by Eftekhar who advised on preserving the existing well cemented man‐
tle and re-cementing the new stem into it [36]. In a biomechanical study, Greenwald et al.
demonstrated that the separation strength was 94% that of a single block when the existing
cement mantle was adequately prepared [56]. The technique requires that the old cement
surface be dried and roughened in order to provide contact area for fixation of the new ce‐
ment. The cement should be injected in the early liquid phase in order to prevent lamination
and to promote polymerization within the existing cement mantle.

This technique has been questioned by other authors [96], but subsequent biomechanical
and clinical studies have favored its use in properly selected cases [35,67,97]. In a cadaver
study, Rosenstein et al. demonstrated that cut strength at the cement-cement interface was
greater than the strength at the cement bone interface [133]. However, the cut strength of
the  cement  bone  interface  was  30% weaker  when cement  was  placed against  a  revised
bone surface.

6.1.2. Impaction grafting technique for femoral revision

Femoral impaction grafting with a cemented stem was first performed in Exeter in 1987 [67]
(Figure 4). The rationale behind this simple concept is to rebuild femoral bone stock and to
provide secure fixation to the femoral stem. The biologic approach of bone restoration dur‐
ing revision hip arthroplasty is a highly appealing solution for restoring host bone stock a
difficult procedure with usually deficient femurs.

Following the initial report of Gie and coworkers of highly successful results after 56 revi‐
sions with follow-up of 18-49 months [53] the technique received wide attention and spread
rapidly [64,114,141,161]. Further studies confirmed the favorable outcomes, and it became
evident that the technique resulted in restoration of femoral bone loss as the impacted allog‐
raft was incorporated and remodeled [67,161].

The technique of impaction grafting appeared to be reliable, reproducible, can be learned
rapidly, and produced predictably favorable outcomes. In a series of 226 revisions, Halli‐
day et al. reported the Exeter initial experience with femoral impaction grafting [64]. The
overall rate of mechanical failure was 7% (16/221) at a minimum follow-up of five years.
Ten to 11-year survivorship with removal of the stem for any reason as the end point was
90.5% and survivorship with revision for  aseptic  loosening as  the  end point  was 99.1%
[64]. In 2006, Schreurs et al. published their results with the technique using a cemented
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The technique of impaction grafting appeared to be reliable, reproducible, can be learned
rapidly, and produced predictably favorable outcomes. In a series of 226 revisions, Halli‐
day et al. reported the Exeter initial experience with femoral impaction grafting [64]. The
overall rate of mechanical failure was 7% (16/221) at a minimum follow-up of five years.
Ten to 11-year survivorship with removal of the stem for any reason as the end point was
90.5% and survivorship with revision for  aseptic  loosening as  the  end point  was 99.1%
[64]. In 2006, Schreurs et al. published their results with the technique using a cemented
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polished tapered stem at an average 10.4-year follow-up [140]. The average subsidence of
the stem within the cement mantle was 3 mm, and seven stems migrated 5 mm. [140]. No
stem was revised for aseptic loosening. Three periprosthetic fractures at the sults of 1305
femoral  revisions  with  impaction  grafting  from the  Swedish  arthroplasty  registry  [114].
Survivorship at  15 years for  aseptic  loosening was 99.1%, for infection 98.6%, for  subsi‐
dence 99.0%, and for fracture 98.7%.

Figure 4. Femoral impaction grafting. (A) Preoperative radiograph. B) Immediate postoperative and, (C) at 8 years af‐
ter revision.

However, other authors reported higher percentage of intraoperative complications, mainly
femoral fractures and suboptimal cementing technique [84,86,101,123]. A high incidence of
up to 12% intraoperative femoral fractures have been reported [64,140,103]. Stem subsidence
of greater than 5 mm is a typical complication with this technique with a prevalence of up to
38% in some series [38,49,86,101]. Impaction grafting has certain disadvantages: it is prone
to femoral fractures [103]; has a steep learning curve; and shows highly variable outcomes,
probably related to the surgical technique. The causes of early subsidence of the stem might
be insufficient impaction of the allograft, suboptimal cement penetration and interdigitation,
use of synthetic graft substitutes, or other graft additives, loss of primary fixation of the al‐
lograft-cement composite due to soft-tissue infiltration and substitution of the allograft in
the process of remodeling and revascularization, unrecognized femoral fracture, or fracture
of the cement-allograft composite. However, in a study on saw femurs, Flannery et al. and
Cummins et al. were unable to find a correlation between threshold force needed to achieve
stable construct in impaction bone grafting without fracture and bone mineral density, ca‐
nal-cortex ratio, or cortical thickness [22,48]. According to Gokhale et al. four variables (age,
intramedullary canal diameter, stem design, and density of the graft at the tip of the stem)
affected the subsidence of the stem [54].

Arthroplasty - Update310

The original technique of impaction grafting utilized the Exeter stem [53]. The impacted
graft is subjected to continuous loading and deformation. Thus, the use of double-tapered
polished stem appears suitable option as the stem could achieve secondary stability after
subsidence. Arguing that the technique is more important than the type of prosthesis other
authors have used different implant designs from those of Exeter wedge shaped prosthesis
[49,77, 124]. Uncemented technique was also used with an equally good outcome at mid-
term follow-up [100].

Femoral impaction bone grafting is a suitable indication for cases with severe bone deficien‐
cy. The technique is expensive, prone to complications, hast steep learning curve, and re‐
sults depend on surgical skills. It may be a viable revision option for young patients with
severe bone loss.

6.1.3. Proximal femoral allografts in revision surgery

Severe bone loss in femoral revision is increasing problem as the number of patients with
multiple previous revision increases. These complex cases are further increasing as the age
of patients undergoing hip replacement is diminishing.

A stable initial fixation is hardly obtainable in complex cases with circumferential proximal
bone loss >5 cm in length. Severe bone loss makes femoral revision using conventional tech‐
niques difficult. Alternatives include distal fixation of the stem or use of a proximal femoral
allograft. Distal fixation requires the use of a proximally femoral replacement prosthesis or
megaprosthesis. This has some disadvantages such as: instability due to poor soft-tissue at‐
tachment [62,120], early loosening of the distally fixed stem [47], stress shielding [10,46,110],
intraoperative fractures [110] or difficulty with fixation in an ectatic femur. Various studies
of revisions using megaprosthesis reported survival rate within the range 58% to 84% at five
to ten year follow-up [98,120,164].

The viable revision technique using proximal femoral allograft consists of a long-stem pros‐
thesis cemented to the allograft but not to the host bone [59] (Figure 5). Uncemented fixation
of the allograft prosthesis construct would not result in long lasting stability of the prosthe‐
sis as neither in-growth nor on-growth could be expected at the allograft-implant interface.
The importance of the allograft-host bone contact is a key factor for achieving stability of the
construct and ensuring long-term stability of the implant [136].

Individual studies published encouraging results after use of proximal femoral allograft-
prosthesis construct in large segmental defects of the proximal femur. In a series of 44 revi‐
sions with a mean follow-up of 7.2 years Vastel et al. observed two deep infections, two
aseptic loosening and two fractures bellow the tip of the prosthesis [155]. The final prosthe‐
sis survivorship rate with revision as the end point was 82.4% at 14 years of follow-up. The
nonunion of the greater trochanter was considered major complication and was observed in
25 cases. In another series of 30 hips who underwent revision total hip replacement with an
allograft prosthetic composite Sternheim et al. observed favorable long-term outcome [149].
The survivorship at 10, 15 and 20 years was 93%, 75.5% and 75.5%, respectively. Encourag‐
ing results were published by Blackley et al. with 78% successful results for an average of
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bone loss >5 cm in length. Severe bone loss makes femoral revision using conventional tech‐
niques difficult. Alternatives include distal fixation of the stem or use of a proximal femoral
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tachment [62,120], early loosening of the distally fixed stem [47], stress shielding [10,46,110],
intraoperative fractures [110] or difficulty with fixation in an ectatic femur. Various studies
of revisions using megaprosthesis reported survival rate within the range 58% to 84% at five
to ten year follow-up [98,120,164].
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thesis cemented to the allograft but not to the host bone [59] (Figure 5). Uncemented fixation
of the allograft prosthesis construct would not result in long lasting stability of the prosthe‐
sis as neither in-growth nor on-growth could be expected at the allograft-implant interface.
The importance of the allograft-host bone contact is a key factor for achieving stability of the
construct and ensuring long-term stability of the implant [136].

Individual studies published encouraging results after use of proximal femoral allograft-
prosthesis construct in large segmental defects of the proximal femur. In a series of 44 revi‐
sions with a mean follow-up of 7.2 years Vastel et al. observed two deep infections, two
aseptic loosening and two fractures bellow the tip of the prosthesis [155]. The final prosthe‐
sis survivorship rate with revision as the end point was 82.4% at 14 years of follow-up. The
nonunion of the greater trochanter was considered major complication and was observed in
25 cases. In another series of 30 hips who underwent revision total hip replacement with an
allograft prosthetic composite Sternheim et al. observed favorable long-term outcome [149].
The survivorship at 10, 15 and 20 years was 93%, 75.5% and 75.5%, respectively. Encourag‐
ing results were published by Blackley et al. with 78% successful results for an average of
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eleven-year follow-up [7]. The allograft-prosthesis construct survivorship at five years was
90% and at 10 years was 86%. A recent systematic review of 498 hips with a mean follow-up
of 8.1 years reported survival rate of 82% [131]. The major complications were aseptic loos‐
ening observed in 13.7% of patients followed by dislocation in 12.8%.

Figure 5. The technique of bone reconstruction with use of a proximal femoral allograft-prosthesis construct as descri‐
bed by Gross et al. [59]. (A) The proximal allograft is shaped from a proximal femoral allograft according to the preop‐
erative planning. It should accommodate the selected stem and the step cut of approximately 2 by 2 cm of the host
bone. (B) The stem is cemented in the femoral allograft. The contact surface of the allograft to the host bone should
be free of cement. (C) The proximal femur-allograft construct is stabilized to the host bone by the stem of the implant.
The step cut is reinforced by cerclage wires. Usually, the construct is reinforced with cortical struts prepared from the
remnants of the allograft or from bone-bank allografts.

The use of a proximal femoral allograft-prosthesis construct has some inherited disadvan‐
tages characteristic for complex surgery. Allograft resorption eventually leading to failure of
the revision is of major concern with longer follow-up [61]. Usually, it was observed after
several years of follow-up but did not progress [7,155]. Authors that utilize uncemented dis‐
tal fixation support the concept of direct loading of the host-allograft junction and argue that
it minimizes allograft resorption [7,59]. On the other hand, cementing the prosthesis to the
distal femur and thus stress shielding the allograft may explain the high rate of allograft re‐
sorption [61]. Nonunion of the allograft-host junction [7] or the greater trochanter [61,155]
are of major concern with this technique. A step-cut osteotomy may provide rotational sta‐
bility while an oblique osteotomy may provide greater surface area for bone healing com‐
pared to a transverse osteotomy. Dislocation is a frequent complication after revision with
proximal femoral allograft with incidence ranging from to 7.3% to 16.7% [15, 61,131,155]. As
with other cases, the high risk of dislocation may be lowered by optimal reconstruction of
length, adequate version and high offset of the prosthesis-allograft construct and by main‐
taining the soft tissue tension and its attachment to the host femur [131]. The infection rates
after revision with allograft-prosthesis construct are higher than that reported after primary
hip arthroplasty. Rates of infection ranging from 0 to 10.9% were reported
[15,94,132,136,155]. However, considering the high complexity of the technique these levels
of infection are not unacceptable.

Arthroplasty - Update312

Femoral revision using proximal femoral allograft cemented to a long-stem prosthesis is ap‐
pealing option for revision. The current data from the literature support the use of the tech‐
nique as a durable solution, with available evidence reporting a long-term survivorship up
to 86%. It is of a particular interest in the young patients because of its potential to improve
bone stock and provide a substrate for subsequent revision. The development and refine‐
ment of this technique should be encouraged.

6.1.4. Cementless fixation of the femoral component

Obtaining stable and long lasting fixation in femoral revision in patients with severe bone
deficiency is a difficult task. Long-term results after cemented revision have not been opti‐
mal  [81,83,121].  High  failure  rates  ranging  between  12% to  44% at  mid-term follow-up
have been reported [2,81,83,121].  The main reason was difficulty in obtaining stable and
long-lasting fixation in severe bone loss. Cementless fixation proved a promising alterna‐
tive and was soon introduced in practice.  However,  for  fears  of  stress  shielding the in‐
growth surface of first-generation designs was confined to the proximal part of the stem.
Although highly successful in primary arthroplasty, the limited amount of porous coating
with proximal fixation led to less favorable results in revision surgery (Table 4).  Failure
rates  of  4%  to  10%  were  reported  at  short-  to  mid-term  follow-up.  These  results  were
slightly  better  than  those  obtained  with  an  early  cementing  technique.  The  technique
yielded acceptable  results  in  less  severe deformities  [71].  Retrieval  studies  have demon‐
strated that less bone ingrowth occurs in revision stems compared to primary stems [21].
Porous surface extending to the diaphysis is needed to ensure stable primary fixation. In
support of this, various authors have reported promising long-term results after revision
with use of extensively coated uncemented stems [1,41,88,115].

Proximal femoral deficiency results from osteolysis, infection, fracture or bone damage dur‐
ing implant extraction. In such cases with severe bone loss, distal fixation with cylindrical,
tapered or fluted stem designs is a viable option [4,14,41]. The technique requires accurate
preparation of 4 cm to 7 cm of diaphyseal bone [41,92,102]. It is adaptable and can be used in
situations with different severity of bone loss. Moreover, it can be used in periprosthetic
fractures and is adjustable with extended trochanteric osteotomy. Distal stem fixation is the
most successful strategy in terms of primary and secondary mechanical stability, bone os‐
teointegration, and most importantly clinical results [4]. The main reason for its success is
the fact that the implant is in contact with viable bone. Success rates of 90% to 95% have
been reported with extensively coated monoblock stems over 10-year follow-up
[105,115,158]. However, issues, such as thigh pain and proximal stress shielding, were re‐
ported frequently.

The principles of the Wagner stem are utilized in the tapered stems [156]. The cone prosthe‐
sis achieves good contact between the supportive distal diaphysis and the middle or distal
third of the stem (Figure 6). The conical shape and the longitudinal splines promotes pri‐
mary axial and rotational stability, which are prerequisites for osteointegration and long-
lasting endurance of the cementless implant. The concept of modularity was introduced in
the tapered stems with the advantages of versatile proximal fill and distal fit [76]. By modu‐
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eleven-year follow-up [7]. The allograft-prosthesis construct survivorship at five years was
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ening observed in 13.7% of patients followed by dislocation in 12.8%.

Figure 5. The technique of bone reconstruction with use of a proximal femoral allograft-prosthesis construct as descri‐
bed by Gross et al. [59]. (A) The proximal allograft is shaped from a proximal femoral allograft according to the preop‐
erative planning. It should accommodate the selected stem and the step cut of approximately 2 by 2 cm of the host
bone. (B) The stem is cemented in the femoral allograft. The contact surface of the allograft to the host bone should
be free of cement. (C) The proximal femur-allograft construct is stabilized to the host bone by the stem of the implant.
The step cut is reinforced by cerclage wires. Usually, the construct is reinforced with cortical struts prepared from the
remnants of the allograft or from bone-bank allografts.

The use of a proximal femoral allograft-prosthesis construct has some inherited disadvan‐
tages characteristic for complex surgery. Allograft resorption eventually leading to failure of
the revision is of major concern with longer follow-up [61]. Usually, it was observed after
several years of follow-up but did not progress [7,155]. Authors that utilize uncemented dis‐
tal fixation support the concept of direct loading of the host-allograft junction and argue that
it minimizes allograft resorption [7,59]. On the other hand, cementing the prosthesis to the
distal femur and thus stress shielding the allograft may explain the high rate of allograft re‐
sorption [61]. Nonunion of the allograft-host junction [7] or the greater trochanter [61,155]
are of major concern with this technique. A step-cut osteotomy may provide rotational sta‐
bility while an oblique osteotomy may provide greater surface area for bone healing com‐
pared to a transverse osteotomy. Dislocation is a frequent complication after revision with
proximal femoral allograft with incidence ranging from to 7.3% to 16.7% [15, 61,131,155]. As
with other cases, the high risk of dislocation may be lowered by optimal reconstruction of
length, adequate version and high offset of the prosthesis-allograft construct and by main‐
taining the soft tissue tension and its attachment to the host femur [131]. The infection rates
after revision with allograft-prosthesis construct are higher than that reported after primary
hip arthroplasty. Rates of infection ranging from 0 to 10.9% were reported
[15,94,132,136,155]. However, considering the high complexity of the technique these levels
of infection are not unacceptable.
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to 86%. It is of a particular interest in the young patients because of its potential to improve
bone stock and provide a substrate for subsequent revision. The development and refine‐
ment of this technique should be encouraged.

6.1.4. Cementless fixation of the femoral component
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deficiency is a difficult task. Long-term results after cemented revision have not been opti‐
mal  [81,83,121].  High  failure  rates  ranging  between  12% to  44% at  mid-term follow-up
have been reported [2,81,83,121].  The main reason was difficulty in obtaining stable and
long-lasting fixation in severe bone loss. Cementless fixation proved a promising alterna‐
tive and was soon introduced in practice.  However,  for  fears  of  stress  shielding the in‐
growth surface of first-generation designs was confined to the proximal part of the stem.
Although highly successful in primary arthroplasty, the limited amount of porous coating
with proximal fixation led to less favorable results in revision surgery (Table 4).  Failure
rates  of  4%  to  10%  were  reported  at  short-  to  mid-term  follow-up.  These  results  were
slightly  better  than  those  obtained  with  an  early  cementing  technique.  The  technique
yielded acceptable  results  in  less  severe deformities  [71].  Retrieval  studies  have demon‐
strated that less bone ingrowth occurs in revision stems compared to primary stems [21].
Porous surface extending to the diaphysis is needed to ensure stable primary fixation. In
support of this, various authors have reported promising long-term results after revision
with use of extensively coated uncemented stems [1,41,88,115].

Proximal femoral deficiency results from osteolysis, infection, fracture or bone damage dur‐
ing implant extraction. In such cases with severe bone loss, distal fixation with cylindrical,
tapered or fluted stem designs is a viable option [4,14,41]. The technique requires accurate
preparation of 4 cm to 7 cm of diaphyseal bone [41,92,102]. It is adaptable and can be used in
situations with different severity of bone loss. Moreover, it can be used in periprosthetic
fractures and is adjustable with extended trochanteric osteotomy. Distal stem fixation is the
most successful strategy in terms of primary and secondary mechanical stability, bone os‐
teointegration, and most importantly clinical results [4]. The main reason for its success is
the fact that the implant is in contact with viable bone. Success rates of 90% to 95% have
been reported with extensively coated monoblock stems over 10-year follow-up
[105,115,158]. However, issues, such as thigh pain and proximal stress shielding, were re‐
ported frequently.

The principles of the Wagner stem are utilized in the tapered stems [156]. The cone prosthe‐
sis achieves good contact between the supportive distal diaphysis and the middle or distal
third of the stem (Figure 6). The conical shape and the longitudinal splines promotes pri‐
mary axial and rotational stability, which are prerequisites for osteointegration and long-
lasting endurance of the cementless implant. The concept of modularity was introduced in
the tapered stems with the advantages of versatile proximal fill and distal fit [76]. By modu‐
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larity the sizes and shapes of the prosthesis can be increased by varying the diameter and
shape of the proximal and distal part of the stem and locking them in different way. Modu‐
larity offers certain advantages such as correction and restoration of leg length, correction of
offset and version, selection of optimal proximal fill, as well as compatibility with extended
trochanteric osteotomy [4,92]. The potential problem of thigh pain was not associated with
tapered stem design [156]. Disadvantages of modular taper stem designs include complexi‐
ty, risk of stem fracture, fretting and corrosion of the junction, increased inventory, and
higher cost.

Authors Year Hips (No) Follow-up (yrs)
Re-revision rate

(%)

Radiographic

loosening (%)

Lawrence et al. [95] 1993 174 7.4 5.7 1.1

Engh et al. [42] 1988 127 4.4 1.6 2.4

Kang et al. [76] 2008 39 2 (minimum) 2.6 0

Krishnamurthy el al. [88] 1997 297 8.3 1.7 0.7

Harris et al. [65] 1988 23 2 (minimum) 0 4.3

Moreland and Bernstein [106] 1995 175 5.0 1.1 4.2*

Moreland and Moreno [105] 2001 137 9.3 4 -

* Mechanical failure

Table 4. Results of cementless femoral revision.

Figure 6. Cementless revision of Paprosky type 3A defect with a modular tapered stem (A) resulting in good initial (B)
and mid-term stability at 2 years (C).
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Various studies have reported favorable outcomes of various uncemented tapered distal fix‐
ation stems with high survival of more than 95% at 5 to 10-year follow-up [41,88,102]. The
technique of cementless revision with distal fixation of the stem has been shown to be a reli‐
able and straightforward. It ads no additional risks or complications. It can be used in all but
the most severe segmental defects [4,14,41,102]. When the simple principles of the method
are followed it provides stable and durable fixation of the revision implant. However, distal
fixation does not restores host bone, thus making further revision surgery more difficult.

6.2. Options for acetabular revision

The goals of revision arthroplasty are to relieve pain and to improve function. In order to
obtain these goals stable and durable fixation of the revision components must be achieved
with restoration of hip center. Acetabular revision is the most difficult part of hip revision.
Unfortunately, there is no single surgical technique to solve the problem of fixation. The
achievement of stable initial and long-lasting fixation is challenged by the severity of differ‐
ent acetabular defects and soft tissue damage. The main acetabular reconstruction option is
cementless pres-fit fixation of the cup with or without allograft [19,73]. When severe com‐
bined segmental and cavitary bone deficiencies, poor bone quality and viability or pelvic
discontinuity are identified, other more complex options for acetabular reconstruction are
required. These include trabecular metal (TM) cups, modular metallic augments, reconstruc‐
tion cages, reinforcement rings, cup-cages, and structural or morsellized allografts that can
be used to support the reconstruction.

6.2.1. Cemented fixation of the acetabular component

In cases with no or moderate bone loss revision could be performed with simple cemented
exchange of the implant. Historically, early revisions were performed with the same techni‐
que that had been used for primary arthroplasty. However, difficulties in achieving consis‐
tent long-term results had prevented use of this technique. Failure to achieve adequate
cement interdigitation explained poor results reported with early cementing techniques.
Key factors for good cementing technique are optimal exposure of cancellous bone, ade‐
quate containment of the cup, and a clean and dry socket [130]. Sutherland and colleagues
demonstrated that preservation of the subchondral bone can increase stiffness and stress
concentration at the bone-cement junction [150]. Callaghan et al [13] reported 4.3% revisions
and 34% radiographic loosening at 3.6-year follow-up of cemented revisions. Similar high
rates of loosening were reported by Pellicci et al at 3.4-year follow-up [122]. The long-term
results after cemented revision were considerably worse [121]. Even with improvement of
the cementing technology, the cemented acetabular fixation has not improved (Table 5).

At longer follow-up, using modern cementing techniques failure rates ranging from 35% to
65% were reported [78,112]. Ten-year survivorship of the acetabular component with radio‐
graphical loosening as the endpoint event was 72% [78]. Consequently, cement fixation of
the acetabular component has become less popular among orthopedic surgeons. In contrast,
hemispherous porous-coated cups with bone ingrowth potential were developed and dem‐
onstrated consistently better results.
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ation stems with high survival of more than 95% at 5 to 10-year follow-up [41,88,102]. The
technique of cementless revision with distal fixation of the stem has been shown to be a reli‐
able and straightforward. It ads no additional risks or complications. It can be used in all but
the most severe segmental defects [4,14,41,102]. When the simple principles of the method
are followed it provides stable and durable fixation of the revision implant. However, distal
fixation does not restores host bone, thus making further revision surgery more difficult.

6.2. Options for acetabular revision

The goals of revision arthroplasty are to relieve pain and to improve function. In order to
obtain these goals stable and durable fixation of the revision components must be achieved
with restoration of hip center. Acetabular revision is the most difficult part of hip revision.
Unfortunately, there is no single surgical technique to solve the problem of fixation. The
achievement of stable initial and long-lasting fixation is challenged by the severity of differ‐
ent acetabular defects and soft tissue damage. The main acetabular reconstruction option is
cementless pres-fit fixation of the cup with or without allograft [19,73]. When severe com‐
bined segmental and cavitary bone deficiencies, poor bone quality and viability or pelvic
discontinuity are identified, other more complex options for acetabular reconstruction are
required. These include trabecular metal (TM) cups, modular metallic augments, reconstruc‐
tion cages, reinforcement rings, cup-cages, and structural or morsellized allografts that can
be used to support the reconstruction.

6.2.1. Cemented fixation of the acetabular component

In cases with no or moderate bone loss revision could be performed with simple cemented
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tent long-term results had prevented use of this technique. Failure to achieve adequate
cement interdigitation explained poor results reported with early cementing techniques.
Key factors for good cementing technique are optimal exposure of cancellous bone, ade‐
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and 34% radiographic loosening at 3.6-year follow-up of cemented revisions. Similar high
rates of loosening were reported by Pellicci et al at 3.4-year follow-up [122]. The long-term
results after cemented revision were considerably worse [121]. Even with improvement of
the cementing technology, the cemented acetabular fixation has not improved (Table 5).

At longer follow-up, using modern cementing techniques failure rates ranging from 35% to
65% were reported [78,112]. Ten-year survivorship of the acetabular component with radio‐
graphical loosening as the endpoint event was 72% [78]. Consequently, cement fixation of
the acetabular component has become less popular among orthopedic surgeons. In contrast,
hemispherous porous-coated cups with bone ingrowth potential were developed and dem‐
onstrated consistently better results.
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Authors Year Hips (No) Follow-up (yrs)
Re-revision rate

(%)

Radiographic

loosening (%)

Raut et al. [127] 1995 387 5.5 6.2 18.8

Estok and Harris [43] 1994 32 11.7 22.0 19.0

Mulroy and Harris [109] 1996 29 15.1 38.0 44.0

Katz et al. [78] 1997 79 11.9 16.0 23.5

Eisler et al. [38]* 2000 83 3.6 8.0 22.0

Huo and Salvati [70] 1993 113 4.1 1.0 5.0

* Third generation cementing technique

Table 5. Results of acetabular revision using modern cementing technique.

6.2.2. Cementless fixation of the acetabular component

The approach to each individual case depends upon the severity and localization of host
bone loss. Results after cementless revision of the acetabular component have outperformed
cemented fixation [30,31,44]. With supportive and viable host bone and a reliable ingrowth
surface a hemispheric metal shell supported with screws is a straightforward solution for
acetabular reconstruction (Table 6). The success of the technique has been so dramatic that it
is currently considered the gold standard by most arthroplasty surgeons in the USA.

Authors Hips (No) Follow-up (yrs)
Re-revision rate

(%)

Radiographic

loosening (%)

Della Valle CJ et al. [30] 138 15.0 (minimum) 4.5* 1.5

Park et al. [117] 138 20.0 (minimum) 8.0* 5.0

Wysocki et al. [162] 187 5.0 (minimum) 2.0 5.0

Lachiewicz and Hussamy [91] 60 5.0 0 0

Tanzer et al. [152] 140 3.4 0.7 4.3

Silverton et al. [145] 109 8.3 0 5.0

Templeton et al. [153] 61 12.9 0 3.0

*Combined wear and loosening

Table 6. Results of cementless cup revision.

In minor or  contained defects,  hemispherical  cup with/without  grafting produced excel‐
lent results [30,31,44].  Cementless fixation is suitable for patients with Paprosky types 1,
2A and 2B defects: without hip center migration or pelvic discontinuity. As a general rule,
at least 50% of the host bone is needed to be in contact with the implant in order to sup‐
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port a hemispherical cup. Transfixational screws are usually used to support ingrowth of
the press-fit cup. Morcellized allografts could be used to fill the cavitary defects. In a defi‐
cient acetabulum with major bone loss such as Paprosky type 3 defects a hemispherical
cup could be placed against the intact supportive roof ("high hip center"). Sometimes ex‐
tra large (jumbo cup) or oblong cups can bypass severe bone defects and provide stable
initial fixation for bone ingrowth. Cementless fixation results in a anatomical hip center or
in a high hip center [26].

6.2.2.1. High hip center

The failed acetabular components migrate in the direction of joint reaction forces creating
a deficient acetabular bed with greater superoinferior dimension compared to the antero‐
posterior dimension. In such revision setting implantation of the cementless hemispheric
press-fit  cup in the anatomical hip center is not possible.  A straightforward decision for
treatment of such defects is to place a small hemispherical press-fit cup against the sup‐
portive bone at the roof of the acetabular defect - the so-called high hip center (Figure 7).
Most authors consider arbitrary the hip center high if it is proximally greater than 35 mm
to the inter-teardrop line [27].

Figure 7. Type 3A defect of the acetabulum (A) resulting in high placement of the cup (B).

Results after cementless press-fit fixation of the acetabular component inserted with screws
outperformed cemented revision. With use of this approach, despite extensive acetabular
bone loss excellent implant fixation was consistently reported. The durability of cementless
acetabular fixation was proven in long-term studies, too. In the study of Templeton et al.,
none of the cementless cups have been revised for aseptic loosening at 12.9-year follow-up
and only 3 cups have migrated [153]. In a study with minimum follow-up of 20 years, Park
et al. demonstrated 95% survivorship with revision of the cup for aseptic loosening or radio‐
graphic signs for loosening as the end point [117]. However, with longer follow-up, the
problem of polyethylene wear and osteolysis emerged. In their series, re-revisions for wear
and osteolysis were first performed at approximately twelve years postoperatively [117]. At
last follow-up 20 years after revision, the incidence of reoperations for polyethylene wear
and/or osteolysis continued to increase.
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outperformed cemented revision. With use of this approach, despite extensive acetabular
bone loss excellent implant fixation was consistently reported. The durability of cementless
acetabular fixation was proven in long-term studies, too. In the study of Templeton et al.,
none of the cementless cups have been revised for aseptic loosening at 12.9-year follow-up
and only 3 cups have migrated [153]. In a study with minimum follow-up of 20 years, Park
et al. demonstrated 95% survivorship with revision of the cup for aseptic loosening or radio‐
graphic signs for loosening as the end point [117]. However, with longer follow-up, the
problem of polyethylene wear and osteolysis emerged. In their series, re-revisions for wear
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last follow-up 20 years after revision, the incidence of reoperations for polyethylene wear
and/or osteolysis continued to increase.
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The technique saves costs, time, and eliminates the use of structural allografts or cement.
However, high rate of complications was reported [27,74]. This might reflect the complex‐
ity of  the procedure.  Certain disadvantage of the technique is  restoration of limb-length
discrepancy on the femoral side whereas the defect is on the acetabular side. This would
result in abnormal hip biomechanics. Increased hip joint reactive forces with high hip cen‐
ter and impingement might partially explain the relatively higher rate of dislocation with
this technique [117,162].

Considering the excellent results reported with porous coated press-fit acetabular compo‐
nents in terms of implant fixation, we believe that the use of press-fit cups should be consid‐
ered in every revision setting if there is sufficient host bone stock to support the cup.

6.2.2.2. Jumbo cups

Extra-large cups offer certain advantages in maximizing the contact area between the cup
and host bone when revising deficient acetabulum. There is no universally-accepted defini‐
tion of the jumbo cup. Extra-large cups are arbitrary defined compared to the size of the pel‐
vis, the hip joint, and the previous implant. Whaley and coworkers defined jumbo cups as
having a minimum outside diameter of 66 mm (men) or 62 mm (women) [159]. This was
based upon the fact that the revision cups used at their institution were 10 mm larger than
the mean implant diameters used for primary hip arthroplasty.

The method has certain advantages [126]: the acetabulum is prepared straightforward by
reaming to a large hemispere; the large implant fills in the deficiencies and bone grafting is
usually unnecessary; the center of rotation is transferred inferiorly and to some extent later‐
ally restoring hip biomechanics (Figure 8); the large implant provides greater contact area
and greater lever arm. Disadvantage of the technique are the limitations in restoring bone
stock. Moreover, most of the defects are oblong with a greater superoinferior dimension
than anteroposterior dimension. Converting an oblong defect to a hemispherical with exten‐
sive reaming may disrupt posterior wall or column which is critical for cup stability [159].
This risk of host bone compromise may result in high implantation of the socket.

Whaley et al. reported on 89 acetabular revisions using extra-large hemispherical compo‐
nents from the Mayo clinic [159]. The probability of survivorship of the cup at eight years
was 93% with removal for any reason as the end point, and 95% with radiographical loosen‐
ing or revision for aseptic loosening as the end point [159]. Wedemeyer et al., Obenaus et al.,
and Dearborn and Harris published similar results with cup survivorship with an end point
aseptic loosening higher than 94% at mid-term follow-up [26,113,157].

The technique saves costs, time, and eliminates the use of structural allografts or cement.
However, the rate of complications reported was rather high. In the series of Park et al., the
most common reason for revision in 11.6% of 138 hips was infection and dislocation [117].
Similar high rates of revision were reported by Dearborn and Harris [26] and Della Valle et
al. [30]. This might reflect the complexity of the procedures.

Extra large cups are a reasonable alternative in patients with moderate defects (Paprosky
type 2).
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Figure 8. Correction of the center of rotation with a large oversized cup.

6.2.2.3. Oblong cups

As described earlier, large oval contained defects cannot be filled-in superoinferiorly with‐
out excessive reaming of the anterior or posterior column of the acetabulum to produce
hemisphere. Another option is high placement of the cup. Attractive alternative in such cas‐
es is oblong cup. Oblong cup has smaller anteroposterior and mediolateral dimensions com‐
pared to the superiorinferior dimension. By accommodating the implant to the defect
oblong cups can restore hip center and increase implant contact with host bone. Advantages
of the technique are: lack of increased reaming of the anterior or posterior columns or metal‐
lization of the cup; increased contact between the device and the host bone; restoration of
hip center [19,73]; and avoidance of structural allografts [5]. Disadvantages include higher
cost, difficulties in cases with insufficient contact [16], possible component malpositioning,
failure to restore bone [5], and excessive bone removal in order to achieve press-fit [126].

In a multicenter study on 38 hips revised with oblong press-fit cups, Berry et al. published
good results at mean 3 years after surgery [5]. There was only one failure for acetabular
loosening that required re-revision. Mean Harris Hip Score (HHS) increased from 50 points
preoperatively to 90 points after revision. The hip center was 37 mm above the inter-tear‐
drop line before the operation and was corrected to 25 mm above the inter-teardrop line.
Civinini et al. published good mid-term results after revising with oblong cup Paprosky
type 2 and 3 acetabular defects [19]. In a series of 55 hips followed-up for an average of 7.2
years only one cup was revised for loosening. Similar good results were reported by DeBoer
and Christie on 18 hips revised with oblong press-fit cups [28]. At the latest follow-up, 4.5
years after revision no component was loose and the mean HHS increased from 41 points
preoperatively to 91 points after revision. The authors reported near anatomic restoration of
the hip center to 17 mm above the inter-teardrop line after revision. Chen and Engh report‐
ed less favorable results in 37 revisions (29 with massive type 3 defects) followed-up for an
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average of 41 months [16]. Eight percent of the hips were probably loose and 16% were un‐
stable. Eight of the 14 hips that had more than two centimeters of superior migration of the
component and disruption of Koehler’s line on preoperative radiographs failed [16]. The au‐
thors found a correlation between loosening and average distance from the inferior edge of
the cup and the interteardrop line. Five of the six unstable components initially had not
reached to the level of the radiographic teardrop or distal to it [16]. In their early series, Su‐
therland [151] reported a 50% failure rate (3 of 6) after revision with an oblong cup of type 3
defects. Discouraging mid-term results were published by Babis et al. using a cementless ob‐
long cup for revision of Paprosky 3A defects [3]. After a mean follow-up of 60.5 months 18
hips (29.0%) were revised and a further four hips (6.4%) were loose and awaited revision.
Further analyses proved that careful patient selection is critical for the success of this revi‐
sion technique.

Acetabular revision with an oblong cup is an attractive alternative, especially when the sur‐
geon plans correction of an elevated hip center [16,108]. The technique is suitable for Papros‐
ky type 2A, 2B and 3A defects where the acetabular defect is oval. Obtaining initial stability
and supplementary fixation by screws are mandatory for the stability of the implant and are
key factors for long-term success of the reconstruction. However, the medial wall should be
intact and the failed component should not have migrated more than two centimeters. Pel‐
vic discontinuity is also a contraindication for this technique. Alternative techniques such as
structural allograft or cage should be considered in such revision settings.

6.2.3. Impaction grafting technique for acetabullar revision

Cemented acetabular revision yielded unacceptably high rate of loosening [13,80,81]. Pos‐
sible reason is the deficient, weaken and sclerotic acetabular bone frequently found at re‐
vision. An attractive alternative for cup fixation in massive contained defects is impaction
grafting where the cup is cemented on a premoulded bed of impacted morsellized cancel‐
lous bone. In such revision setting the contact with host bone is very limited if not absent.
The morsellized bone has osteoinductive and osteocunductive properties and is used as a
filler scaffold of contained defects. The technique of impaction bone grafting and cement‐
ed fixation of the cup was first described in 1984 by Slooff and coworkers [146], and later
standardized by the same authors with minor modifications and technique-specific instru‐
mentation [11,142]. Morsellized graft could be used with a cementless hemispherous cup
if more than 50% of the cup is in contact with viable host bone [57]. Transfixing screws
should be used for additional stabilization of the cup. In cases with less than 50% contact
between the cup and viable host  bone the cemented cup into impacted cancellous bone
should be used [146].

The technique can provide stable and durable reconstruction of the hip joint. However, ini‐
tial mechanical stability of the morsellized allograft-cemented cup composite is a prerequi‐
site for a successful biological reconstruction. Subsequent remodeling and incorporation of
grafts, provides long-term stability. In contrast to cementless revision, this technique could
restore bone loss. The modern evolved technique consists of reconstruction of segmental
and rim defects with use of a metal mesh or a solid graft. The sclerotic areas are perforated
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with multiple 2-mm drill-holes, and fresh-frozen morsellized bone chips are impacted layer
by layer into the acetabulum. The clinical success of the of impaction grafting depends on
the surgical technique and on the biological and mechanical properties of the morsellized
bone graft. Various factors connected with the graft such as graft type (cancellous, cortical-
cancellous, chemical composites, synthetic additives), graft processing (fresh frozen, freeze-
dried, irradiated), graft particle size and grade influence the clinical result. The originators
of the technique use fresh frozen allografts [11,142,143].

The technique of acetabular impaction grafting is well-established and various authors dem‐
onstrated reproducible results [20,51,143,154]. Schreurs et al. reported good results after ace‐
tabular revision with impaction allografting at 15 to 20-year follow-up [142]. With revision
for aseptic loosening as the endpoint, cup survivorship was 84% at 15 years [142]. In a 20 to
28-year follow-up study, Busch et al. from the same study group evaluated 42 patients with
impaction grafting younger than 50 years [11]. With revision for aseptic loosening as the end
point, survivorship was 85% after twenty years and 77% after twenty-five years [11]. With
end point event signs of loosening on radiographs, survival was 71% at twenty years and
62% at twenty-five years. Results declined over time, but the authors concluded that the
technique is useful in younger patients with major bone defects [11].

Acetabular revision using impaction grafting is a reliable alternative for biologic restoration
of hip joint mechanics. The procedure is technically demanding and exacting. Results com‐
parable to those after revision with cementless hemispheric cups were obtained after use of
correct surgical technique.

6.2.4. Reconstruction cages

Reconstruction cages and antiprotrusio rings are an established method of treatment for
severe acetabular bone loss if  contact with 50% host bone could not be established [57].
They have the advantage of fixation into viable host bone of the ileum and ischium with
flanges while protecting allograft (Figure 9). Failure rates higher than 60% at an average
of 2.9 years have been reported in cases with massive allografts not supported by cages
[116]. Because of the poor results following use of unsupported structural allograft use of
reconstruction cages has been advised [148]. Reinforcement rings or reconstruction cages
can provide adequate support for the reconstruction with massive allografts in Paprosky
type 2C and type 3  defects.  Favorable  results  were  reported after  use  of  reconstruction
cages  by  different  authors  [50,68,107,125].  Recently,  this  treatment  approach  has  been
questioned as TM implants provide more favorable conditions for graft incorporation and
bone ingrowth [148].

The reconstruction cages and antiprotrusio rings have definite advantages: the cage and ring
allow for restoration of hip center; they provide uniform load to the allograft stimulating
bone remodeling and incorporation into host bone [72]; cementing allows use of local antibi‐
otic protection; allow correct placement of the cemented cup independent of the cage or
ring. The cage protects either the morsellized or structural allograft while it remodels, and if
the cage fails cementless revision can be done [55,57].
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restore bone loss. The modern evolved technique consists of reconstruction of segmental
and rim defects with use of a metal mesh or a solid graft. The sclerotic areas are perforated
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with multiple 2-mm drill-holes, and fresh-frozen morsellized bone chips are impacted layer
by layer into the acetabulum. The clinical success of the of impaction grafting depends on
the surgical technique and on the biological and mechanical properties of the morsellized
bone graft. Various factors connected with the graft such as graft type (cancellous, cortical-
cancellous, chemical composites, synthetic additives), graft processing (fresh frozen, freeze-
dried, irradiated), graft particle size and grade influence the clinical result. The originators
of the technique use fresh frozen allografts [11,142,143].

The technique of acetabular impaction grafting is well-established and various authors dem‐
onstrated reproducible results [20,51,143,154]. Schreurs et al. reported good results after ace‐
tabular revision with impaction allografting at 15 to 20-year follow-up [142]. With revision
for aseptic loosening as the endpoint, cup survivorship was 84% at 15 years [142]. In a 20 to
28-year follow-up study, Busch et al. from the same study group evaluated 42 patients with
impaction grafting younger than 50 years [11]. With revision for aseptic loosening as the end
point, survivorship was 85% after twenty years and 77% after twenty-five years [11]. With
end point event signs of loosening on radiographs, survival was 71% at twenty years and
62% at twenty-five years. Results declined over time, but the authors concluded that the
technique is useful in younger patients with major bone defects [11].

Acetabular revision using impaction grafting is a reliable alternative for biologic restoration
of hip joint mechanics. The procedure is technically demanding and exacting. Results com‐
parable to those after revision with cementless hemispheric cups were obtained after use of
correct surgical technique.

6.2.4. Reconstruction cages

Reconstruction cages and antiprotrusio rings are an established method of treatment for
severe acetabular bone loss if  contact with 50% host bone could not be established [57].
They have the advantage of fixation into viable host bone of the ileum and ischium with
flanges while protecting allograft (Figure 9). Failure rates higher than 60% at an average
of 2.9 years have been reported in cases with massive allografts not supported by cages
[116]. Because of the poor results following use of unsupported structural allograft use of
reconstruction cages has been advised [148]. Reinforcement rings or reconstruction cages
can provide adequate support for the reconstruction with massive allografts in Paprosky
type 2C and type 3  defects.  Favorable  results  were  reported after  use  of  reconstruction
cages  by  different  authors  [50,68,107,125].  Recently,  this  treatment  approach  has  been
questioned as TM implants provide more favorable conditions for graft incorporation and
bone ingrowth [148].

The reconstruction cages and antiprotrusio rings have definite advantages: the cage and ring
allow for restoration of hip center; they provide uniform load to the allograft stimulating
bone remodeling and incorporation into host bone [72]; cementing allows use of local antibi‐
otic protection; allow correct placement of the cemented cup independent of the cage or
ring. The cage protects either the morsellized or structural allograft while it remodels, and if
the cage fails cementless revision can be done [55,57].
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Figure 9. Reconstruction of a Paprosky type 2C defect (A) with a cage (B). Remodeling of the allograft at 2 years.

Disadvantages include higher cost, need for wide surgical exposure of the superolateral part
of the ileum. The later may risk injury of the superior gluteal nerve and limping. The major
concern with standard nonporous cages and rings is that they do not allow bone ingrowth.
Finally, they loosen and break. However, this inability of bone ingrowth is compensated by
the mechanical stability and incorporation of the graft reducing the risk of fatigue fracture of
the cage. Close fit between the cage and the allograft as well as adequate fixation of the cage
are a prerequisite for successful reconstruction. Cement augmentation of screws is recom‐
mended in cases with severe osteolysis or osteoporosis.

The limits of using antiprotrusio rings were demonstrated by Haentjens and coworkers and
Zehntner and Ganz [63,163]. High rate of migration up to 44% (12/27) at mid-term follow-up
of 7.2 years was reported [163]. Previous designs of reconstruction cages did not allow bone
ingrowth and a failure rate of 16.4% due to loosening was reported on average 4.6 years af‐
ter surgery [55]. Sporer et al. reported a 2- to 8-year follow-up of 45 hips where a cage was
used for a type 3 defects [148]. Nine hips were revised for aseptic loosening, and an addi‐
tional nine hips were radiographically loose.

In contrast, Winter et reported no loosening or revision in 38 hips followed-up at mean 7.3
years after revision with cage [160]. In a long-term study, 18 acetabular revisions for pelvic
discontinuity have been reported on average 13.5 years after surgery [129]. Two cages were
revised for aseptic loosening, and another two allografts showed signs of severe osteolysis.
Survivorship of the acetabular component at 16.6 years with end points revision for any rea‐
son, loosening or nonunion of the allograft was 72%. The increased rate of loosening and re‐
vision is probably multifactorial and reflexes the increased case load. Frequent indication for
use of reconstruction cages is pelvic discontinuity. However, designs without bone in‐
growth do not have potential for biologic fixation and rely solely on mechanical fixation.

Antiprotrusio cages and rings are an effective technique for treatment of severe bone de‐
fects. However, in recent years, newer implant designs have gained popularity. In cases
with more than 50% host bone support cementless cup transfixed with screws is the treat‐
ment method of choice. Trabecular metal implants, porous augments, and triflanged acetab‐
ular components are an attractive alternative for complex acetabular reconstructions,
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[33,57,148]. TM cups have been proposed if contact with viable host bone is 30% to 50%. If
contact with viable host bone is less than 30% a cup-cage construct was suggested [57]. Lon‐
ger follow-up studies are needed to support the clinical use of these new implants.

6.2.5. Structural acetabular allografts

One of the most difficult scenarios in revision surgery is a reconstruction of a massive ace‐
tabular bone loss. Structural acetabullar allografts are a suitable revision option for uncon‐
tained bone defects (Paprosky type 2B, 3A and 3B). The size of the allograft may range from
a femoral head in superolateral uncontained defects to total acetabular allograft when severe
uncontained defects or pelvic discontinuity are present.

Advantages of the technique include restoration of hip center and restoration of bone stock
for future revisions [50,68,90,125]. However, actual restoration of viable and mechanically
competent bone is questionable. Moreover, results are unpredictable. The technique is de‐
manding and associated with various complications.

Results after revision with structural allografts have been largely controversial. Harris ini‐
tially reported successful results after reconstruction of severe acetabular defects with struc‐
tural allografts [135]. However, the encouraging period of initial good functioning for 5 to 10
years was followed by later failures. In 1993, Kwong et al. reported 47% failures in 30 hips
with a mean follow-up period of 10 years [90]. In 1997, the senior author reported total rate
of revision or loosening 60% at an average of 16.5 years [144]. High hip center for placement
of the cup was suggested in cases with severe acetabular bone loss [135].

In a series of 33 hips followed-up on average 7 years after revision with a structural allog‐
raft, Garbuz et al. reported 55% success rate [50]. Fifteen hips were revised: seven hips be‐
cause of failure of the prosthesis and eight hips because of failure of both the allograft and
the prosthesis. Gross et al. reported on 107 hips reconstructed with bulk allograft [58]. Thirty
hips (28%) were revised and in 15.9% of cases (17 hips) the indication was aseptic loosening.
The authors reported 76% successful results in the 33 hips with minimum duration of fol‐
low-up of 5 years (average, 7.1 years) after the revision. However, eight hips needed addi‐
tional reoperation because of failure of the graft and another six hips were revised for
loosening. Hooten et al. reported on a series of 31 revisions with structural allograft and ce‐
mentless cup followed-up on average 46 months after surgery [68]. Twelve (44%) cups were
radiographically loose and five of these hips were revised. In contrast, Paprosky et al. re‐
ported a failure rate of 19 per cent (6/31) at an average follow-up of 5.7 years after revision
with use of a structural allograft [116]. The only failures in that series were in hips in which
the allograft supported more than 50 per cent of the cup. In another study, Morsi et al.
found a success rate of 86% (25/29) at mean follow-up of 7.1 years [107]. They used a minor
bulk allograft that supported less than 50% of the cup.

Although results after revision with structural allograft are controversial, most authors
agree that the rate of success increases if more than 50% of the cup is in contact with viable
host bone [50,68,116]. According to Morsi et al. [107] and Pollock and Whiteside [125] a re‐

Revision Hip Arthroplasty: Management of Bone Loss
http://dx.doi.org/10.5772/53249

323



Figure 9. Reconstruction of a Paprosky type 2C defect (A) with a cage (B). Remodeling of the allograft at 2 years.
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used for a type 3 defects [148]. Nine hips were revised for aseptic loosening, and an addi‐
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In contrast, Winter et reported no loosening or revision in 38 hips followed-up at mean 7.3
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discontinuity have been reported on average 13.5 years after surgery [129]. Two cages were
revised for aseptic loosening, and another two allografts showed signs of severe osteolysis.
Survivorship of the acetabular component at 16.6 years with end points revision for any rea‐
son, loosening or nonunion of the allograft was 72%. The increased rate of loosening and re‐
vision is probably multifactorial and reflexes the increased case load. Frequent indication for
use of reconstruction cages is pelvic discontinuity. However, designs without bone in‐
growth do not have potential for biologic fixation and rely solely on mechanical fixation.

Antiprotrusio cages and rings are an effective technique for treatment of severe bone de‐
fects. However, in recent years, newer implant designs have gained popularity. In cases
with more than 50% host bone support cementless cup transfixed with screws is the treat‐
ment method of choice. Trabecular metal implants, porous augments, and triflanged acetab‐
ular components are an attractive alternative for complex acetabular reconstructions,
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[33,57,148]. TM cups have been proposed if contact with viable host bone is 30% to 50%. If
contact with viable host bone is less than 30% a cup-cage construct was suggested [57]. Lon‐
ger follow-up studies are needed to support the clinical use of these new implants.

6.2.5. Structural acetabular allografts

One of the most difficult scenarios in revision surgery is a reconstruction of a massive ace‐
tabular bone loss. Structural acetabullar allografts are a suitable revision option for uncon‐
tained bone defects (Paprosky type 2B, 3A and 3B). The size of the allograft may range from
a femoral head in superolateral uncontained defects to total acetabular allograft when severe
uncontained defects or pelvic discontinuity are present.

Advantages of the technique include restoration of hip center and restoration of bone stock
for future revisions [50,68,90,125]. However, actual restoration of viable and mechanically
competent bone is questionable. Moreover, results are unpredictable. The technique is de‐
manding and associated with various complications.

Results after revision with structural allografts have been largely controversial. Harris ini‐
tially reported successful results after reconstruction of severe acetabular defects with struc‐
tural allografts [135]. However, the encouraging period of initial good functioning for 5 to 10
years was followed by later failures. In 1993, Kwong et al. reported 47% failures in 30 hips
with a mean follow-up period of 10 years [90]. In 1997, the senior author reported total rate
of revision or loosening 60% at an average of 16.5 years [144]. High hip center for placement
of the cup was suggested in cases with severe acetabular bone loss [135].

In a series of 33 hips followed-up on average 7 years after revision with a structural allog‐
raft, Garbuz et al. reported 55% success rate [50]. Fifteen hips were revised: seven hips be‐
cause of failure of the prosthesis and eight hips because of failure of both the allograft and
the prosthesis. Gross et al. reported on 107 hips reconstructed with bulk allograft [58]. Thirty
hips (28%) were revised and in 15.9% of cases (17 hips) the indication was aseptic loosening.
The authors reported 76% successful results in the 33 hips with minimum duration of fol‐
low-up of 5 years (average, 7.1 years) after the revision. However, eight hips needed addi‐
tional reoperation because of failure of the graft and another six hips were revised for
loosening. Hooten et al. reported on a series of 31 revisions with structural allograft and ce‐
mentless cup followed-up on average 46 months after surgery [68]. Twelve (44%) cups were
radiographically loose and five of these hips were revised. In contrast, Paprosky et al. re‐
ported a failure rate of 19 per cent (6/31) at an average follow-up of 5.7 years after revision
with use of a structural allograft [116]. The only failures in that series were in hips in which
the allograft supported more than 50 per cent of the cup. In another study, Morsi et al.
found a success rate of 86% (25/29) at mean follow-up of 7.1 years [107]. They used a minor
bulk allograft that supported less than 50% of the cup.

Although results after revision with structural allograft are controversial, most authors
agree that the rate of success increases if more than 50% of the cup is in contact with viable
host bone [50,68,116]. According to Morsi et al. [107] and Pollock and Whiteside [125] a re‐
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peat revision does not mean failure of the reconstruction. This complex reconstruction can
be considered successful if bone stock is restored for future revisions.

Revision with structural allograft is a suitable option for restoration of hip center. The role of
the allograft is to support the cementless cup with partial stability until adequate ingrowth
occurs. The success after the procedure is technically-related. In order to optimize result af‐
ter revision with structural allograft a number of principles should be followed. Structural
allografts combined with antiprotrusio cages, and a cemented cup should be considered on‐
ly in cases with insufficient host bone to provide a stable fixation for a press-fit cup [26].

For an optimal result, an appropriate allograft must be selected to match the mechanical re‐
quirements of the desired reconstruction. The method of processing of the bone allografts is
important for the clinical result. Greater success rate with fresh frozen bone allografts was
obtained compared to freeze-dried allografts [58]. The trabecullae of the allograft should be
in the direction of load for optimal stress transfer. After trimming of the allograft in order to
obtain maximal contact with the host bone the allograft is fixed with 6.5 mm parallel screws
in the direction of load. In case of pelvic discontinuity, the column should be fixed with a
plate before fixating the allograft. Use of reinforcement cages improves results after recon‐
struction with structural allograft [50,138].

6.2.6. Custom triflanged implants

Custom triflanged prostheses have been proposed for treatment of massive acetabular de‐
fects and pelvic discontinuity, but the experience is limited and the rate of complications is
high [75]. The implant is manufactured from 3-D CT data reconstruction of the degree and
localization of bone loss as well as its spatial orientation.

In 2007, DeBoer et al. evaluated the outcome of revision with a custom-designed porous-
coated triflanged acetabular implant in 20 hips at an average 10-year follow-up [28]. A defi‐
nite healing of the pelvic discontinuity was found in 18 hips (90%). The remaining two
implants were radiographically stable and did not migrate even when discontinuity persist‐
ed. However, the overall dislocation rate in the series was 25%. Christie et al. followed-up
retrospectively 67 complex revisions with custom-made triflanged implant [18]. Two discon‐
tinuities persisted, but both were asymptomatic and no implant was revised. Six (7.8%) hips
were revised for recurrent dislocation. Using custom triflanged acetabular components Den‐
nis reported three failures in 24 revisions with mid-term follow-up of 4 years [33]. He ques‐
tions the value of the technique in pelvic discontinuity unless supplemented with additional
column plating.

The technique has high cost, it is time consuming, requires extensile exposure, and lacks
modularity. It could not be used in urgent clinical situation where it is not possible to wait
for manufacturing the product. With complex implant and technically challenging surgery
custom-designed triflanged prosthesis should be reserved for cases where less costly and
less technically demanding options could not be used. Many surgeons consider it a salvage
procedure for cases where the bone loss is catastrophic.
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6.2.7. Trabecular metal cups

Trabecular metal cups can be used in massive contained or uncontained defects. As tan‐
talum  provides  favorable  environment  for  biological  fixation,  TM  cups  have  been  sug‐
gested  for  revision  of  Paprosky  type  3  defects  [57,148]  instead  of  an  allograft-cage
construct.

Early  results  with  use  of  TM implants  have been encouraging [111].  TM has  decreased
the need for at  least  50% contact  of  the implant with viable host  bone.  In Paprosky 3A
an 3B defects,  because cages do not  provide biologic  fixation,  Gross suggested use of  a
cup  and  cage  construct  (the  so-called  cup-cage  technique)  when  less  than  30%  contact
can be made with viable host bone [57].  The rationale behind the technique is that load
will  be taken off  the cage,  once bone ingrowth occurs into the trabecular metal  cup.  So
early and mid-term failures of the cages will be prevented.

Sporer  et  al.  reported  on  13  hips  with  pelvic  discontinuity  revised  with  tantalum cups
with or without augments [147]. At mean 2.6 years after revision 12 of the 13 cups were
radiographically stable. Lakstein et al. reported on 53 revisions of contained defects with
50% or less contact with host bone using TM cups [93]. Two cups (4%) were revised, and
two additional cups (4%) had radiographical evidence of probable loosening at a mean 45-
month follow-up.  The fact  that  some of  the  TM cups lacked contact  with  a  viable  host
bone is  impressive.  Four hips (8%) dislocated and one (2%) sciatic  nerve palsy was ob‐
served. In a large multicenter study, 263 revisions with tantalum TM cups were followed-
up  at  an  average  7  years  after  surgery.  At  the  most  recent  follow-up,  all  cups  were
radiographically  stable  and  no  revision  for  loosening  was  reported.  Eight  dislocations
(3%) in the series were successfully treated with closed reduction,  and one sciatic  palsy
partially resolved at last follow-up. Kosashvili et al. reported on 26 revisions of pelvic dis‐
continuities  using  cages  combined  with  trabecular  metal  components  and  morsellized
bone (cup-cage technique) [87]. At mean follow-up of 45 months 23 hips (88.5%) were ra‐
diographically stable.

Promising midterm results have been demonstrated after revision with use of these new
techniques.  Currently,  the  preference  is  to  biological  fixation whenever  possible,  and to
alternative options when initial stability could not be obtained.

6.2.8. Modular components (metal augments)

Modular metal augments of various sizes and shape are used to decrease defect size and to
restore bone defect to contained one capable of supporting a revision cup (Figure 10).

The size and placement of augments is highly dependable on the bone loss pattern. Aug‐
ments are secured with multiple screws to host bone and remaining defects are filled in with
morsellized bone. The hemispherical cup is impacted into the defect with the interface be‐
tween the shell and the metal augment cemented.
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peat revision does not mean failure of the reconstruction. This complex reconstruction can
be considered successful if bone stock is restored for future revisions.
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tions the value of the technique in pelvic discontinuity unless supplemented with additional
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modularity. It could not be used in urgent clinical situation where it is not possible to wait
for manufacturing the product. With complex implant and technically challenging surgery
custom-designed triflanged prosthesis should be reserved for cases where less costly and
less technically demanding options could not be used. Many surgeons consider it a salvage
procedure for cases where the bone loss is catastrophic.
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Figure 10. TM modular augments (courtesy of Zimmer, Warsaw, IN, USA).

7. Conclusion

During the last two decades, revision hip arthroplasty is constantly in the focus of orthope‐
dic surgeons as the numbers of these difficult and risky surgeries are increasing. Up to date,
he paradigms of revision surgery has been evolving constantly. From polyethylene wear, os‐
teolysis and loosening, to complexities such as pelvic discontinuity, there is a wide range of
surgical options for successful reconstruction. Analysis of clinical results from various stud‐
ies outlines the preference for biological fixation of the revision implant whenever possible.
It is vital for the surgeon to be familiar with different treatment approaches and to anticipate
various intraoperative scenarios. Systematic approach with considerable preoperative evalu‐
ation and planning will achieve a good result. Prerequisite for a successful and durable revi‐
sion include viable host bone, adequate surgical technique, and stable and endurable
implant. Current improvements in surgical techniques, implant designs, as well as biomate‐
rials and bearing surfaces are a significant contribution for obtaining favorable outcome af‐
ter revision hip arthroplasty. However, we do not have complex solution. The optimal
surgical approach for revision THA varies considerably among different settings. On the
other hand, the economic burden of total joint replacement is increasing at a steep rate. This
necessitates improved methods for evaluation of existing technology and particularly pa‐
tient-derived outcomes assessment instruments. Further research and well-designed clinical
studies are needed in order to provide optimal treatment to the increasing number of pa‐
tients requiring revision surgery in the future.
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Figure 10. TM modular augments (courtesy of Zimmer, Warsaw, IN, USA).

7. Conclusion

During the last two decades, revision hip arthroplasty is constantly in the focus of orthope‐
dic surgeons as the numbers of these difficult and risky surgeries are increasing. Up to date,
he paradigms of revision surgery has been evolving constantly. From polyethylene wear, os‐
teolysis and loosening, to complexities such as pelvic discontinuity, there is a wide range of
surgical options for successful reconstruction. Analysis of clinical results from various stud‐
ies outlines the preference for biological fixation of the revision implant whenever possible.
It is vital for the surgeon to be familiar with different treatment approaches and to anticipate
various intraoperative scenarios. Systematic approach with considerable preoperative evalu‐
ation and planning will achieve a good result. Prerequisite for a successful and durable revi‐
sion include viable host bone, adequate surgical technique, and stable and endurable
implant. Current improvements in surgical techniques, implant designs, as well as biomate‐
rials and bearing surfaces are a significant contribution for obtaining favorable outcome af‐
ter revision hip arthroplasty. However, we do not have complex solution. The optimal
surgical approach for revision THA varies considerably among different settings. On the
other hand, the economic burden of total joint replacement is increasing at a steep rate. This
necessitates improved methods for evaluation of existing technology and particularly pa‐
tient-derived outcomes assessment instruments. Further research and well-designed clinical
studies are needed in order to provide optimal treatment to the increasing number of pa‐
tients requiring revision surgery in the future.
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1. Introduction

The World Health Organization estimates that 10% of the world’s population over the age of
60 suffers from osteoarthritis (OA) [1]. The majority of these cases involve the hip and knee.
Symptomatic osteoarthritis of the ankle with radiographic changes is seen in approximately
11% of patients seeking treatment for “arthritis” [1]. Idiopathic arthritis, as seen in the hip
and knee, is rare in the ankle joint. The majority of ankle arthritis is secondary to trauma
(70%), with a smaller percentage being attributed to inflammatory arthropathies such as RA
(12%) and only 7% attributed to primary OA [2]. Ankle arthritis can be a debilitating dis‐
ease. In fact, the mental and physical disability associated with end-stage arthritis of the an‐
kle is at least as severe as that associated with end stage hip arthritis [3].

1.1. Anatomy

The ankle joint consists of the tibio-talar joint incorporating articular surfaces between the
talar dome with the tibial plafond, and the medial talus with the medial malleolus. In addi‐
tion, there is an articulation between the lateral talus with the lateral malleolus. It is mainly a
rolling joint with congruent surfaces at high loads, allowing it to withstand large pressures
[1]. The ankle carries 5 times body weight during normal walking activities [4]. The majority
of the load (75%) is distributed across the tibio-talar joint but some force is transmitted
through the medial and lateral sides [5]. Pathological conditions such as a mal-united ankle
fracture results in changes in the contact stresses and the overall contact area [5].

1.2. History

Patients with arthritic changes to the ankle have the typical “arthritic” complaints as seen in
other affected joints. Patients often present with pain, swelling and stiffness. The pain may
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The World Health Organization estimates that 10% of the world’s population over the age of
60 suffers from osteoarthritis (OA) [1]. The majority of these cases involve the hip and knee.
Symptomatic osteoarthritis of the ankle with radiographic changes is seen in approximately
11% of patients seeking treatment for “arthritis” [1]. Idiopathic arthritis, as seen in the hip
and knee, is rare in the ankle joint. The majority of ankle arthritis is secondary to trauma
(70%), with a smaller percentage being attributed to inflammatory arthropathies such as RA
(12%) and only 7% attributed to primary OA [2]. Ankle arthritis can be a debilitating dis‐
ease. In fact, the mental and physical disability associated with end-stage arthritis of the an‐
kle is at least as severe as that associated with end stage hip arthritis [3].
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The ankle joint consists of the tibio-talar joint incorporating articular surfaces between the
talar dome with the tibial plafond, and the medial talus with the medial malleolus. In addi‐
tion, there is an articulation between the lateral talus with the lateral malleolus. It is mainly a
rolling joint with congruent surfaces at high loads, allowing it to withstand large pressures
[1]. The ankle carries 5 times body weight during normal walking activities [4]. The majority
of the load (75%) is distributed across the tibio-talar joint but some force is transmitted
through the medial and lateral sides [5]. Pathological conditions such as a mal-united ankle
fracture results in changes in the contact stresses and the overall contact area [5].
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be worse with weight bearing/impact activities, with weather changes, and may wake them
at night. Painful symptoms may be worse with initiation of activities (especially first thing
in the morning) but may improve during the activity. The pain usually intensifies with pro‐
longed activity and after the activity is completed. Stiffness can be present, usually worse
first thing in the morning or after a prolonged rest. Swelling can be particularly bothersome
and is usually intermittent. Patients complain of pain in the anterior talo-crural area and
have difficulty with reciprocal stair climbing and hills. Subfibular or lateral foot pain is not
common and is more typical for patients with subtalar arthritis which may be seen in combi‐
nation with ankle arthritis. Patients with subtalar arthritis complain of difficulties with
walking on uneven ground.

Given that most ankle arthritis is post-traumatic, a history of previous trauma should be de‐
termined including a history of severe or repetitive ankle sprains [6]. History of previous in‐
fection is important to ascertain as it can be a contraindication to joint arthroplasty and
current infection should be treated immediately with antibiotics and possibly debridement.
Systemic illness such as rheumatoid arthritis, gout, and hemophilia should be noted. Pa‐
tients with diabetes mellitus can present with Charcot deformity including arthritis.

1.3. Physical exam

Patients should be inspected for general lower limb alignment, including the knees, ankle,
hindfoot, midfoot and forefoot, paying particular attention to varus/valgus mal-alignment of
the hindfoot and dorsiflexion/plantarflexion mal-alignment of the ankle. Inspection should
note any swelling about the ankle, wasting of the calf musculature and previous surgical in‐
cisions. Gait should be observed. Patients generally have a foreshortened stance phase, and
may walk with their foot externally rotated. Patients with ankle arthritis walk with a shorter
stride length, reduced walking speed, and a shorter stance phase of the affected limb [4, 5, 7,
8]. Active and passive range of motion should be compared to the other side for ankle dorsi/
plantar flexion and subtalar eversion/inversion. In severe ankle arthritis, it is important to
differentiate range of motion coming from the ankle joint as opposed to the hindfoot and
midfoot joints. Heel eversion and inversion may also show restrictions of movement. Palpa‐
tion should include all bone prominences and the anterior margin of the ankle joint looking
for areas of tenderness or synovitis. Sensory changes or motor dysfunction should be noted
for possible neurological abnormalities. Both dorsalis pedis and posterior tibial pulses
should be assessed along with capillary refill and any abnormalities may require further
vascular investigations with ABI and/or CT angiogram.

1.4. Imaging

Standard radiographs should include WEIGHTBEARING AP/Lateral and mortise views of
both ankles, and AP and lateral views of the foot. Radiographs can be reviewed for the clas‐
sic signs of OA including loss of joint space, subchondral sclerosis, cyst formation and osteo‐
phyte formation. CT scan can be useful to determine arthritic changes in adjacent joints, or
to look at the surrounding bone stock when considering arthroplasty but this technique is
compromised for diagnosing early OA with cartilage loss because it is not done in the
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weightbearing position; therefore it can be misleading regarding joint space maintenance
and overall joint alignment. MRI is not required when assessing ankle arthritis. If there is a
past history of infection, quiescent infection should be ruled out with a bone/gallium scan
combination or a white blood cell scan.

2. Conservative treatment

2.1. Medications

Non-steroidal anti-inflammatories drugs (NSAIDs) have long been the mainstay for sympto‐
matic treatment of arthritic joint pain. These drugs control the pain of arthritis but are not
disease modifying agents. Current classes of drugs include standard NSAIDs (eg. Ibuprofen,
Naproxen, Indomethacin). The newer Cox 2 inhibitors [eg. Celecoxib (Celebrex) and Rofe‐
coxib (Vioxx)] have less gastrointestinal side effects [9, 10]; however, concern about higher
risks of myocardial infarction, thrombosis and stroke lead to withdrawl of Rofecoxib (Vioxx)
from the market in 2004 Patients with long term NSAID use are counseled to have blood
pressure and kidney function checked regularly with their family physicians as all NSAIDS
still put patients at risk for renal-related complications.

Nutraceuticals such as glucosamine sulphate and chondroitin sulphate are popular non-pre‐
scription remedies. There have been a multiple studies on these products, the vast majority
done in the arthritic knee population. Findings include pain modification similar to NSAIDS
with a similar side effect profile, although the onset is slower [11, 12]. Other studies suggest
actual disease modification with long term glucosamine use, as seen by NON progression of
joint space narrowing [13, 14]. More recent authors have found no difference between glu‐
cosamine and placebo [15] and no evidence of disease modification or pain relief [16]. Popu‐
lar dosing for glucosamine is 1.5 grams per day.

2.2. Injections

Corticosteroids demonstrate both anti-inflammatory response and immunosuppressive ef‐
fect. After intra-articular administration, there is a decrease in erythema, swelling, heat and
tenderness. This may be secondary to altered movement and function of leucocytes, reduced
micro vascular dilation and permeability, and reduced prostaglandin synthesis. Side effects
can include septic arthritis, tendon rupture, post injection wheal and flare, facial flushing,
atrophic skin changes, toxic effect on cartilage (at large doses) and possible systemic absorp‐
tion. Standard limit of injections in weight bearing joints is 3-4 injections per year [17].

Hyaluronic acid (HA) is a major component of synovial fluid, and comprises part of the
structure of hyaline cartilage. Viscosupplementation by injection of HA derivatives (as avail‐
able in pharmaceutical components) has multiple proposed mechanisms of action. Biologic
effects include an anti-inflammatory as well as anti-oxidant effect, and restoration of endog‐
enous synthesis via positive feedback loop. Viscoelastic properties include a “mechanical
spongy” trapping of immune complexes and inflammatory cells and restoration of synovial
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fection is important to ascertain as it can be a contraindication to joint arthroplasty and
current infection should be treated immediately with antibiotics and possibly debridement.
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Patients should be inspected for general lower limb alignment, including the knees, ankle,
hindfoot, midfoot and forefoot, paying particular attention to varus/valgus mal-alignment of
the hindfoot and dorsiflexion/plantarflexion mal-alignment of the ankle. Inspection should
note any swelling about the ankle, wasting of the calf musculature and previous surgical in‐
cisions. Gait should be observed. Patients generally have a foreshortened stance phase, and
may walk with their foot externally rotated. Patients with ankle arthritis walk with a shorter
stride length, reduced walking speed, and a shorter stance phase of the affected limb [4, 5, 7,
8]. Active and passive range of motion should be compared to the other side for ankle dorsi/
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weightbearing position; therefore it can be misleading regarding joint space maintenance
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past history of infection, quiescent infection should be ruled out with a bone/gallium scan
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fect. After intra-articular administration, there is a decrease in erythema, swelling, heat and
tenderness. This may be secondary to altered movement and function of leucocytes, reduced
micro vascular dilation and permeability, and reduced prostaglandin synthesis. Side effects
can include septic arthritis, tendon rupture, post injection wheal and flare, facial flushing,
atrophic skin changes, toxic effect on cartilage (at large doses) and possible systemic absorp‐
tion. Standard limit of injections in weight bearing joints is 3-4 injections per year [17].

Hyaluronic acid (HA) is a major component of synovial fluid, and comprises part of the
structure of hyaline cartilage. Viscosupplementation by injection of HA derivatives (as avail‐
able in pharmaceutical components) has multiple proposed mechanisms of action. Biologic
effects include an anti-inflammatory as well as anti-oxidant effect, and restoration of endog‐
enous synthesis via positive feedback loop. Viscoelastic properties include a “mechanical
spongy” trapping of immune complexes and inflammatory cells and restoration of synovial
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fluid viscosity and elasticity. Multiple versions of HA exist from multiple pharmaceutical
companies. Not all are available in all countries [18]. Some examples of currently available
products include Hyalgan (sodium hyaluronate; Sanofi-Aventis, Bridgewater, NJ, USA),
Synvisc (hylan GF-20; Genzyme Corportation, Cambridge, MA, USA), Supartz (sodium hya‐
luronate; Smith & Nephew, London, UK), Orthovisc (high molecular weight hyaluronan;
Anika Therapeutics, Inc., Bedford, MA, USA), Euflexxa (1% sodium hyaluronate; Ferring
Pharmaceuticals, Inc., Saint-Prex, Switzerland), and Durolane (stabilize hyaluronic acid;
Smith & Nephew, York, UK). Most require multiple injections although newer ones (eg Dur‐
olane) are coming to market that require only one injection. Side effect of HA injections are
rare but include anaphylaxis, pseudogout type reaction, and Severe Acute Inflammatory Re‐
action (SAIR) which presents like septic arthritis.

The effectiveness of hyaluronic acid derivatives in the ankle joint has not been determined
due to poorly conducted studies with mixed results from the few good studies performed
[19, 20] although a recent randomized control trial article comparing HA to saline in the an‐
kle showed no therapeutic benefit from the HA injection. Both HA and Saline injection re‐
sulted in similar changes in VAS, AOS and AOFAS scores [21]. Further high quality studies
need to be completed before a definitive recommendation for HA derivatives in the ankle
can be given.

2.3. Bracing

There is a paucity of any literature on bracing and shoe modifications. Practically, bracing
progresses from a simple lace-up ankle brace to a more elaborate rigid Ankle Foot Orthosis
(AFO) (Figure 1). A rigid AFO works by restricting painful ankle range of motion.

Figure 1. Photograph of a rigid AFO.
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More severely affected joints may be helped by a clamshell AFO (offloading AFO) (Figure
2). This type of orthosis works by transferring weight from the ankle to the calf using the
clamshell portion that wraps around the calf (similar in principle to a patellar-tendon brace).
This type of AFO can have a hinge to maintain ankle range of motion or can be rigid to re‐
strict motion as well as off-load the joint.

Figure 2. Offloading AFO with a hinge. Picture on the left demonstrates the AFO in a separated condition while the
right picture shows it applied to the patient.

Some patients may benefit from shoe modifications such as a rocker bottom shoe (Figure 3).
This provides increased toe-off, thereby stressing the ankle joint less.

Figure 3. Forefoot rocker bottom shoe.

3. Surgical options

After non-operative treatments have been exhausted, surgical treatments can be considered.
These options will depend on the location and extent of the arthritis.
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3.1. Focal joint abnormalities

Localized lesions within the ankle joint can progress to generalized osteoarthritis. As docu‐
mented in the knee, larger lesions have a worse prognosis than smaller lesions [22, 23]. Smaller
lesions (usually considered 1cm2 or less can be asymptomatic or often are dealt with by arthro‐
scopic debridement of loose cartilage with or without microfracture technique. If there is un‐
derlying bone necrosis, removal of this bone and overlying damaged cartilage can provide
symptomatic relief. For larger lesions, the surgical options become more complicated and less
predictable. There are a variety of techniques that can be used but no specific technique has
been shown to superior to the rest. The most basic and economical procedure is microfacture.
This technique can be used to induce local mesenchymal stem cells to influx to the defect and
produce a fibrocartilage repair surface that can function well, particularly in the short to medi‐
um term [24, 25],. Although most research has been performed in the knee, this can be success‐
ful in the ankle as well  [26,  27].  Of the more complicated procedures, perhaps the most
publicized is autologous chondrocyte implantation (ACI) first described in 1994 in the knee
[28]. It is also performed in the ankle [29]. Although there is a lot of literature published on this
technique in the knee, the inability to reproduce the complex nature of the articular matrix has
led to further investigation into variations of the technique including matrix-associated chon‐
drocyte implantation (MACI) [30, 31] and characterized chondrocyte implantation (CCI) [32].
Both of these techniques attempt to improve on the quality of matrix formed during the proce‐
dure. Other techniques utilize intact matrix to replace damaged matrix. This ensures the com‐
plex structure of the matrix is maintained. These techniques include osteochondral autograft
transplantation (OATS) [33, 34] and mosaicplasty [35]) [36, 37], and bulk osteochondral allog‐
rafts [38-41]. Finally, other more experimental techniques such as synthetic scaffolds and mes‐
enchymal stem cells have been tried with variable success [42-45].

3.1.1. Cell-based techniques

Microfracture – Microfracture is a well-established technique for full thickness cartilage de‐
fects with an intact subchondral bone plate. The cartilage is debrided to form a well-con‐
tained defect with stable margins. The underlying bone is perforated with a sharp awl or
pick at 3-4mm intervals while ensuring a stable subchondral plate remains intact to support
the incoming cells. The perforations should penetrate deep enough to allow mesenchymal
stem cells from the underlying spongy bone to enter the defect. The blood that emerges
from the bone forms a clot and the stem cells differentiate into chondrocytes and fibrochon‐
drocytes to produce a fibrocartilage that fills the defects.

Post-operatively, the patient is allowed early ROM but should be non-weight bearing for a
period of time to allow some tissue formation. The length of time depends on the size and
location of the lesion. Advantages of this technique include that it is one operation with low
cost. Disadvantages include that fibrocartilage instead of hyaline cartilage is formed, filling
of the defect is unpredictable and often incomplete [46]. That said, if good results can be ob‐
tained, the results in the ankle may not deteriorate over time [27]. This is considered a first
line treatment by many surgeons, especially those that do not have access to the more com‐
plicated and expensive exogenous cell- or tissue-based therapies.
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Autologous Chondrocyte Implantation (ACI and its analogues) – ACI is the most publicized tech‐
nique for repairing/regenerating pure cartilage defects in the knee joint. First popularized by
Brittberg in 1994 [28], thousands of patients have been treated using this technique in the
knee joint but far fewer in the ankle joint. Studies in the ankle have reported good inter‐
mediate- and long-term results [47, 48]. Despite the historical background and extensive use,
the technique has been modified to incorporate a matrix (MACI) or utilizing specific chon‐
drocytes from the harvest (CCI) in an attempt to improve results. This suggests that the re‐
sults from ACI are not optimal. ACI is a complicated technique that entails removing a
portion of cartilage from a relative non-weight bearing portion of the joint and sending it to
a lab for processing. Typically the donor cartilage is harvested from the ipsilateral knee joint
[47, 48]. The ankle joint is typically not used as no specific safe area has been clearly defined
[49]. During processing, the cells are removed from the matrix and expanded up to 20 mil‐
lion cells over a period of 3-4 weeks. The cells are then re-implanted at a second surgical
procedure. This entails opening the joint, preparing the defect by making sure it has well-
defined margins with an intact subchondral plate to prevent the intrusion of mesenchymal
stem cells from the bone. A periosteal flap is harvested from a nearby area and sutured over
the defect leaving a small area for injection of the expanded cells. The cells are injected un‐
der that flap that is then closed and sealed with fibrin glue. Often, a malleolar osteotomy is
required to gain access to areas of the talar dome.

MACI is the next generation of ACI that incorporates the use of a scaffold [50-52]. The proce‐
dure is similar to that of ACI except that a matrix is used instead of a periosteal flap. The
matrix is impregnated with the cells and shaped to the size of the defect. It is inserted and
fixed by different mechanisms. Advantages of this technique include that it can be done ar‐
throscopically in some cases and does not require the extra step of harvesting and suturing
the periosteal flap. Thus it is less invasive. It has not been shown to be conclusively better
than ACI. CCI (characterized chondrocyte implantation) is almost exactly the same as ACI
except that the laboratory preselects specific cells that the company believes are predisposed
to form articular cartilage out of all those that are harvested. These are the cells that are then
expanded and re-implanted with the theory that the identified subpopulation of chondro‐
cytes will produce a more physiologically intact matrix. The disadvantage of this technique
is some patients do not have sufficient cells that meet the criteria for an enhanced popula‐
tion and, therefore, are not candidates for this procedure.

The results  for  these  procedures  have generally  been good.  Concerns  with  these  proce‐
dures include that two separate surgical procedures are required and the cell processing
can  be  prohibitively  expensive.  These  major  concerns  limit  their  availability,  especially
when  they  have  not  been  conclusively  shown  to  be  superior  to  other  techniques  [53].
The uncertainties of these techniques have led some researchers to investigate the use of
mesenchymal  stem  cells  instead  of  chondrocytes.  This  would  allow  the  surgery  to  be
completed at one time and may produce young chondrocytes that could potentially pro‐
duce a  more robust  cartilage.  These techniques are  in  the more experimental  stage and
more commonly used in the knee joint.
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3.1.2. Tissue-based techniques

Osteochondral autograft transplantation is a technique developed for small to medium sized
defects. It consists of harvesting osteochondral plugs from less weight bearing portions of
the same joint (or a different joint such as the knee when dealing with the ankle) and im‐
planting them into the defect. This is accomplished by using 6mm diameter reamers to a
depth of 10-15mm into the subchondal bone. A corresponding osteochondral core is harvest‐
ed from another area and gently impacted into the newly formed defect attempting to ach‐
ieve a press-fit while maintaining the contour of the articular surface. With lesions larger
than 6mm diameter (ie most lesions that require treatment), multiple cores are required and
press-fit with an interdigitating method and termed mosaicplasty. Once again, there are
some reported good results using this technique [33, 36, 37, 54] but this is a complicated
technique with multiple drawbacks. Harvesting cores from the ankle is usually not possible,
therefore another joint must be violated and the harvest sites are not without possible com‐
plications such as knee pain and instability [35, 55]. Typically an osteotomy is required to
gain access to the talar dome because the plugs must be inserted perpendicular to the sur‐
face of the joint. Alignment of the multiple plugs is difficult to ensure a smooth surface and
the cartilage from the harvest often is of different thickness compared to the insertion site
resulting in a variable underlying subchondral bone. Obtaining precise contour matching
for lesions on the “shoulder” of the talus can be extremely difficult. Bone plugs of only 6mm
diameter are susceptible to fracture resulting in unstable fixation and the boundary between
the transplanted cartilage and native cartilage heals with fibrocartilage.

Osteochondral allografts can be done orthotopically and can be used for partial or whole
joint replacement procedures. Popularized by Gross in the 1970’s, these allografts were typi‐
cally fresh and used for all types of defects in many joints including those defects due to tu‐
mours and trauma. Historically, these grafts were used in defects that consisted of bone and
cartilage but can be used for cartilage-only defects as well. Good to excellent medium- and
long-term results have been reported [38-41, 56] but the use of this technique became re‐
stricted as concerns regarding transmission of infectious diseases became more prevalent.
Considering that this is not a life threatening disorder, the risk of transmission of infectious
diseases does not seem warranted (although disease transmission has been very rarely re‐
ported) and this method is rarely used. To decrease the risk by allowing more time for test‐
ing, hypothermic storage at 4°C was developed and allows the tissues to be stored for 28-42
days prior to transplantation. Unfortunately, cellular deterioration tends to begin after 7-14
days [57, 58]. Given that regulatory clearance takes about 14 days, the viability of the cells
within the tissue may not be as healthy as those in fresh allograft or in autograft. Investiga‐
tions have been ongoing to develop storage techniques that eliminate the possibility of infec‐
tious disease transmission and tissue deterioration over time while enabling the creation of a
large tissue bank for ready access. Recently we have developed a cryopreservation techni‐
que that can store the tissue indefinitely without deterioration and this may improve access
to the tissue required for this technique [59]. Despite the limitations of hypothermic storage,
there has been a resurgence of osteochondral allografting in recent years. This is the only bi‐
ologic technique that can resurface whole joints [60, 61] and has been quite successful for
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partial joint replacements [40, 62]. Bugbee et al [60] have published promising results in total
ankle arthroplasty using osteochondral allografts and similar procedures have been per‐
formed in Europe [61] but further improvements are required.

3.2. Early osteoarthritic changes

Once osteoarthritic changes become evident, cell based cartilage resurfacing techniques be‐
come less relevant due to the generalized nature of the process. There are some surgical techni‐
ques that can be used to palliate symptoms depending on the location and severity of the
arthritis.

Exostectomies – Occasionally impingement symptoms can be a significant component of ar‐
thritis pain. This usually occurs with anterior osteophytes off the distal tibia or talar neck.
Occasionally these osteophytes can form around the malleoli. When impingement pain is a
prominent feature, removal of the osteophytes, either open or arthroscopically, can be per‐
formed with significant improvement of symptoms. The exostectomy can include only the
osteophytes itself or also part of the arthritic articular surface leaving only healthier cartilage
tissue (Figure 4).

Figure 4. Left image shows preoperative lateral radiograph demonstrating anterior tibial and talar neck osteophytes.
Right image shows intraoperative fluoroscopic image after anterior tibial and talar neck exostectomies.

Osteotomies – Occasionally the osteoarthritis is more severe in one portion of the joint. This is
often medial or lateral. Offloading the arthritic portion of the joint with a closing (Figure 5),
opening wedge osteotomy (Figure 6) or a dome osteotomy (Figure 7) can also provide some
symptomatic relief [63-65].
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partial joint replacements [40, 62]. Bugbee et al [60] have published promising results in total
ankle arthroplasty using osteochondral allografts and similar procedures have been per‐
formed in Europe [61] but further improvements are required.

3.2. Early osteoarthritic changes

Once osteoarthritic changes become evident, cell based cartilage resurfacing techniques be‐
come less relevant due to the generalized nature of the process. There are some surgical techni‐
ques that can be used to palliate symptoms depending on the location and severity of the
arthritis.

Exostectomies – Occasionally impingement symptoms can be a significant component of ar‐
thritis pain. This usually occurs with anterior osteophytes off the distal tibia or talar neck.
Occasionally these osteophytes can form around the malleoli. When impingement pain is a
prominent feature, removal of the osteophytes, either open or arthroscopically, can be per‐
formed with significant improvement of symptoms. The exostectomy can include only the
osteophytes itself or also part of the arthritic articular surface leaving only healthier cartilage
tissue (Figure 4).

Figure 4. Left image shows preoperative lateral radiograph demonstrating anterior tibial and talar neck osteophytes.
Right image shows intraoperative fluoroscopic image after anterior tibial and talar neck exostectomies.

Osteotomies – Occasionally the osteoarthritis is more severe in one portion of the joint. This is
often medial or lateral. Offloading the arthritic portion of the joint with a closing (Figure 5),
opening wedge osteotomy (Figure 6) or a dome osteotomy (Figure 7) can also provide some
symptomatic relief [63-65].
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Distraction arthroplasty – Recently, some investigation has gone into determining the effect of
distraction arthroplasty. Joint distraction using an external fixator can alter the internal joint
environment and possibly improve joint function. Early results are promising, even with
more advanced osteoarthritis, but much more work needs to be completed [66].

Figure 5. Radiographic images of medial closing wedge osteotomy after a distal tibial-fibular fusion resulted in lateral
joint overload. Right image is an intraoperative fluoroscopic view after fixation with a compression staple.

Figure 6. Radiographic images of a medial opening wedge osteotomy after open reduction and internal fixation re‐
sulted in a varus malunion. The distal screws were removed from the original plate and an opening wedge osteotomy
was performed using an interposition plate.

Arthroplasty - Update348

Figure 7. Dome osteotomy of the distal tibia. Original radiograph show severe valgus malunion due to a growth ar‐
rest after an open fracture as a child. The dome osteotomy was performed to incorporate the tibia and fibula and
rotate the joint as a whole. Medial joint has been fully corrected while the lateral joint remains elevated due to intra-
articular incongruity.

3.3. Global osteoarthritis

Once the osteoarthritis becomes global and more severe, the treatment options become more
limited. The mainstay of treatment for end-stage ankle arthritis is ankle fusion although syn‐
thetic total joint arthroplasty is becoming more common as will be discussed. In addition,
total ankle arthroplasty allografting is an experimental technique that has recently been de‐
veloped that may be used in select cases.

Ankle  fusion  is  the  mainstay  treatment  for  end-stage  ankle  arthritis.  It  has  been  per‐
formed for over 130 years [67] and there are research stucies that demonstrate the long-
term  effectiveness  [68,  69].  Complications  of  ankle  fusion  include  nonunion,  malunion,
infection, nerve injury, persisting pain, loss of ankle range of motion, limp, and arthritis
of surrounding joints due to overload [70, 71]. Ankle fusion entails removing all of the re‐
maining  articular  cartilage  from  the  joint  as  well  as  the  underlying  subchondral  bone
leaving exposed cancellous bone. The surfaces are shaped so that there is  excellent con‐
tact between the talar dome and the tibial plafond. Most techniques incorporate the medi‐
al malleolus as a medial buttress while some also include the lateral malleolus. Once the
surfaces are prepared, internal fixation (occasionally external fixation) is applied. Postop‐
erative splinting in either an aircast or plaster cast is employed for 6-12 weeks with non-
weight bearing from 1-12 weeks depending on bone quality and rigidity of fixation and
progression of fusion radiographically.

Over the years, many techniques have been described with increasing success with regards
to fusion rates. Successful fusion rates can be expected to range from 86-100% depending on
patient characteristics and surgical techniques [68, 72-83]. The most commonly used techni‐
ques utilize internal fixation. This can be completed using anterior, lateral or posterior ap‐
proaches. Fixation can be achieved using crossed screws, plate and screws or an
intramedullary nail. Another more recent method includes the joint debridement achieved
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surfaces are prepared, internal fixation (occasionally external fixation) is applied. Postop‐
erative splinting in either an aircast or plaster cast is employed for 6-12 weeks with non-
weight bearing from 1-12 weeks depending on bone quality and rigidity of fixation and
progression of fusion radiographically.

Over the years, many techniques have been described with increasing success with regards
to fusion rates. Successful fusion rates can be expected to range from 86-100% depending on
patient characteristics and surgical techniques [68, 72-83]. The most commonly used techni‐
ques utilize internal fixation. This can be completed using anterior, lateral or posterior ap‐
proaches. Fixation can be achieved using crossed screws, plate and screws or an
intramedullary nail. Another more recent method includes the joint debridement achieved
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arthroscopically with percutaneous screw fixation. Alternatively, external fixation using
standard external fixation techniques or Ilizarov can be used after open joint debridement.

Traditionally, open techniques using an anterior approach going either medial or just lateral
to the tibialis anterior tendon have been used. This approach typically provides access to the
medial and superior aspects of the joint [75, 77]. This technique can be employed in ankles
that do not have much structural deformity. Once the articular surfaces are properly pre‐
pared, the talus is compressed into the medial axilla and fixed by a variety of measures in‐
cluding crossed screws [76] (Figure 8), plate and screws [75, 77] or external fixation/Ilizarov
[79, 80] (Figure 9). Less commonly, an intramedullary ankle arthrodesis nail can be used for
fixation but this must also cross the subtalar joint [78, 83] (Figure 10).

Figure 8. Left image showing severe OA changes but relatively normal structureal anatomy. Right image show fusion
using crossed screws with the second screw entering the lateral process of the talus and crossing the joint pushing the
talus into the medial axillay of the ankle mortice to achieve extra stability.

Figure 9. Total ankle replacement complicated by infection. Right image shows ankle replacement removed and at‐
tempt fusion using spanning external fixator.

Arthroplasty - Update350

Figure 10. Severe Charcot arthropathy in an obese diabetic patient. Limb salvage ankle fusion using an ankle arthrod‐
esis nail.

In ankles with more significant deformation, especially with bone loss, a more extensive ap‐
proach may be considered. This entails a lateral approach and employs a fibular osteotomy ap‐
proximately 5-6cm above the syndesmosis [72, 82] (Figure 11). The fibula is osteotomized
obliquely over a 1cm distance and displaced from the tibia using anterior dissection while leav‐
ing an intact posterior hinge. The distal fibular segment is split sagitally and the inner ½ re‐
moved so that the other ½ (still attached by the posterior soft tissue hinge) can be used as a
lateral buttress plate across the joint. Through this lateral incision, the surfaces of the talus and
tibial plafond can be prepared for the fusion. This can be supplemented by a small anterior me‐
dial incision over the medial gutter for that surface preparation. This approach allows contour‐
ing of the fusion surfaces to achieve good bone apposition and to correct mal-alignment. Often
supplemental bone graft is required to fill eroded defects. Fixation can be carried out by screws
including two screws from the fibular strut into either the tibia and the talus or the tibia alone
(to allow talar compression during weightbearing postoperatively).

Figure 11. First 2 images on the left show attempted fusion using inadequate screw fixation with screws barely cross‐
ing the fusion site while the fibula was left intact despite screws inserted across it. Revision fusion demonstrating the
use of the distal fibula as a strut plate graft with proper screw placement to achieve fusion.
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ing of the fusion surfaces to achieve good bone apposition and to correct mal-alignment. Often
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Some  surgeons  prefer  the  posterior  approach  to  the  ankle  for  fusion  [84-86].  This  ap‐
proach  can  be  through  or  beside  the  Achilles  tendon  and  can  provide  good  exposure
while minimizing risk to compromised anterior soft tissues when present. This approach
can be extended to incorporate the subtalar joint in the fusion mass and a blade plate is
often used for fixation.

In the circumstances of infection or soft tissue compromise, alternative approaches should be
considered. The ankle joint can be adequately debrided with minimal invasiveness using ar‐
throscopy [79, 87, 88] potentially decreasing soft tissue complications. Alternative fixation such
as external fixators [78] or the Ilzarov [83] can be used to limit the issues of hardware insertion
during ongoing infection. These devices may also be able to correct deformity over time.

As noted, ankle fusion can provide excellent relief of pain with significant improvement of
function [89]. Surgical techniques have advanced such that it should be expected to have a
90-100% fusion rate in uncomplicated cases. Meticulous soft tissue handling and intraopera‐
tive care can mitigate complications. Despite these results, ongoing concerns of limitations
of ankle motion and the increased stress on surrounding joints resulting in increased inci‐
dence of arthritis has led to the development of the total ankle arthroplasty as will be dis‐
cussed in the next section.

4. Arthroplasty implants

4.1. Historical perspective

Total ankle arthroplasties were first introduced in the 1970s [90]. The first prosthesis, created
by Lord and Marotte, was designed as an inverted total hip replacement [91]. Although
Lord and Marotte’s primary results were failures, over the next 20 years, more than 23 de‐
signs were developed using that generation's technology from hip and knee replacements
characterized by cemented, two component, constrained implants [92]. Despite good initial
results using this technology, there were problems with component loosening, severe osteol‐
ysis, infection, impingement and soft tissue breakdown [93, 94]. Kitaoka reviewed results of
the first generation TAR that included three studies with greater than 5 year follow-up and
found a 41% revision rate [95]. The high rate of failure for these first generation implants
and difficult salvage procedures tempered enthusiasm and led to questions as to whether
the ankle joint could be replaced successfully [92, 95-97]. Hintermann accurately stated, “in
an era of joint replacement surgery, ankle procedures have failed to achieve what has been
accomplished with other joints” [98].

The first generation implants were designed without proper understanding of ankle bio‐
mechanics  [99,  100].  The ankle  was assumed to  be a  hinge joint  and the rotational  and
translational  motions  were  not  recreated  which  lead  to  loosening  [97,  101].  These  im‐
plants were either highly constrained or unconstrained. The highly constrained implants
led to  large shear and rotational  forces  that  were distributed through a small  joint  sur‐
face and even smaller prosthesis interface [94, 102, 103]. The unconstrained implants were
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unstable due to lack of attention to soft tissue balancing and failure to address soft tissue
impingement [94, 104, 105].

In general, ankle arthroplasties were implanted through an anterior approach to the ankle
but the importance of the soft tissue envelope was underestimated and excess traction on
the skin led to wound complications [92, 93]. The guides, jigs and instruments were not well
designed and sizing was inaccurate so implants were mal-positioned and malleolar frac‐
tures were common [92]. Patients were left with mal-aligned implants either because the an‐
gular deformity was not corrected at the time of surgery [5] or because the ligaments were
ignored leading to problems with functional mal-alignment despite good intraoperative po‐
sitioning [94, 102]. Finally, most implants were cemented and required large bone resection
including up to 17mm on the tibial side and 7mm on the talar side. This caused the implant
to be cemented into soft cancellous bone which was unable to support the bone cement in‐
terface [92, 106]. Subsidence was further exacerbated by non-anatomically shaped, under‐
sized implants [5, 92, 93, 107]. The aggressive bone resection of the tibia also changed the
level of the ankle axis causing alterations in the ankle biomechanics [5]. When function was
assessed via gait analysis, there was not as much improvement as had been anticipated. Gait
analyses of the first generation implants revealed that patients were subconsciously protect‐
ing the joint by not bearing weight normally across the ankle despite denying pain and were
not using normal ankle dorsiflexion in the stance phase despite adequate passive dorsiflex‐
ion on physical exam [4, 5, 106].

4.2. Biomechanical considerations

In order to understand the reasons for failure and to design a better total ankle arthroplasty,
it was important to understand the biomechanics of the foot and ankle. The ankle is a highly
constrained joint that does not function as a simple hinge joint because the axis is oblique
extending further plantar and posterior on the lateral side. This creates eversion with dorsi‐
flexion and inversion with plantarflexion [108]. Further, the axis of rotation changes
throughout the range of motion so that when the ankle moves from a plantarflexed to a dor‐
siflexed position there is a combination of distraction, sliding and compression [108, 109]. Fi‐
nally, there are rotational and translational movements that also need to be recreated with a
replacement arthroplasty [94, 110].

The most important concepts in the design of an ankle arthroplasty are constraint and con‐
gruency. Constraint can be defined as the resistance of an implant to a particular degree of
freedom of motion such as anterior-posterior translation or axial rotation [94]. In highly con‐
strained implants such as a hinged ankle replacement, all axial torque forces are translated
through the bone-prosthesis interface as shear forces that can lead to component loosening
[92, 111]. Congruency or conformity can be defined as the closeness of fit of the various com‐
ponents of the implant [92, 94]. In a fully conforming implant, the articular surface of the
tibia has the same radius of curvature as the articulating surface of the talus in both anterior-
posterior and medial-lateral directions. This decreases the wear rate because the polyethy‐
lene contact stress remains below the fatigue threshold for delamination and pitting [92]. In
a partially conforming or incongruent implant the round talus articulates with a flat tibia or
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there are differences in the radius of curvature of the 2 surfaces [92]. The optimal design for
a total ankle replacement is with bearing surfaces that are not only highly conforming to en‐
sure contact throughout the bearing surface thus reducing wear but also sufficiently con‐
strained to give the implant sufficient inherent stability to minimize shear stresses at the
prosthesis-bone interface [94, 112].

Second generation implants used these two concepts to improve the design of total ankle ar‐
throplasties. In general, the two primary alternatives were 1) a two component, partially con‐
forming ankle replacement which replaced all three articulations by changing the ankle into a
two bone joint by fusing the distal tibia-fibular joint [5, 92] or 2) a three component design
which resurfaced the tibio-talar joint and the talar side of the lateral and medial gutters [5, 92].
Third generation implants are more anatomically designed and rely on ligament support as
well as hindfoot “balancing” to allow the components to recreate the ankle biomechanics [113].

Gait studies of the newer implants show a satisfactory recovery of the natural overall mobi‐
lity of the ankle joint in all three planes of motion [114]. Further, in three component de‐
signs, there may be some movement of the polyethylene separate from the other
components which helps to restore normal biomechanics [114]. Functional motion and mus‐
cle-generated moments during walking improved at the ankle joint after arthroplasty – es‐
pecially plantar flexor muscle function. This function is important because it restrains the
forward movement of the tibia during the first half of the gait cycle and brings about plan‐
tarflexion of the ankle during the propulsive phase of gait [99]. Brodsky has shown signifi‐
cant improvement in velocity, step length for operated side, total ankle ROM during gait,
and maximum sagittal ankle joint power at push-off [115].

4.3. Current implants

Lewis has described key aspects for a successful ankle joint arthroplasty based on careful
review of the first and second generation implants [97]. It is important that implant size
be designed to balance the need for minimal bone resection with the requirement for suf‐
ficient implant to distribute stresses over a large area to decrease the risk of subsidence
[97].  The  anatomical  axis  needs  to  be  recreated  while  also  understanding  that  there  is
large variability in the axis between individuals [97, 116]. It is also important to recreate
all the motions at the ankle joint instead of just plantar flexion and dorsiflexion [97]. This
includes talar tilt as the ankle is coupled to the subtalar joint to accommodate to uneven
ground, and the rotational motion of internal rotation coupled to plantar flexion and ex‐
ternal rotation coupled to dorsiflexion. Failure to understand and recreate these motions
will place abnormal stress through the implant-bone interface [97]. It is critical to under‐
stand the necessity of ligament support for ankle stability [5]. An implant designed to be
sufficiently stable to negate the need for ligament support will transfer abnormal stress to
the bone-implant interface leading to loosening [94, 102, 103]. In contrast, an implant de‐
signed with low stability that  is  implanted into an ankle without sufficient  ligamentous
support will fail due to component mal-alignment or dislocation of the polyethylene [94,
97,  104,  105].  The requirement to  withstand high loads means that  ultra-high molecular
weight polyethylene is generally recommended [97, 117].
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Third generation ankle arthroplasties are now in use. The new designs show better under‐
standing of ankle biomechanics and allow for sliding and rotational movements [92]. There
are many different third generation implants used across the world and the following dis‐
cussion provides a representative sample of those commonly used in the Western world but
is not inclusive of all implants. The implants will be discussed in relation to design rationale.

The common surgical approach, as will be discussed in further detail later, is an anterior ap‐
proach in the interval between tibialis anterior tendon and extensor hallucis longus tendon.
The neurovascular bundle is carefully protected under the extensor hallucis longus tendon.
The major disadvantage of this approach is the high rate of wound healing complications
[92, 118, 119]. The BOX ankle replacement (Finsbury Orthopaedics, Leatherhead, Surrey,
UK) uses an anterolateral approach between the extensor digitorum longus tendon and the
peroneal tertius tendon [112]. The Eclipse (Integra LifeSciences, Plaisboro, NJ) is inserted
through either a medial (preferred) or lateral approach [112]. The disadvantage of this ap‐
proach is the need for fixation of the disrupted medial or lateral malleolus.

The current implants are either mobile (3 component design) or fixed (2 component design)
bearing [101]. Mobile bearing designs allow for greater congruence, which can increase the
risk of dislocation, but they share the stress through 2 articular surfaces, which may increase
weardue to “back side wear” [101, 120]. There is also the potential for “overstuffing” the
joint with three component designs in an attempt to reduce the chance of polyethylene dis‐
location [121]). Overstuffing tightens the joint, increases ligament strain, decreases range of
motion and increases the shear stress at the bone-prothesis interface [5, 121]. Fixed bearing
designs increase the constraint so they may have higher rates of loosening but have de‐
creased back side wear if the locking mechanism is intact [94, 101]. Current mobile bearing
designs include the STAR (Waldemar Link, Hamburg, Germany; 1978)(Figure 12), Buechel-
Pappas (Endotec, South Orange, NJ; 1989), Salto (Tornier, Saint Ismier, France; 1997), Hinte‐
gra (Integra LifeSciences/Newdeal, Lyon, France; 2002)(Figure 12), Mobility (DePuy
International, Leeds, UK; 2005)(Figure 12), BOX (Finsbury Orthopaedics, Leatherhead, Sur‐
rey, UK; 2005), CCI Evolution (Van Straten Medical, The Netherlands, 2007), and Zenith
(Corin, Cirencester, UK; 2009). Two component designs include the Agility (DePuy/Ace,
Warsaw, IN; 1985)(Figure 13), TNK (Kyocera, Kyoto, Japan; 1996), INBONE (Wright Medi‐
cal Technologies, Arlington, TN; 2005)(Figure 13), Salto Talaris (Tornier, Saint Ismier,
France; 2006), and Eclipse (Integra LifeSciences, Plainsboro, NJ; 2007).

Most ankle arthroplasty implants are constructed from cobalt-chromium alloys which are
hard, corrosion resistant and biocompatible (Hintegra, Agility, Mobility, Inbone talus, BOX,
Salto and Salto-Talaris, and Buechel-Pappas). The CCI Evolution adds molybdenum to the
alloy to increase strength (Van Straten Medical, The Netherlands, 2007). The STAR and In‐
bone (tibia only) use titanium implants which are softer but can be more porous to allow for
better ingrowth. The TNK is a ceramic implant (Kyocera, Kyoto, Japan; 1996).

Initial implants were cemented; however, due to the high rate of failure, most implants to‐
day are uncemented relying on bone ingrowth stimulated by hydroxyapatite coating, sin‐
tered metal beads, plasma spray metals or fiber metals [101]. The different methods to
encourage bony ingrowth include ensuring the metal is porous such as the Hintegra which
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there are differences in the radius of curvature of the 2 surfaces [92]. The optimal design for
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weight polyethylene is generally recommended [97, 117].
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is 20% porous [92]. Some implants, like the STAR, use a single or dual plasma spray. Others
use a thin film ceramic coating. The Buechel-Pappas and CCI Evolution use a porous coating
covered by a titanium nitride thin-film ceramic [92] which also improves the smoothness of
the surface. The Zenith uses the trademarked “BONIT” coating which is the application of a
thin calcium phosphate layer to the titanium plasma spray. The last common technique is
the use of hydroxyapatite incorporated in the Hintegra [92].

Figure 12. Radiographic images of three currently used mobile bearing total ankle arthroplasty designs. The top two
images are STAR, middle two images are Hintegra and the bottom two images are Mobility.
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Figure 13. Radiographic images of two currently used fixed bearing total ankle arthroplasty designs. The left image is
Agility while the right two images are Inbone.

In most implants the tibial cut is made first. Unlike the knee, the ankle cannot be dislocated
sufficiently to allow for intramedullary guides to make the tibial cuts so all ankle arthroplas‐
ties, with the exception of the Inbone, use extramedully tibial guides with or without a foot
holder. The Inbone uses an external guide and radiographs to guide the insertion of an in‐
tramedullary reamer and combines it with a foot holder to place the tibial cutting guide
[112]. After the tibial cut has been completed and the intramedullary canal has been reamed,
the tibial stem and plate components are inserted one at a time into the joint and built inside
the ankle and tibia. The downside of using this intramedullary technique is that the subtalar
joint is violated as the tibial canal is reamed retrograde through the calcaneus, talus and
then tibia.

Other implants, such as the Buechel-Pappas, Mobility and Agility use intramedullary posts
on the tibia to provide fixation by creating an anterior cortical window to insert the tibial
component which is then replaced and generally heals without incident. If the tibial compo‐
nent does not have an intramedullary stem, the fixation can be with a fin (CCI Evolution), a
fin with a cylinder (Salto), double cylinders (STAR), bars (BOX) or an anterior shield which
may or may not be augmented with screws (Hintegra).

Tibial components can either rely on support from the intramedullary stem (Inbone) or cort‐
ical bone anteriorly and posteriorly (Hintegra). Some tibial components are rectangular and
others are trapezoidal designed to be larger anterior than posterior (STARand CCI Evolu‐
tion). Finally, while most are flat, they can be designed with a curve (BOX).

The design of the talus implant can be with a symmetrical curve (STAR, Buechel-Pappas,
INBONE, Mobility) or asymmetrical so that the radius of curvature for the medial side is
less  than that  for  the  lateral  side  (Salto,  Hintegra,  BOX,  CCI  Evolution).  Most  implants
resurface  the  talus  (STAR,  Buechel-Pappas,  Salto,  Hintegra,  Mobility,  BOX,  CCI  Evolu‐
tion,  and Zenith),  but  the Inbone and Agility  use a  flat  talar  cut.  Some designs replace
the medial and lateral talar articulations (STAR, Buechel-Pappas, TNK, Salto, and Hinte‐
gra)  while  others  do  not  (Agility,  BOX,  Mobility,  CCI  Evolution,  and  Zenith,).  Finally,
the polyethylene is  ultra-high molecular weight polyethylene in the STAR, Buechel-Pap‐
pas, Salto, Hintegra and Inbone.
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In summary, the third generation implants have been designed using the knowledge gained
from more indepth study of the anatomy and biomechanics of the ankle joint as well as the
causes of the failures of the first and second generation implants. When choosing an im‐
plant, the surgeon should consider the approach, the need for intramedullary guides and
fixation of the tibial component, the relative importance of preserving talar bone stock by
resurfacing the talus as opposed to a flat cut, the need for replacing the medial and lateral
articulations of the talus, and the role for ultra-high molecular weight polyethylene.

5. Surgical considerations

Clinical indications for total ankle arthroplasty include end stage ankle arthritis that has ex‐
hausted all non-operative and joint-sparing operative treatments in a patient willing to un‐
dertake the risks of a major surgical procedure. Contraindications to this procedure include:

• Active infection

• Compromised soft tissues

• Inadequate blood supply

• Peripheral neuropathy (including Charcot arthropathy)

• Significant lower extremity neuromuscular impairment

• Severe ligamentous laxity

• Excessive malalignment

• Avascular necrosis of a significant portion of the tibia or talus

• Severe osteoporosis

• Inadequate bone stock

• Skeletal immaturity

• High demand lifestyle

• Pertinent metal allergy

• Sensory or motor dysfunction

Age is not explicitly mentioned as a contraindication in the literature. The safe zone appears
to be somewhere after skeletal maturity and in conjunction with the assumption of a low de‐
mand lifestyle. Excessive malalignment is a nebulous term. The commonly accepted range is
from 15-20 degrees of varus or valgus to not surgically correctable. It would appear that ex‐
cessive malalignment is relative to the surgeon’s skill and experience. Obesity as a contrain‐
dication to total ankle arthroplasty is controversial and was not correlated to aseptic
loosening in a recent article [122].
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5.1. Surgical approach

There are several different types of ankle arthroplasty systems currently on the market as
discussed. Each system has unique features best explained by the surgical technique manual
provided by the company marketing that system. There are, however, certain common as‐
pects and principles of all of the systems which we will outline in this section.

5.2. Preoperative planning

The condition of the soft tissue envelope including locations of scars and documentation of
neurovascular status are important when planning a total ankle arthroplsty. Ankle arthro‐
plasty may be contraindicated in some cases due to an impaired soft tissue envelope or in‐
adequate blood supply to the foot.

Long leg weight-bearing views will help identify concurrent ipsilateral limb deformities
which may affect ankle alignment. Anteroposterior and lateral views of the tibia are also im‐
portant because intraoperative alignment is usually referenced off of the tibia. Weightbear‐
ing anteroposterior and lateral views of the ankle and foot are important to assess the joint
being replaced but also to identify coexisting deformities and/or arthritis affecting the rest of
the foot which may affect the surgical plan resulting in additional procedures that can be
performed in a staged manner or concurrently depending on surgeon skill and preference.

5.3. Positioning

The patient is positioned supine on a radiolucent table to allow fluoroscopic guidance of the
procedure. The ipsilateral hip is supported to prop the foot perpendicular to the floor to al‐
low easy access to both the medial and lateral aspects of the joint and enable evaluation of
alignment intraoperatively. Rotation of the foot relative to the leg on the contralateral side
should be noted before prepping and draping to determine what is normal for that patient.

5.4. Prepping and draping

A thigh tourniquet is utilized to provide hemostasis during the procedure. The leg is prep‐
ped and draped as a free extremity right up to the tourniquet to provide access to the knee.
Many total ankle arthroplasty systems use the length of the tibia and an external alignment
device as a guide to proper alignment.

5.5. Surgical exposure

The most common surgical approach to the ankle for insertion of a total ankle arthroplasty
is the anterior approach. Some systems that involve tibiofibular fusion as part of the proce‐
dure may require and an additional lateral incision but still utilize the anterior approach as
well. An incision is made over the anterior aspect of the ankle midway between the malleoli
(Figure 14). The incision needs to be long enough to allow placement of the distal tibial cut‐
ting block and visualization of the talar neck. Care is taken to minimize injury to the branch‐
es of the superficial and deep peroneal nerves. The retinaculum is then split to expose the
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underlying tendons. The extensor hallucis longus tendon will be retracted laterally to pro‐
tect the underlying neurovascular structures which should be located deep and lateral to the
extensor hallucis longus tendon (Figures 14 and 15). If possible, the sheath of the tibialis an‐
terior should be left intact to prevent undue pressure on the wound post-operatively (Figure
16). The anterior capsule is incised vertically and then peeled away in a subperiosteal plane
medially and laterally to expose the joint (Figure 17). One should be able to see the medial
malleolus clearly but the lateral malleolus is more posterior and often is not as easily seen.

Distal tibial osteophytes are now removed taking note of a commonly occurring large osteo‐
phyte anterior to the fibula. Care should be taken to differentiate the osteophyte from the
fibula itself. There will also be osteophytes on the neck of the talus which can be removed
with a curette, rongeur or burr to reestablish its normal contour. This will help with cutting
block placement and ankle positioning when cuts are made (Figure 18).

Figure 14. Anterior incision midway between the malleoli. Toes are to the left and knee is to the right. Blunt retractors
and extreme soft tissue care are required.

Figure 15. Exposure of the neurovascular bundle by retraction of the extensor hallucis longus tendon.
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Figure 16. Tibialis anterior sheath.

Figure 17. Exposure of the joint.

Figure 18. Anterior tibial osteophyte requires removal.
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The soft tissues should be handled with extreme caution. Blunt self-retaining retractors
should be repositioned periodically to prevent prolonged pressure on the soft tisse. Care
should be taken with the bone as well. Levering on the medial malleolus may result in frac‐
ture. Notching the fibula during the distal tibial resection can result in fracture as well. Ex‐
posure can be facilitated by instruments such as laminar spreaders, distractors and various
retractors. Performing the talar cuts can also facilitate removal of posterior malleolar frag‐
ments in systems that require this.

5.6. Alignment

The tibia is used to guide placement of the cutting blocks either with an external rod placed
parallel to the shaft of the tibia by direct visualization or overlapped with the tibial canal
fluoroscopically. The distal tibia is cut perpendicular to the anatomical axis of the tibia in the
coronal plane. Most systems build in a posterior slope to the distal tibial cut in the sagittal
plane and this can be adjusted in certain cases to allow more or less slope depending on the
patient‘s needs. Longitudinal alignment of the talar component is usually in line with the
second ray of the foot.

5.7. Ligamentous balancing

Ligamentous balancing is not yet as sophisticated as for total knee arthroplasty. The posteri‐
or capsule is resected during the removal of the posterior malleolus. Medially, the deltoid
ligament can be released in a subperiosteal plane from the medial malleolus and/or talus,
pie-crusted, released mid-substance or relatively lengthened through a medial malleolar os‐
teotomy [123-126]. Laterally, the talofibular ligaments should be treated with care. Aggres‐
sive release from the talus can result in iatrogenic lateral instability. If there is a preexisting
lateral instability, consent should be obtained for a lateral ligament reconstruction if re‐
quired. Generally, stability is assessed after the bony cuts are made. A gastrocsoleus slide or
Achilles tendon lengthening may be required if the ankle does dorsiflex past neutral after
the ankle arthroplasty has been performed.

5.8. Closure

Repair of the extensor retinaculum during closure is very important. If left uncovered, the
tibialis anterior may erode through the incision putting the arthroplasty and possibly even
the leg at risk.

5.9. Post-op care

In the case of an uncomplicated ankle arthroplasty with no extra ligament reconstruction or
fusion the patient has a short period of non-weight-bearing activity in a splint or cast fol‐
lowed by weight-bearing activity in a cast until the six week post-operative visit. Subse‐
quently, physiotherapy to work on dorsiflexion and plantar flexion, gait retraining and leg
strengthening is initiated.
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There are no guidelines in regards to deep venous thrombosis (DVT) prophylaxis after total
ankle arthroplasty but it would prudent to use propylaxis in patients with significant risk
factors. Obesity, previous venous thromboembolism, and absence of full postoperative
weightbearing were identified as risk factors for the development of DVT in a study on total
ankle arthroplasty in the obese [122]. The importance of these risk factors was echoed by
Barg et al in their article looking at risk factors for DVT in total ankle arthroplasty patients
who were give thromboprophylaxis [127]. Other factors associated with increased incidence
of DVTs include cancer, use of high dose estrogen replacement, and smoking.

5.10. Radiological follow-up

Ankle replacements should be followed radiologically as well as clinically in the post-opera‐
tive period including weightbearing anteroposterior and lateral x-rays. One should look for
changes in position which would indicate loosening of the components. Persistent peripros‐
thetic lucencies should be followed for progression. There are a variety of angular measure‐
ments based on anatomical axes and component position as well as standardized distances
from anatomical landmarks to component landmarks that can be used to assess technical
success of prostheses implantation or subsequent subsidence [128].

5.11. Complications

The complications associated with total ankle arthroplasty would be familiar to any should‐
er, hip or knee arthroplasty surgeon. and can be classified in different ways. Glazebrook et
al recently published an evidence-based classification system that groups complications ac‐
cording to their correlation with failure of the prosthesis [3]. The goal of this classification
system is to provide prognostic information to help surgeons deal with complications more
effectively. To develop this classification system, the current literature on second and third
generation prosthetic ankle arthroplasty outcomes were reviewed. Based on this informa‐
tion they were able to provide a summary of total ankle arthroplasty implant survival and
complication rates. Twenty studies met their inclusion criteria with follow-up periods rang‐
ing from two to twelve years. In total 2,386 ankle arthroplasties were reviewed. They report‐
ed nine main complications including:

• Subsidence – 10.7%

• Aseptic loosening – 8.7%

• Intra-op fracture – 8.1%

• Wound healing problem – 6.6%

• Technical error – 6.0%

• Implant failure – 5.0%

• Non-union – 4.4%

• Post-op bone fracture – 2.0%
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The soft tissues should be handled with extreme caution. Blunt self-retaining retractors
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quently, physiotherapy to work on dorsiflexion and plantar flexion, gait retraining and leg
strengthening is initiated.
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ments based on anatomical axes and component position as well as standardized distances
from anatomical landmarks to component landmarks that can be used to assess technical
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The complications associated with total ankle arthroplasty would be familiar to any should‐
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al recently published an evidence-based classification system that groups complications ac‐
cording to their correlation with failure of the prosthesis [3]. The goal of this classification
system is to provide prognostic information to help surgeons deal with complications more
effectively. To develop this classification system, the current literature on second and third
generation prosthetic ankle arthroplasty outcomes were reviewed. Based on this informa‐
tion they were able to provide a summary of total ankle arthroplasty implant survival and
complication rates. Twenty studies met their inclusion criteria with follow-up periods rang‐
ing from two to twelve years. In total 2,386 ankle arthroplasties were reviewed. They report‐
ed nine main complications including:

• Subsidence – 10.7%

• Aseptic loosening – 8.7%
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• Wound healing problem – 6.6%
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• Deep infection – 1.7%

These complications were compiled into three groups depending on how likely the compli‐
cation would lead to failure of the arthroplasty. The three complications that lead to arthro‐
plasty failure greater than 50% of the time were deep infection, aseptic loosening and
implant failure. Other complications not included in this review that should be noted in‐
clude tendon laceration, nerve injury, and instability (due to ligamentous imbalance). Im‐
pingement is another complication that is minor in terms of prosthesis survival but can have
a significant effect in terms of patient satisfaction. It is usually medial and can be caused by
osteophytes, scar tissue or tibialis posterior tendon degeneration.

5.12. Outcomes

In order to evaluate the outcomes of contemproary total ankle arthroplasty, it is instructive
to look at the results published by joint registries from around the world. While not as com‐
mon as registries for total hip and knee arthroplasty, there are at least four registries report‐
ed in the literature.

In 2007 the Norwegian registry reported on their experiences with total ankle arthroplas‐
ty [129]. This registry looked at 257 joints implanted between 1994 and 2005. This includ‐
ed a  small  number  of  cemented implants.  The  average  age  at  the  time of  implantation
was 58  for  women and 60  for  men.  The The 5-year  survival  rate  was 89% and the  10-
year survival rate was 76%. There was no difference in the survival rates of the cement‐
ed and cementless prostheses.

The New Zealand registry reported on 202 joints in total also in 2007 [130]. This included
both second and third generation prostheses. The average age of the patients at the time of
implantation was 65. The most common diagnosis was primary osteoarthritis. The 5-year
survival rate was 86%.

In 2010 the Finnish registry published their results on 573 total ankle arthroplasties [131].
These were all third-generation mobile-bearing designs. The average age of the patients was
55. The 5-year survival was 83%.

The Swedish Registry reported on the ten year survival of 780 third-generation total an‐
kle arthoplasties in 2011 [132]. The registry included a variety of uncemented, three com‐
ponent implants. Revision rate was used as the primary outcome variable. The overall 10
year survival rate was 69% although this increased to 78% of the STAR prostheses were
excluded. It is interesting to note that the other registries did include the STAR prosthe‐
ses in their results.

Overall, age, sex, and diangosis did not affect survival in the Norwegian, New Zealand or
Finnish registries. The Swedish registry, however, found that the risk for revision was high‐
er in female patients under 60 years of age with a diagnosis of primary osteoarthritis or
posttraumatic arthritis.

There have been a lot of outcome studies published in recent years but a disproportion‐
ate number have been published by the prostheses designers themselves according to La‐
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bek  et  al  [133].  Approximately  50%  of  the  publications  reporting  on  total  ankle
arthroplasty outcomes have been produced by implant developers. Furthermore, the revi‐
sion  rates  from the  national  registries  (Swedish,  Norwegian  and  New Zealand)  have  a
much higher revision rate than those published in peer-reviewed scientific  journals  that
include the manufacturers‘ reports [133].

That said, it is still worthwhile to look at all of the published data. There have been three
relatively recent reviews of total ankle arthroplasty outcome study data [69, 134, 135]. The
most recent one was published by Gougoulias et al in 2010 [134]. They included thirteen
Level IV studies looking at 1105 total ankle arthroplasties. The most common diagnosis was
posttraumatic arthritis. The overall failure rate was approximately 10% at 5 years. Range of
motion did not change in one study and improved by 4-14 degrees in four others. In the
studies reporting them, there were superficial wound complications in 0-14%, and deep in‐
fections in 0-4.6%. In seven studies, rates of residual pain in the hindfoot ranged from 23 to
60%. Interestingly, the most common sporting activities after total ankle arthroplasty were
identified as swimming, cycling and fitness/weight training.

In an older review published in 2007 by Haddad et al, the intermediate outcomes of total
ankle arthroplasty and ankle fusion were compared [69]. They looked at ten papers which
evaluated total ankle arthroplasty and thirty-nine which looked at ankle fusion. The mean
American Orthopaedic Foot and Ankle Society Ankle Hindfoot score was 78.2 for the ar‐
throplasty group and 75.6 for the fusion group. The average age of patients undergoing ar‐
throplasty was 58 and fusion 50. The majority of the fusion patients were male, while the
major of the arthroplasty patients were female. Rheumatoid arthritis was the primary indi‐
cation for total ankle arthroplasty, posttraumatic arthritis for fusion. The 5-year implant sur‐
vival rate for the arthroplasty group was 90%, while the 10-year survival rate was 77%. They
noted that a weakness of their review was that there were no direct comparisons of total an‐
kle arthroplasty to ankle fusion.

Stengel et al’s review in 2005 identified 10 adequate studies with a total of 497 ankle arthro‐
plasties [135]. The total ankle arthroplasty patients showed a mean improvement in hindfoot
scores of 45.2 points. Range of motion improved an average of 6.3%. Complications ranged
from a 1.6% deep infection rate to a 14.7% impingement rate. The five year prosthesis sur‐
vival rate was 90.6%.

Since the publication of the most recent of the above reviews, there have been some other
publications of note. The long-term results of the United States STAR trial were published in
2011 [136]. They prospectively followed 80 patients treated with 84 STAR prostheses. The
average age at implantation was 61 years. Their American Orthopaedic Foot and Ankle Soci‐
ety ankle-hindoot scores improved from an average of 42.7 to 81.9 points. Average range of
motion was 39.5 degrees. Implant survival was 96% at 5 years and 90% at 10 years.

Bonnin et al recently published the long term follow-up of patients they had implanted with
the SALTO total ankle arthroplasty and reported on previously [137]. They analyzed 98
prostheses with and average followup of 8.9 years. The mean American Foot and Ankle So‐
ciety ankle-hindfoot score was 79. Range of motion was 27 degrees. The survival rate was

Ankle Osteoarthritis and Arthroplasty
http://dx.doi.org/10.5772/54224

365



• Deep infection – 1.7%

These complications were compiled into three groups depending on how likely the compli‐
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pingement is another complication that is minor in terms of prosthesis survival but can have
a significant effect in terms of patient satisfaction. It is usually medial and can be caused by
osteophytes, scar tissue or tibialis posterior tendon degeneration.
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In order to evaluate the outcomes of contemproary total ankle arthroplasty, it is instructive
to look at the results published by joint registries from around the world. While not as com‐
mon as registries for total hip and knee arthroplasty, there are at least four registries report‐
ed in the literature.

In 2007 the Norwegian registry reported on their experiences with total ankle arthroplas‐
ty [129]. This registry looked at 257 joints implanted between 1994 and 2005. This includ‐
ed a  small  number  of  cemented implants.  The  average  age  at  the  time of  implantation
was 58  for  women and 60  for  men.  The The 5-year  survival  rate  was 89% and the  10-
year survival rate was 76%. There was no difference in the survival rates of the cement‐
ed and cementless prostheses.

The New Zealand registry reported on 202 joints in total also in 2007 [130]. This included
both second and third generation prostheses. The average age of the patients at the time of
implantation was 65. The most common diagnosis was primary osteoarthritis. The 5-year
survival rate was 86%.

In 2010 the Finnish registry published their results on 573 total ankle arthroplasties [131].
These were all third-generation mobile-bearing designs. The average age of the patients was
55. The 5-year survival was 83%.

The Swedish Registry reported on the ten year survival of 780 third-generation total an‐
kle arthoplasties in 2011 [132]. The registry included a variety of uncemented, three com‐
ponent implants. Revision rate was used as the primary outcome variable. The overall 10
year survival rate was 69% although this increased to 78% of the STAR prostheses were
excluded. It is interesting to note that the other registries did include the STAR prosthe‐
ses in their results.

Overall, age, sex, and diangosis did not affect survival in the Norwegian, New Zealand or
Finnish registries. The Swedish registry, however, found that the risk for revision was high‐
er in female patients under 60 years of age with a diagnosis of primary osteoarthritis or
posttraumatic arthritis.

There have been a lot of outcome studies published in recent years but a disproportion‐
ate number have been published by the prostheses designers themselves according to La‐
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bek  et  al  [133].  Approximately  50%  of  the  publications  reporting  on  total  ankle
arthroplasty outcomes have been produced by implant developers. Furthermore, the revi‐
sion  rates  from the  national  registries  (Swedish,  Norwegian  and  New Zealand)  have  a
much higher revision rate than those published in peer-reviewed scientific  journals  that
include the manufacturers‘ reports [133].

That said, it is still worthwhile to look at all of the published data. There have been three
relatively recent reviews of total ankle arthroplasty outcome study data [69, 134, 135]. The
most recent one was published by Gougoulias et al in 2010 [134]. They included thirteen
Level IV studies looking at 1105 total ankle arthroplasties. The most common diagnosis was
posttraumatic arthritis. The overall failure rate was approximately 10% at 5 years. Range of
motion did not change in one study and improved by 4-14 degrees in four others. In the
studies reporting them, there were superficial wound complications in 0-14%, and deep in‐
fections in 0-4.6%. In seven studies, rates of residual pain in the hindfoot ranged from 23 to
60%. Interestingly, the most common sporting activities after total ankle arthroplasty were
identified as swimming, cycling and fitness/weight training.

In an older review published in 2007 by Haddad et al, the intermediate outcomes of total
ankle arthroplasty and ankle fusion were compared [69]. They looked at ten papers which
evaluated total ankle arthroplasty and thirty-nine which looked at ankle fusion. The mean
American Orthopaedic Foot and Ankle Society Ankle Hindfoot score was 78.2 for the ar‐
throplasty group and 75.6 for the fusion group. The average age of patients undergoing ar‐
throplasty was 58 and fusion 50. The majority of the fusion patients were male, while the
major of the arthroplasty patients were female. Rheumatoid arthritis was the primary indi‐
cation for total ankle arthroplasty, posttraumatic arthritis for fusion. The 5-year implant sur‐
vival rate for the arthroplasty group was 90%, while the 10-year survival rate was 77%. They
noted that a weakness of their review was that there were no direct comparisons of total an‐
kle arthroplasty to ankle fusion.

Stengel et al’s review in 2005 identified 10 adequate studies with a total of 497 ankle arthro‐
plasties [135]. The total ankle arthroplasty patients showed a mean improvement in hindfoot
scores of 45.2 points. Range of motion improved an average of 6.3%. Complications ranged
from a 1.6% deep infection rate to a 14.7% impingement rate. The five year prosthesis sur‐
vival rate was 90.6%.

Since the publication of the most recent of the above reviews, there have been some other
publications of note. The long-term results of the United States STAR trial were published in
2011 [136]. They prospectively followed 80 patients treated with 84 STAR prostheses. The
average age at implantation was 61 years. Their American Orthopaedic Foot and Ankle Soci‐
ety ankle-hindoot scores improved from an average of 42.7 to 81.9 points. Average range of
motion was 39.5 degrees. Implant survival was 96% at 5 years and 90% at 10 years.

Bonnin et al recently published the long term follow-up of patients they had implanted with
the SALTO total ankle arthroplasty and reported on previously [137]. They analyzed 98
prostheses with and average followup of 8.9 years. The mean American Foot and Ankle So‐
ciety ankle-hindfoot score was 79. Range of motion was 27 degrees. The survival rate was
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85% with an end point being the revision of a component. Limitations of this study included
the series of patients being operated on by the implant designers and the implants and tech‐
nique changed during the course of the study.

Wood et al compared the STAR implant to the Buechel-Pappas implant in a randomised tri‐
al [138]. The study involved 200 joint replacements. They were followed out for 6 years. The
STAR survivorship was 95% and the Buechel-Pappas 79% with the end point being revision.
The difference was not found to be statistically different.

Total ankle arthroplasty has been shown to improve ankle joint mechanics. Hahn et al dem‐
onstrated that both arthroplasty and fusion impoved gait function and reduced pain but
that arthroplasty patients gained a more natural ankle joint function with increased range of
motion [139]. Piriou et al were also interested in how gait was affected by total ankle arthro‐
plasty [140]. They compared 12 arthroplasty patients to 12 fusion and 12 control patients.
Neither the arthroplasty patients nor the fusion patients regained normal movement or
walking speed, but the arthroplasty group had greater movement at the ankle, more sym‐
metrical timing of gait and better restored ground reaction force patterns than the fusion
group. The fusion group had a faster gait and longer step length than the arthroplasty
group. Schuh et al compared 21 ankle fusion patients to 20 total ankle arthroplasty patients
in regards to sport and recreational activities as well as functional outcome directly [89].
They found no signifcant difference between the groups concerning activity levels, partici‐
pation in sports activities.

Finally,  despite  improved motion and decreased pain,  total  ankle  arthroplasty  does  not
result  in weight loss.  Penner at  al  investigated weight loss after total  ankle arthroplasty
and found that although pain and disability were reduced in overweight and obese pa‐
tients  after  both  ankle  arthroplasty  and  fusion,  the  mean  body  mass  index  (BMI)  re‐
mained unchanged [141].

6. Conclusion

Ankle arthritis can be a debilitating disorder as disabling mentally and physically as hip ar‐
thritis. There are a myriad of nonoperative and joint sparing operative treatments that can
improved symptoms but do not arrest the disease process. When end-stage osteoarthritis
develops, the gold standard has been ankle fusion. Some limitations to a successful ankle fu‐
sion such as stiffness and arthritic progression of surrounding joints as well as the successful
replacements of the hip and knee joint led to the development of total ankle arthroplasty.
Second and third generation prostheses have markedly improved function and long-term
results compared to first generation prostheses. Although the procedure can be technically
demanding and is associated with numerous potential complications, patients generally ex‐
perience improved function and decreased pain. Based on current literature, it seems rea‐
sonable to expect an 80% prosthesis survival after 10 years. Further investigations into ankle
joint mechanics, risk factors for implant failure and methods to minimize complications
should lead to additional improvements in long-term outcomes. Finally, prospective, long-
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term direct comparison studies of ankle fusion versus total ankle arthroplasty are required
to determine which procedure is best for which patient.
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the series of patients being operated on by the implant designers and the implants and tech‐
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and found that although pain and disability were reduced in overweight and obese pa‐
tients  after  both  ankle  arthroplasty  and  fusion,  the  mean  body  mass  index  (BMI)  re‐
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6. Conclusion
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thritis. There are a myriad of nonoperative and joint sparing operative treatments that can
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develops, the gold standard has been ankle fusion. Some limitations to a successful ankle fu‐
sion such as stiffness and arthritic progression of surrounding joints as well as the successful
replacements of the hip and knee joint led to the development of total ankle arthroplasty.
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demanding and is associated with numerous potential complications, patients generally ex‐
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1. Introduction

Total hip arthroplasty (THA) is an increasingly common and successful operation, with
76,759 procedures logged in the National Joint Registry for England and Wales in 2010 [1].
Overall satisfaction rates rank amongst the highest of any joint replacement procedure, with
over 90% reporting a good to excellent overall outcome [2, 3].

Complications related to THA can be classified as either procedure specific or systemic. Ad‐
vances in technology, anaesthesiology and surgical technique have resulted in an overall
temporal decrease in complication rates despite the increasing incidence of co-morbidities in
the patient population [4]. Table 1 highlights rates of complications most commonly encoun‐
tered after THA.

2. Systemic / non-surgical

2.1. Thromboembolic complications

Deep Vein Thrombosis

Distal deep vein thrombosis (DVT) can range from being asymptomatic, to resulting in long
term valvular damage resulting in chronic venous insufficiency. Proximal propagation can
result in more serious pulmonary embolism. The overall incidence of DVT, including both
radiologically diagnosed asymptomatic DVT and symptomatic DVT, post THA in early
studies was reported to be as high as 70% without any form of prophylaxis [15]. Recent sys‐
tematic review of several randomised control trials concerned with DVT prophylaxis has es‐
timated this figure to be around 44% [16]. The recent FOTO study has shown a symptomatic
DVT rate of 1.3% in THA patients with extended duration [36 day) chemical prophylaxis [8].
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The overall combined incidence of asymptomatic and symptomatic DVT with prophylaxis
has not declined with time, converse to the findings with knee arthroplasty in which the in‐
cidence has declined significantly [17]. This may be due to the increasing frequency of co
morbidities within patients undergoing THA which act as risk factors for DVT.

Systemic Procedure Specific

Complication Rate Complication Rate

Subclinical Fat Embolism 90%[5] Dislocation (Posterior

approach with repair)

0.49%[6]

Symptomatic Fat Embolism Unknown Leg length discrepancy

(patient perceived)

30%[7]

Symptomatic Deep Vein

Thrombosis with prophylaxis

1.3%[8] Infection 1.08%[9]

Symptomatic Pulmonary

Embolism with prophylaxis

0.5 – 0.6%[10] Aseptic Loosening 2% failure rate at 15 years

(Corail uncemented stem)

[11]

3.2% failure rate at 30 years

(Exeter Cemented Stem)[12]

Mortality 0.29 – 0.6%[4] Periprosthetic Fracture

(Postoperative femoral)

1.1%[13]

Myocardial Infarction 0.5%[10] Heterotopic Ossification

(Grade III/IV)

3 – 7%[14]

Table 1. Complication rates for Total Hip Arthroplasty

THA is thought to mainly affect 2 limbs of Virchow’s triad, namely hypercoagulability and
venous stasis. Activation of the coagulation cascade begins during surgery, primarily during
preparation and insertion of the femoral prosthesis, with cemented prostheses providing a
greater stimulus than uncemented implants [18]. Whether this increases the incidence of
DVT with cemented fixation is unclear as the evidence is inconclusive [15, 19]. Venous hae‐
modynamics are also altered not only during surgery, but also for up to 6 weeks post opera‐
tively [20]. Significant reductions in venous capacitance and outflow are seen in both legs,
with greater changes seen in the operated leg, and this has been shown to correlate directly
with the incidence of postoperative DVT [20]. Complete femoral vein occlusion has also
been noted during THA, particularly during the posterior approach when the limb is inter‐
nally rotated and flexed for operation on the femur [18].

Numerous risk factors for postoperative DVT have been identified. Major risk factors in ap‐
proximate order of importance include: hip fracture, malignancy, antiphospholipid syn‐
drome, immobility, previous history of DVT, use of selective oestrogen receptor modulators,
oral contraceptives, morbid obesity, stroke, atherosclerosis and a ASA greater than 3 [21].
However 50% of patients who develop DVT have no identifiable clinical risk factor [21]. Ge‐
netic predispositions include antithrombin III and protein C deficiency and prothrombin
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gene mutation [21]. In order to aid recognition of ‘at risk’ patients, the National Institute for
Health and Clinical Excellence (NICE) has published a table of relevant patient related risk
factors as shown in Table 2 [16].

Active cancer or cancer treatment Active heart or respiratory failure

Acute medical illness Age over 60 years

Antiphospholipid syndrome Behcet’s disease

Central venous catheter in situ Continuous travel of more than 3hours approximately

4weeks before or after surgery

Immobility (for example, paralysis or limb in plaster) Inflammatory bowel disease

Myeloproliferative diseases Nephrotic syndrome

Obesity (body mass index > 30kg/m2] Paraproteinaemia

Paroxysmal nocturnal haemoglobinuria Personal or family history of VTE

Pregnancy or puerperium Recent myocardial infarction or stroke

Severe infection Use of oral contraceptives or hormonal replacement therapy

Varicose veins with associated phlebitis

Inherited Thrombophilias for example:

High levels of coagulation factors (for example, Factor

VIII)

Hyperhomocysteinaemia

Low activated protein C resistance (for example, Factor V

Leiden)

Protein C, S and antithrombin deficiencies

Prothrombin 2021A gene mutation

Table 2. Patient related risk factors for Venous Thromboembolism [16]

Prophylaxis against DVT begins with the type of anaesthesia used. Regional compared to
general anaesthesia has been shown to reduce the risk of DVT post THA by over 50% [22,
23]. This is thought to be due to the relative hyperkinetic blood flow seen in the lower limbs
during regional anaesthesia compared to general anaesthesia, and the stabilising effect of lo‐
cal anaesthetics on the cell membranes of vascular endothelium and platelets [24]. Mechani‐
cal and chemical prophylaxis remains a somewhat contentious issue, with various differing
opinions existing regarding prophylaxis regimes. Numerous randomised controlled trials
exist supporting the use of mechanical methods such as pneumatic compression devices
(figure 1) and chemical methods such as low molecular weight heparins and fondaparinux,
a factor Xa inhibitor [25-34].
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Figure 1. Left: Thrombo-Embolic Deterrent Stockings, Right: Flotron pumps (Huntleigh Healthcare Ltd, Luton, UK)

There has been recent increasing interest in oral factor Xa inhibitors such as Rivaroxaban
and Apixaban. The RECORD trial has demonstrated greater effectiveness for oral Rivaroxa‐
ban compared to subcutaneous Enoxaparin with equal side effect profiles [35, 36]. Pooled
analysis of the ADVANCE-2 and ADVANCE-3 trials has also demonstrated greater efficacy
for oral Apixaban compared to subcutaneous Enoxaparin [37]. There has been some recent
concern however regarding the increased rate of wound complications, specifically with the
use of Rivaroxaban [38]. A retrospective analysis by Jensen et al. demonstrated a greater re‐
turn to theatre rate for wound complications such as prolonged drainage and haematoma
associated with the use of Rivaroxaban compared to Tinzaparin [38]. The authors suggest
that trial data to date has not fully evaluated the complications profile of Rivaroxaban, as
only major bleeding was used as a primary outcome measure, and further randomised trials
are necessary to examine rates of surgical complications.

Current recommendations by National Institute for Health and Clinical Excellence (NICE) in
England state that, THA patients should be offered mechanical prophylaxis in the form of
intermittent pneumatic compression devices or compression stockings, and chemical pro‐
phylaxis with either low molecular weight heparin, Fondaparinux, Rivaroxaban or Dabiga‐
tran. This should be continued for 28-35 days post operatively [39].

2.2. Pulmonary embolism

DVTs that propagate proximally have the potential embolise to the lungs resulting in pulmo‐
nary emboli (PE). Mild emboli can be asymptomatic, whereas massive embolism can be fatal,
and PE is one of the leading causes of mortality post THA. Rates for symptomatic pulmonary
embolism in recent large case series of primary THA in which chemical prophylaxis was
used, has been between 0.51-0.6% [10, 40]. In the absence of prophylaxis this is estimated to be
around 3%, with approximately 6% of symptomatic PEs post THA result in fatality [16].
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As with DVT, both mechanical and chemical methods such as pneumatic compression
pumps and low molecular weight heparins have been shown to provide effective prophy‐
laxis against symptomatic PE [25, 41-44]. However due to the low rate of fatal PE, trials and
even meta-analyses have failed to demonstrate statistically significant effects on the rate of
fatal PE by using thromboembolic prophylaxis [45]. Power analysis indicates a trial involv‐
ing 67,000 patients would be needed to demonstrate a statistically significant difference [46].

Vena Caval filters as shown in figure 2 can also be used to prevent migration of venous em‐
boli into the pulmonary circulation. However no RCTs exist supporting their use in surgical
patients and significant complications such as pneumothorax, air embolism and arteriove‐
nous fistulae can develop either during their placement or post procedure [47]. UK NICE
guidelines therefore recommend their use in patients with recent or existing thromboembol‐
ic disease in whom anticoagulation is contraindicated [39].

Figure 2. Retrievable Inferior Vena Caval Filter, courtesy of Cook Medical

2.3. Fat embolism

During insertion of the femoral component, rises in intramedullary pressure can force me‐
dullary fat and marrow contents into the venous circulation via the metaphyseal vessels
[48-50]. Fat and marrow embolus can then pass into and through the pulmonary circulation
depending on the size of the emboli [51, 52]. Large emboli can lodge within the pulmonary
circulation leading to pulmonary hypertension and haemodynamic instability. Trans-pul‐
monary passage of micro-emboli can result in cerebral embolism potentially causing neuro‐
logical complications [51, 53].
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Subclinical fat embolisation can been detected in up to 90% of patients undergoing THA [5].
However the exact incidence of fat embolism syndrome characterised by the classic triad of
respiratory insufficiency, neurolgic symptoms and upper body petechiae is unknown [54].

Measures to reduce the risk of fat embolism include medullary lavage to reduce the fat load
during cement pressurisation [55]. Vacuum cementation techniques using drainage cannu‐
lae have also been shown to be effective in reducing the intramedullary pressure rises dur‐
ing cementation therefore reducing the risk of emboli [56]. Treatment of established fat
embolism syndrome is essentially supportive, frequently requiring intensive care unit ad‐
mission for respiratory support.

3. Mortality and cardiorespiratory complications

Published rates for mortality following primary THA are low, ranging from between 0.29%
to 0.6% [4, 10]. Mortality rates have declined slightly with time despite the increasing inci‐
dence of relevant co-morbidities [4]. Cardiovascular complications account for the most
common cause of death [57].

Age has been identified as one of the strongest predictors of post operative mortality after
joint arthroplasty [10]. Octegenarians have been shown to have a mortality rate 3.4 times
higher than patients between 65-79 years of age and were 2.4 times more likely to suffer a
post operative myocardial infarction [58]. Other significant risk factors for post operative
mortality and morbidity include male sex, smoking and higher American Society of Anes‐
thesiologists’ (ASA) grade which is representative of relevant significant co-morbidities
such  as  artherosclerosis,  diabetes,  renal  impairment  and  valvular  disease  [10,  59,  60].
Greenfield et al. found that the incidence of morbidity after THA varied from 3% to 41%
when comparing those with the lowest and highest incidence of co-morbidities [61]. The
role of anaesthesia is somewhat controversial. Some studies suggest regional compared to
general anaesthesia may reduce the risk of thromboembolic and cardiorespiratory compli‐
cations and short term mortality [62, 63]. Others have shown no difference between the 2
groups in terms of morbidity and mortality [64]. Therefore no conclusive evidence exists
supporting one form of anaesthesia, but the overall consensus would appear to favour re‐
gional techniques [54].

4. Procedure specific / surgical complications

4.1. Dislocation

Dislocation is the 3rd most common cause for revision after THA [65]. Published rates for
dislocation after primary THA vary widely between 0.2% to 7% [66]. Up to 70% of disloca‐
tions occur early within 6 weeks [67]. Early dislocation carries a better prognosis compared
to late dislocation which is defined as occurring after 3 months, as late dislocation usually
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has a multifactiorial aetiology including component wear and soft tissue laxity [68, 69]. Ap‐
proximately a third of dislocating THAs managed conservatively after the first episode will
go on to become recurrent dislocators [67]. Risk factors for dislocation can be classified as
either patient, surgery or implant related.

4.2. Patient related risk factors

Patients with neuromuscular and cognitive disorders such as cerebral palsy, muscular dys‐
trophy and dementia, have been shown to have higher rates of dislocation [70]. Fracture as
the primary indication for surgery is the indication most strongly linked with dislocation
[71]. This is thought to be due to the lack of capsular hypertrophy normally seen with osteo‐
arthritis which provides additional stability. Previous hip surgery of any sort has also been
shown to double the risk of dislocation [68]. Factors such as height, weight, age and sex of
the patient have not been conclusively shown to affect the rates of dislocation [67].

4.3. Surgical risk factors

Surgical factors include surgical approach, soft tissue tension, component design and orien‐
tation, and surgeon experience. The majority of dislocations occur in a posterior direction
and therefore the posterior approach has been deemed to be the approach with the highest
risk of dislocation. Early data supported this theory with Woo et al reporting a rate of 5.8%
for posterior approach compared to 2.3% for an antero-lateral approach [68]. However re‐
cent research investigating the role of posterior capsular and external rotator repair has
shown comparable rates to other approaches [72, 73]. A recent meta-analysis has shown a
reduction of the dislocation rate from 4.46% to 0.49% by carrying out a posterior soft tissue
repair [6]. Therefore with meticulous soft tissue repair, surgical approach should have little
effect on dislocation rates. Besides the posterior structures, the glutei and joint capsule also
provide soft tissue tension reducing dislocation risk. Therefore following a transtrochanteric
approach, trochanteric non union greater than 1cm can result in abductor insufficiency in‐
creasing the rates of dislocation by over 6 fold [68]. Inadequate offset is another factor affect‐
ing soft tissue tension and has been shown to increase dislocation risk [74].

4.4. Implant related factors

Component positioning and design both play key roles in reducing dislocation risk. “Safe
zones” for acetabular cup position are defined as an abduction angle of 40° ± 10° and ante‐
version of 20° ± 10° [75, 76]. With a posterior approach reduced cup anteversion has been
shown to be a major risk factor for dislocation [77]. Archbold et al. have suggested the use of
the transverse acetabular ligament as a landmark to judge cup anteversion [78]. Using this
technique they reported a 0.6% dislocation rate using a posterior approach with soft tissue
repair. How this relates to the traditionally defined safe zones is currently being examined.
Femoral component positioning has been less well studied. Recent studies have suggested
the use of a ‘combined anteversion’ technique in which the acetabular and stem combined
anteversion should be 35° ± 10° [79, 80].
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tions occur early within 6 weeks [67]. Early dislocation carries a better prognosis compared
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has a multifactiorial aetiology including component wear and soft tissue laxity [68, 69]. Ap‐
proximately a third of dislocating THAs managed conservatively after the first episode will
go on to become recurrent dislocators [67]. Risk factors for dislocation can be classified as
either patient, surgery or implant related.
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the primary indication for surgery is the indication most strongly linked with dislocation
[71]. This is thought to be due to the lack of capsular hypertrophy normally seen with osteo‐
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shown to double the risk of dislocation [68]. Factors such as height, weight, age and sex of
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provide soft tissue tension reducing dislocation risk. Therefore following a transtrochanteric
approach, trochanteric non union greater than 1cm can result in abductor insufficiency in‐
creasing the rates of dislocation by over 6 fold [68]. Inadequate offset is another factor affect‐
ing soft tissue tension and has been shown to increase dislocation risk [74].
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Component positioning and design both play key roles in reducing dislocation risk. “Safe
zones” for acetabular cup position are defined as an abduction angle of 40° ± 10° and ante‐
version of 20° ± 10° [75, 76]. With a posterior approach reduced cup anteversion has been
shown to be a major risk factor for dislocation [77]. Archbold et al. have suggested the use of
the transverse acetabular ligament as a landmark to judge cup anteversion [78]. Using this
technique they reported a 0.6% dislocation rate using a posterior approach with soft tissue
repair. How this relates to the traditionally defined safe zones is currently being examined.
Femoral component positioning has been less well studied. Recent studies have suggested
the use of a ‘combined anteversion’ technique in which the acetabular and stem combined
anteversion should be 35° ± 10° [79, 80].
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Femoral head size also affects stability. Larger heads provide more favourable head-neck ra‐
tios, reducing possible impingement, and seat deeper within the acetabulum requiring a
greater ‘jump distance’ to cause dislocation as illustrated in figure 3. Such advantages have
been validated using cadaveric and computer modelling [81-83]. Clinical data from both the
Norwegian and Australian joint registries has also shown a reduction in rates of revision for
dislocation with increasing head size [84, 85].

Surgeon experience is another factor that has been identified in influencing dislocation rates.
Hedlundh et al. found that surgeons who had performed less than 30 THAs had a double
rate of dislocation compared to more experienced surgeons [86]. A recent systematic review
has also demonstrated reduced dislocation rates with increased surgical volume [87].

Figure 3. Jumping Distance highlighted by red arrow demonstrates distance the head needs to travel before disloca‐
tion occurs. Increasing head size increases this distance

5. Management

Management of dislocation initially involves closed reduction which is usually successful in
the majority of cases. This should be performed ideally under anaesthesia with muscle relax‐
ation to reduce the chance of damage to the femoral head [88, 89]. Some surgeons advocate
the use of an abduction brace after reduction but little evidence exists supporting their use.

Indications for operative intervention include recurrent or irreducible dislocation, compo‐
nent malposition, soft tissue laxity and dislocation due to impingement. Strategies during
revision include component realignment, removal of osteophytes causing impingement,
modular component exchange to increase head size and improve head-neck ratio, liner ex‐
change if worn and addressing soft tissue laxity using capsulorrhaphy, trochanteric ad‐
vancement or tendon allografts.

Selected patients unsuitable for major revision surgery can be treated with posterior lip aug‐
mentation devices (PLAD) as shown in figure 4. These consist of a C shaped piece of
UHMWPE and a steel backing plate, and are applied to the posterior lip of the acetabulum
and held in place with up to 5 screws. This constrains the head within the augmented sock‐
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et. Contraindications to its use include gross component malalignment and loosening.
McConway et al. reviewed 307 recurrently dislocating THAs treated with PLADs [90]. Per‐
sistent instability occurred in only 5 patients [1.6%) and there was no evidence of accelerated
loosening affecting the acetabular component.

Salvage procedures for failed revision or uncorrectable aetiology include the use of con‐
strained cups or conversion to bipolar hemiarthroplasty. However both of these procedures
are associated with poor functional outcome and constrained cups can result in premature
loosening [70]. Therefore their use is usually reserved for low demand patients. The final
salvage option is Girdlestone resection for the unreconstructable hip.

Figure 4. Posterior Lip Augementation Device (PLAD, Depuy, UK)

5.1. Leg length discrepancy

Leg length discrepancy (LLD) is the most common cause of patient dissatisfaction and sub‐
sequent litigation after THA [91]. LLD can result in nerve palsies, abnormal gait, lower back
pain and reduced functional outcome [92]. Wylde et al. showed up to 30% of patients after
primary THA can have a perceived LLD, but only 36% of these had an anatomic LLD great‐
er than 5mm [7].

Nerve palsies are potentially the most serious complications of LLD. Sciatic and peroneal
nerve palsies have both been associated with limb lengthening. Edwards et al suggested sci‐
atic and peroneal nerve palsies are associated with lengthening greater than 4 and 3.8cm re‐
spectively [93]. Farrell et al however found an average lengthening of only 1.7cm was a
significant risk factor for nerve palsies [94]. Therefore safe limits for limb lengthening before
traction nerve palsies develop are yet to be defined, and it may be that any minor degree of
lengthening may make the nerve more susceptible to other trauma [94].

Minor LLD less than 1cm is usually well tolerated by patients. However LLD greater than
2cm has been shown to significantly affect the gait cycle, increasing physiological demand
[95]. LLD greater than 3cm in the elderly was shown to cause significant increases in heart
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rate and quadriceps activity in the lengthened limb, which may be especially relevant in pa‐
tients with cardio-respiratory co-morbidities [95].

Avoiding potential problems with LLD begins with patient history and examination. It is
crucial to determine patient perceived leg length in order to counsel the patient effectively
regarding likely outcomes. True leg length can then be determined, measuring from the ipsi‐
lateral anterior superior iliac spine to the medial malleolus, followed by apparent leg length
by measuring from the umbilicus to the medial malleolus. Apparent leg length can be affect‐
ed by pelvic obliquity secondary to either lumbar spine pathology or contractures about the
hip. Significant LLD due to fixed pelvic obliquity secondary to chronic lumbar spine pathol‐
ogy cannot usually be corrected as it may involve significant shortening or lengthening.
With pelvic obliquity secondary to contractures, the true length only needs to be corrected
as after the THA the pelvis will balance with time [96].

Radiographs can also be used to determine leg length by referencing the position of the less‐
er trochanter in relation to a line drawn across the inferior aspect of the pelvis as shown in
figure 5. Templating can then be carried out to determine the correct level of the neck cut for
the femoral prosthesis and the position of the acetabular component in order to determine
the new hip centre. Both of these directly affect leg length.

Figure 5. Radiographic estimation of LLD can be made by measuring vertically from the top of the lesser trochanter to
a line drawn across the inferior margin of the pelvis

Intraoperative methods include the use of measurements taken from reference pins placed
in the pelvis to a mark on the greater trochanter [97-99]. Mihalko et al described using a
large fragment screw placed above the superior rim of the acetabulum and marking a point
on the greater trochanter a fixed distance from this prior to dislocation. After insertion of the
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prostheses this distance was rechecked giving an indication of leg length changes [98]. Shir‐
amizu et al used a similar method but with a steimann pin in the ilium and a custom calliper
to measure the distances [99]. They found a mean LLD of only 2.1mm with this method.

Minor LLD postoperatively can be treated using a shoe raise. Prescription of such devices
should be delayed for 3-6 months to allow any residual pelvic tilt secondary to contractures
to resolve as the soft tissues can progressively relax. Failure of conservative measures and
symptoms such as severe pain, nerve palsies and instability can necessitate surgical inter‐
vention. Shortening can be treated using soft tissue release and exchange of modular heads
to give modest changes in leg length or more extensive surgery such as exchange of the fem‐
oral component to give greater neck length or offset. Lengthening can also be treated with
component exchange but secondary procedures such as trochanteric advancement or the use
of larger heads or stems with increased offset may be needed to maintain stability [100].

5.2. Infection

Infection post THA is potentially one of the most catastrophic and challenging to treat com‐
plications. During the early development of THA, Charnley reported a deep infection rate of
9.4% in unventilated operating theatres [101]. This initial unacceptably high deep infection
rate stimulated the development of several prophylactic measures including ultraclean lami‐
nar air flow ventilation and peri-operative antibiotics. With the aid of such measures, infec‐
tion rates in the UK between 1993 and 1996 fell to 1.08% [9].

5.3. Prophylaxis

Bacterial contamination of theatre air was initially recognized as a risk factor for post opera‐
tive sepsis by Lister in 1867 [102]. Charnley later introduced the concept of ultraclean air
flow ventilation that produces less than 10 colony forming units per cubic meter [103]. His
reported infection rates in THA fell to 1% with the use of such enclosures. A MRC trial pub‐
lished in 1982 demonstrated a deep sepsis rate of 0.6% with ultraclean ventilation compared
to 1.5% with conventional ventilation [104]. The use of ultraclean air ventilation during joint
arthroplasty has subsequently become universally adopted practice within the UK [105].

The use of peri-operative antibiotics during THA is also a common prophylactic measure.
Early trials using cloxacillin in THA found a 12% infection rate without prophylaxis com‐
pared to 0% with [106]. Currently cephalosporins are commonly used prophylaxis for THA.
There is however a gradual move away from these due to the emergence of MRSA and
problems with Clostridium difficile infection. Alternative regimens include flucloxacillin
and gentamicin, or vancomycin and gentamicin. There is no conclusive evidence with re‐
gards to the optimal antibiotic regimen or duration of administration. However no benefit of
extended prophylaxis beyond 24 hours has been demonstrated [107]. Therefore antibiotic re‐
gimes should be ideally guided by local microbiological knowledge so locally prevalent or‐
ganisms can be targeted. Other measures shown to reduce rates of infection or bacterial load
include the use of occlusive clothing, exhaust suits, pulsed wound lavage, preoperative
showering and reducing theatre traffic [105].
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5.4. Pathogenesis

Infection can arise by direct bacterial contamination at the time of surgery or later haema‐
togenous spread. Staphylococcus aureus was the most common causative organism in an
early series published by Charnley [108]. Coagulase negative staphylococci have become in‐
creasingly prevalent over the years with a recent series showing such organisms responsible
for 58% of infections [109]. This is thought to be due to the effect of antibiotic use on bacteri‐
al flora [105]. Risk factors for periprosthetic infection include obesity, revision surgery, in‐
flammatory arthritis, open skin lesions on the affected limb, blood transfusion, urinary
infections and high ASA score [110].

Pathogenesis begins with bacterial adhesion. Primary adhesion occurs due to physical inter‐
actions (hydrophobic/electrostatic) between the bacteria and prosthetic surface. This is fol‐
lowed by bacterial aggregation through membrane adhesion molecules and generation of
exopolysaccharides which form a glyocalyx or biofilm surrounding the bacteria [111]. This
biofilm is thought to protect the bacteria from antibiotics and host defences [112].

5.5. Classification

Periprosthetic infections can be classified into 4 main catogeries [113]. Early postoperative
infection is one that becomes apparent within one month of the procedure. Late chronic in‐
fection presents later than 1 month after operation and has an insidious course of gradual
onset of pain and swelling with minimal systemic symptoms. Acute haematogenous spread
results in an acute onset of symptoms associated with a documented or suspected bacterae‐
mia. The final type is positive intra-operative culture, this is an occult infection diagnosed
by positive cultures taken at time of revision surgery.

5.6. Diagnosis

Diagnosis of peri-prosthetic infection can be extremely challenging. Hip pain is the most
consistent symptom. Presence of systemic symptoms such as fevers or rigors can be very
variable. Examination may reveal local wound tenderness, signs of inflammation, discharge,
sinuses and a painful range of movement.

Plain radiographs may show evidence of osteopenia or osteolysis, periostiitis and endosteal
scalloping. However none of these can reliably differentiate between infection and aseptic
loosening. Radionucleotide scanning using technetium or gallium can also been used. Tech‐
netium uptake reflects active bone turnover and gallium binds to transferrin, accumulating
in inflammatory foci. Technetium scanning has a greater sensitivity than gallium for infec‐
tion but their inability to differentiate infection and aseptic loosening limits their application
[114, 115]. However its relatively high negative predictive value can make technetium bone
scanning a useful initial screening test [116]. 18F-Fluoro-deoxyglucose [18-FDG) PET scan‐
ning is a newer technique that has increased sensitivity and specificity for infection. Pooled
data from recent studies demonstrate a sensitivity of 85.5% and a specificity of 92.6% for
periprosthetic infection [117]. Availability of PET scanners however still remains poor. Us‐
ing radio-labelled white cells or immunoglobulins is another technique which has shown
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improved sensitivity and specificity relative to traditional three phase bone scans. Their
widespread availability combined with the lack of established diagnostic criteria for 18-FDG
PET scans, makes labelled white cell scans the current nuclear medicine investigation of
choice for periprosthetic infection [118].

Blood investigations include ESR, CRP and Interleukin-6. ESR and CRP are non specific in‐
flammatory markers and therefore can be elevated by concurrent illnesses. In the absence of
such conditions an ESR greater than 30 mm/hr has a sensitivity and specificity of 82 and 85%
respectively for peri-prosthetic infection, and the values for a CRP greater than 10mg/l are
96% and 92% [119]. Elevated levels of interleukin-6 have also been associated with peripros‐
thetic infection with a sensitivity and specificity of 100% and 95% in one study [120]. How‐
ever other chronic inflammatory conditions such as rheumatoid arthritis and other illnesses
such as AIDS and Multiple Sclerosis can also cause elevated levels.

Cytological and microbiological analysis of hip aspirate taken under sterile conditions can
give useful information regarding not only the presence of infection but also the potential
offending organism. Ali et al. have shown a sensitivity and specificity of 0.82 and 0.91 for
radiologically guided guided hip aspiration. However recent antibiotics can affect cultures
and therefore antibiotics must be stopped for at least 2 weeks prior to aspiration.

5.7. Treatment

The aims of treatment of an infected prosthesis are eradication of infection and restoration of
function. The classification by Tsukyama et al. can be used to help guide treatment [113].
Acute infections either presenting as early infection or acute haematogenous spread can be
treated by component retention and thorough debridement, irrigation and intravenous anti‐
biotics. However such treatment must be undertaken within 2 weeks of onset of symptoms
[121]. Success rates between 50-74% have been reported with such a strategy [113].

Late chronic infection is best treated with full revision. This can be performed as a single
stage exchange arthroplasty or a 2 stage exchange procedure. Originally described by Bu‐
cholz, a single stage procedure involves prosthesis removal, soft tissue debridement and
lavage, followed by re-implantation of a new prosthesis if a clean uninfected bed is ach‐
ieved, followed by appropriate antibiotic therapy [122]. Review of 1299 cases treated with
single stage revision showed an 83% success rate at an average follow up of 4.8 years [123].
Factors associated with successful outcome were good general health of the patient, absence
of wound complications after the primary procedure, methicillin sensitive organisms and in‐
fection with organisms sensitive to antibiotics within the cement [123]. Advantages of a sin‐
gle stage procedure include lower patient morbidity and lower incidence of complications
such as fracture and dislocation. However 2 stage procedures have consistently demonstrat‐
ed higher success rates compared to single stage procedures [124-128]. Thus 2 stage ex‐
change still remains the most common strategy.

2 stage procedures involve initial prosthesis removal, soft tissue debridement and insertion
of an antibiotic loaded cement spacer. This can be in the form of an articulating spacer al‐
lowing some range of movement and reducing soft tissue contracture. This is followed by
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single stage revision showed an 83% success rate at an average follow up of 4.8 years [123].
Factors associated with successful outcome were good general health of the patient, absence
of wound complications after the primary procedure, methicillin sensitive organisms and in‐
fection with organisms sensitive to antibiotics within the cement [123]. Advantages of a sin‐
gle stage procedure include lower patient morbidity and lower incidence of complications
such as fracture and dislocation. However 2 stage procedures have consistently demonstrat‐
ed higher success rates compared to single stage procedures [124-128]. Thus 2 stage ex‐
change still remains the most common strategy.

2 stage procedures involve initial prosthesis removal, soft tissue debridement and insertion
of an antibiotic loaded cement spacer. This can be in the form of an articulating spacer al‐
lowing some range of movement and reducing soft tissue contracture. This is followed by
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appropriate antibiotic therapy and a usual interval of 6 weeks prior to reimplantation of the
definite new prosthesis. Success rates of between 87 to 94% have been reported with cement‐
ed 2 stage revision [124, 125, 128].

6. Nerve and vessel injury

The overall incidence of nerve injury after THA is estimated to be around 1% [129]. Sciatic
nerve palsies account for 79% of all cases, followed by femoral nerve palsies (13%), com‐
bined femoral and sciatic nerve palsy (5.8%) and obturator nerve palsy (1.6%) [129]. In the
majority of cases (47%) the aetiology is unknown. Other causes include traction (20%), con‐
tusion (19%), haematoma (11%) and dislocation (2%), with laceration only accounting for 1%
of all nerve palsies [130]. Risk factors for nerve injury include female sex, revision surgery
and developmental dysplasia of the acetabulum [129].

When the sciatic nerve is affected, it most commonly involves the common peroneal divi‐
sion. This is thought to be due to the lower amount of connective tissue present between the
funiculi and its relatively tethered position at the sciatic notch compared to the tibial branch
[129, 131]. These factors are thought to make the peroneal branch more susceptible to trau‐
ma and traction. The use of the posterior approach has traditionally been associated with in‐
creased risk of sciatic nerve damage. However a Cochrane review in 2006 found no
difference in the incidence of nerve palsy between the posterior and direct lateral ap‐
proaches [132]. Femoral nerve palsy is less common and is usually secondary to direct com‐
pression, usually due to a malpositioned retractor [130].

Indications for surgical intervention in a patient with nerve palsy include haematoma caus‐
ing compression, palsy associated with excessive lengthening and palsy that can be definite‐
ly attributed to implanted metalwork. Electrodiagnostic studies can be helpful in
determining the level of the lesion. Outcomes of nerve palsies are variable, with 40% of pa‐
tients showing a good recovery, 45% of patients having mild residual motor or sensory
symptoms and 15% left with a dense motor or sensory deficit [129]. Partial nerve lesions and
maintenance of some motor function are good prognostic indicators, with recovery possible
for up to 3 years after the initial insult [133].

Vascular injury during THA is extremely rare. Published incidence varies between 0.04 to
0.08% [134, 135]. As opposed to knee arthroplasty, vascular injury in THA is usually the re‐
sult of direct trauma either during component insertion or removal [136]. Risk factors in‐
clude revision surgery, previous vascular injury or surgery and pre-existing atherosclerosis
[137]. The majority of vascular injuries are arterial but venous injury has been described
[138]. Venous injuries however may be under diagnosed as they may run a relatively benign
course remaining undetected.

The majority of vascular injuries are either the result direct trauma from acetabular retrac‐
tors or acetabular screw insertion [130]. Wasielewski et al. have described an acetabular
quadrant system to help guide safe screw insertion [139]. The postero-superior and poster-
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inferior quadrants are the safest zones for screw insertion as they have they areas of greatest
bone stock [139].

6.1. Wear and aseptic loosening

Aseptic loosening is the most common cause for revision surgery, accounting for 75% of re‐
vision cases [140]. Aseptic failure occurs as a result of a chronic inflammatory reaction sec‐
ondary to particulate wear debris eventually resulting in osteoclast activation, osteolysis
and loosening [141].

The pathogenesis begins with the generation of wear particles from the bearing surface, and
also non bearing surfaces such as the interface between acetabular shell and the liner insert,
known as backside wear. The morphology of the wear debris is dependent on the type of
implant used. Particles from polyethylene bearing surfaces can vary from submicron in size
to several millimetres. The average size of polyethylene debris has been shown to be around
0.5 µm and it is this submicron sized particle that has been shown to have the most bio-reac‐
tivity [142, 143]. The rate of generation of the wear particles has also been shown to correlate
with the degree of osteolysis [142]. Inadequate initial fixation can also contribute to loosen‐
ing by generating micromotion and increasing the rate of generation of particulate debris
[144]. This highlights the importance of good cementation techniques in reducing the risk of
aseptic failure. Pressure within the joint fluid has also been suggested to contribute to os‐
teolysis. Increased joint fluid pressure in animal models has been shown to induce bone loss
at the prosthesis bone interface possibly by interfering with bone perfusion causing osteo‐
cyte death [145, 146]. Increased joint fluid pressures have been noted in THAs undergoing
revision and pressure waves generated by load bearing have been demonstrated in retroace‐
tabular lytic lesions [147, 148]. Thus increased fluid pressures may directly contribute to os‐
teolysis and also perpetuate the dissemination of the wear debris throughout the prosthesis
bone interface, enhancing the biological response.

The primary response to wear debris is predominantly macrophage mediated. The exact
mechanism of macrophage activation is still unclear. Macrophages can be activated as a re‐
sult of either phagocytosis of particulate matter and also possibly through cell membrane in‐
teractions with particulate matter [149]. Macrophage activation causes the release of pro-
inflammatory cytokines and growth factors including TNF-α, Interleukin-1, TGF-β and
RANKL [150]. This results in the production of a pseudomembrane at the bone cement pros‐
thesis interface consisting of macrophages, fibroblasts and lymphocytes within a connective
tissue matrix [151]. TNF-α and Interleukin-1 both promote osteoclastic differentiation and
activation, but it is the up regulation of the RANK/RANKL pathway that is the key to acti‐
vating osteoclastogenesis and subsequent osteolysis [143]. Recent studies have suggested in‐
dividual genetic susceptibility to osteolysis may exist via single nucleotide polymorphisms
in the implicated cytokine genes, possibly by altering the magnitude of the biological re‐
sponse [152-155].

Alternative bearing surfaces can be used to reduce wear rates, debris generation and subse‐
quent osteolysis. Highly crosslinked polyethylene, ceramic on ceramic and metal on metal
bearings have all been shown to have reduced wear rates compared to standard ultra-high
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[137]. The majority of vascular injuries are arterial but venous injury has been described
[138]. Venous injuries however may be under diagnosed as they may run a relatively benign
course remaining undetected.

The majority of vascular injuries are either the result direct trauma from acetabular retrac‐
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ondary to particulate wear debris eventually resulting in osteoclast activation, osteolysis
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The pathogenesis begins with the generation of wear particles from the bearing surface, and
also non bearing surfaces such as the interface between acetabular shell and the liner insert,
known as backside wear. The morphology of the wear debris is dependent on the type of
implant used. Particles from polyethylene bearing surfaces can vary from submicron in size
to several millimetres. The average size of polyethylene debris has been shown to be around
0.5 µm and it is this submicron sized particle that has been shown to have the most bio-reac‐
tivity [142, 143]. The rate of generation of the wear particles has also been shown to correlate
with the degree of osteolysis [142]. Inadequate initial fixation can also contribute to loosen‐
ing by generating micromotion and increasing the rate of generation of particulate debris
[144]. This highlights the importance of good cementation techniques in reducing the risk of
aseptic failure. Pressure within the joint fluid has also been suggested to contribute to os‐
teolysis. Increased joint fluid pressure in animal models has been shown to induce bone loss
at the prosthesis bone interface possibly by interfering with bone perfusion causing osteo‐
cyte death [145, 146]. Increased joint fluid pressures have been noted in THAs undergoing
revision and pressure waves generated by load bearing have been demonstrated in retroace‐
tabular lytic lesions [147, 148]. Thus increased fluid pressures may directly contribute to os‐
teolysis and also perpetuate the dissemination of the wear debris throughout the prosthesis
bone interface, enhancing the biological response.

The primary response to wear debris is predominantly macrophage mediated. The exact
mechanism of macrophage activation is still unclear. Macrophages can be activated as a re‐
sult of either phagocytosis of particulate matter and also possibly through cell membrane in‐
teractions with particulate matter [149]. Macrophage activation causes the release of pro-
inflammatory cytokines and growth factors including TNF-α, Interleukin-1, TGF-β and
RANKL [150]. This results in the production of a pseudomembrane at the bone cement pros‐
thesis interface consisting of macrophages, fibroblasts and lymphocytes within a connective
tissue matrix [151]. TNF-α and Interleukin-1 both promote osteoclastic differentiation and
activation, but it is the up regulation of the RANK/RANKL pathway that is the key to acti‐
vating osteoclastogenesis and subsequent osteolysis [143]. Recent studies have suggested in‐
dividual genetic susceptibility to osteolysis may exist via single nucleotide polymorphisms
in the implicated cytokine genes, possibly by altering the magnitude of the biological re‐
sponse [152-155].

Alternative bearing surfaces can be used to reduce wear rates, debris generation and subse‐
quent osteolysis. Highly crosslinked polyethylene, ceramic on ceramic and metal on metal
bearings have all been shown to have reduced wear rates compared to standard ultra-high
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molecular weight polyethylene (UHWPE) [156-164]. However there are concerns regarding
the increased bioreactivity of crosslinked polyethylene debris compared to standard
UHWPE which may offset the benefits of reduced volumetric wear [165, 166]. Volumetric
wear is also lower with metal on metal bearings. However as the particle size is much small‐
er, usually between 20-90nm, the overall surface area is much larger compared to UHWPE
raising concerns of possible increased bioreactivity.

Pain is usually the primary presenting symptom of aseptic failure. Gross acetabular loosen‐
ing can cause groin pain whereas thigh pain can indicate femoral loosening [167]. Early loos‐
ening however may also be asymptomatic merely detected on routine follow up
radiographs. Clinical signs may include inability to straight leg raise, shortening of the leg
due to subsidence and increasing external rotation of the leg if the femoral stem twists into
retroversion. Investigations for aseptic loosening are similar to those for infection discussed
earlier. Blood inflammatory markers such as CRP are usually normal with aseptic loosening
[168]. Radiological tests include plain radiography, subtraction and nuclear arthrography
and bone scintigraphy. Meta-analysis has shown similar diagnostic performance for all of
these tests and therefore suggests plain radiographs and bone scintigraphy as the tests of
choice due to their lower risk of patient morbidity [169]. CT 3D imaging is also useful for the
evaluation of lytic lesions as plain 2 dimensional radiographs can underestimate the size of
the lesion as demonstrated in figure 1 [170, 171].

Figure 6. Top left & right, Progressive acetabular osteolysis over 1.5 years, Bottom left, 3D CT reconstruction demon‐
strating lesion and pelvic discontinuity, Bottom right, defect reconstructed with mesh and bone graft and plate to
posterior column to address discontinuity
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Treatment of aseptic loosening is guided by the severity of the patient’s symptoms and the
rate and volume of osteolysis. Indications for surgical treatment in asymptomatic patients
are progressive osteolysis and risk of catastrophic mechanical failure such as periprosthetic
fracture. Nonsurgical treatment using bisphosphonates and anti cytokine therapy such as
anti-TNF-α to prevent progression of osteolysis has been suggested. However their efficacy
is yet to be determined [172]. Goals of surgical treatment include removal of wear debris
and also the wear generator, reconstruction of the osseous lesion and restoration of mechan‐
ical stability [173]. This can involve exchange of bearing surfaces, bone grafting of lytic le‐
sions and revision of loose components.

7. Bearing specific complications

7.1. Ceramic on ceramic bearings

Ceramic articulations have become increasingly popular due to their low wear profile and
good biocompatibility. However potential complications of ceramic bearings include chip‐
ping and incomplete seating of ceramic liners during insertion, fracture and bearing gener‐
ated noise.

Currently all ceramic acetabular bearings consist of a modular ceramic liner which is insert‐
ed into a metal shell implanted into the acetabulum. Incomplete seating of the liner due to
soft tissue interposition or deformation of the metal shell has been reported [174, 175]. Thus
extra care and good visualisation of the acetabulum is imperative when inserting a modular
ceramic liner. Chipping during impaction has also been reported and this can also be secon‐
dary to deformation of the metal shell [176]. Using titanium sleeved or recessed ceramic lin‐
ers has been shown to reduce such risks [177].

Risk of fracture for modern 3rd generation ceramic bearings is extremely low. Willman et al.
found a fracture rate of 0.004% for femoral heads manufactured after 1994 [178]. Fracture of
both the liner and femoral head have however been reported [179, 180]. Head fracture has
been associated with improper handling during implantation. Contamination of the stem-
ball interface with blood or soft tissue has been shown to significantly reduce the load re‐
quired for inducing fracture [181]. Impingement of the femoral neck on the edge of ceramics
liner is thought to be a major risk factor for liner fracture [179, 182]. Therefore correct posi‐
tioning of the acetabular component is especially important for ceramic bearings.

Noise generated from ceramic bearings is a recently described phenomenon. Published rates
of “squeaky” ceramic bearings range from 2.7% to 20.9% [183, 184]. Component malposition
has been implicated [185]. However recent studies have found no association between cup
inclination and version and the incidence of squeaking [183, 184]. Short neck length is the
only factor that has been associated with squeaking, possibly due to impingement or micro‐
seperation to due increased joint laxity [184]. Revision of squeaking hips has revealed evi‐
dence of stripe wear but there is currently no evidence to suggest squeaking is a precursor
for ceramic fracture [186, 187].
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anti-TNF-α to prevent progression of osteolysis has been suggested. However their efficacy
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ical stability [173]. This can involve exchange of bearing surfaces, bone grafting of lytic le‐
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ping and incomplete seating of ceramic liners during insertion, fracture and bearing gener‐
ated noise.
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ceramic liner. Chipping during impaction has also been reported and this can also be secon‐
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ers has been shown to reduce such risks [177].
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found a fracture rate of 0.004% for femoral heads manufactured after 1994 [178]. Fracture of
both the liner and femoral head have however been reported [179, 180]. Head fracture has
been associated with improper handling during implantation. Contamination of the stem-
ball interface with blood or soft tissue has been shown to significantly reduce the load re‐
quired for inducing fracture [181]. Impingement of the femoral neck on the edge of ceramics
liner is thought to be a major risk factor for liner fracture [179, 182]. Therefore correct posi‐
tioning of the acetabular component is especially important for ceramic bearings.

Noise generated from ceramic bearings is a recently described phenomenon. Published rates
of “squeaky” ceramic bearings range from 2.7% to 20.9% [183, 184]. Component malposition
has been implicated [185]. However recent studies have found no association between cup
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7.2. Metal on metal bearings

Metal on metal bearings also have superior wear rates compared to standard UHMWPE
[161, 163, 164]. However there is increasing concern regarding metal ion toxicity and hyper‐
sensitivity type reactions. Volumetric wear is considerably lower for metal bearings com‐
pared to UHMWPE, but the absolute number of particles generated is estimated to be 13500
times higher [188]. Therefore the total surface area is considerably higher. Thus the bioreac‐
tivity of metal wear particles may be higher than polyethylene or ceramic debris, and the
nanometre scale of the particles and dissolution of metal ions allows distant transport, rais‐
ing concerns of systemic toxicity.

The possibility of systemic toxicity has raised interest in serum metal ion levels in patients with
modern metal on metal bearings. Recent studies using standardised measurement techniques
have reported mean serum chromium levels of between 0.86 – 17.7 µg/L [189-192]. Safe levels
of serum metal ion levels have however yet to be determined [193]. Concerns regarding carci‐
nogenesis and immune suppression secondary to raised blood metal ion levels have been
raised [194, 195]. Teratogenicity is also another potential concern as transplacental crossage of
metal ions has been demonstrated [196]. However, currently no conclusive evidence exists
supporting these theories [197, 198]. A positive correlation between cup inclination and blood
metal ion levels has been demonstrated with metal on metal bearings [191, 199]. This is proba‐
bly due to increased edge loading with increasing cup inclination and serum metal ion levels
have been suggested as a tool to monitor the performance of metal on metal bearings [190].
Therefore metal ion exposure can be minimised with proper cup orientation.

Local tissue reactions to metal on metal articulations have also been reported [200-202]. Met‐
al ions are thought to induce an immune reaction leading to tissue necrosis and osteolysis.
This is in contrast to UHMWPE which induces a macrophage reaction to particulate wear
debris. Willert et al. has called this unique reaction, aseptic lymphocytic vasculitic associated
lesions (ALVAL) [200]. Histologically this reaction is characterised by perivascular lympho‐
cytic infiltration and plasma cells. Clinical presentation can vary between chronic groin pain
to extensive tissue necrosis forming pseudotumours [201]. Exact incidence of such tissue re‐
actions is unknown but is estimated to be around 1% [201]. Risk factors associated with the
development of these adverse reactions include small component size and component mal‐
position [203]. Stemmed metal on metal hip replacements also appear to have a higher rate
of revision and their use has now been discouraged [204].

8. Periprosthetic fracture

Periprosthetic fractures can occur either intraoperatively or in the postoperative period. Over‐
all, periprosthetic fractures more commonly affect the femoral component of the THA. Data
from the largest published series by Berry et al. reports the incidence of intra- and postopera‐
tive femoral fracture as 1% and 1.1% respectively [13]. Rates of intraoperative fracture after ce‐
mentless fixation are higher, 5.4% for primary THAs and 21% for revision surgery [13].
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The treatment of unstable postoperative periprosthetic femoral fractures is now almost al‐
ways operative. Loosening, non-union, varus malunion and morbidity associated with pro‐
longed immobility have made conservative management unpopular [205]. Treatment can be
guided by using the Vancouver classification which is the most widely accepted system for
classifying such fractures [206]. This system takes into account three main factors, site of the
fracture, stability of the implant and quality of the surrounding bone. Type A fractures oc‐
cur in the trochanteric region and are subdivided into type AG and AL fractures. AG fractures
involve the greater trochanter and usually stable and can therefore be treated conservatively
with protected weightbearing. AL fractures involve the lesser trochanter, and are also usual‐
ly insignificant unless a large portion of the calcar is involved potentially affecting implant
stability, in which case revision THA may be necessary. Type B fractures occur around or
just distal to the stem and are subdivided into type B1, B2 and B3 fractures. B1 fractures have
a well fixed stem and can be treated with open reduction and internal fixation. Combined
plate and cerclage wire systems are commonly used for such fractures. Type B2 fractures
have a loose stem but good bone stock. These are usually revised with long stem implants
bypassing the fracture, and can be augmented by plates, cables and strut allografts to im‐
prove stability. Type B3 fractures have a loose stem and poor stock stock. These are the most
difficult to treat and require either revision THA with structural allografts to reconstitute the
proximal femur, distally fixed long stemmed implants of custom proximal femoral replace‐
ment. Type C fractures occur distal to the stem. The stem can therefore essentially be ignor‐
ed and the fracture treated with standard open reduction and internal fixation.

Acetabular fractures are somewhat less common with reported intraoperative rates ranging
between 0.02-0.4% [207, 208]. Data regarding postoperative fractures is currently not availa‐
ble [13]. The majority of intraoperative acetabular fractures occur during acetabular inser‐
tion especially during impaction of pressfit cementless components [209]. Underreaming by
greater than 2mm has been suggested to significantly increase fracture risk [210].

The aims of treatment of intraoperative acetabular fractures include stabilizing the fracture
and preventing further propagation and maintaining component stability [209]. Techniques
include plating the anterior and posterior columns and using bone graft and jumbo revision
cups if there is marked bone loss. Treatment of postoperative fractures follows similar prin‐
ciples. Early postoperative fractures with stable cups and minimally displaced fractures, es‐
pecially around uncemented implants with supplemental screw fixation, can be treated
conservatively. Unstable cups require revision with fixation of the fracture. Late presenting
fractures are frequently associated with osteolysis and therefore usually require revision
with bone grafting [211].

9. Heterotopic ossification

Heterotopic ossification (HO) is the abnormal formation of mature lamellar bone within ex‐
traskeletal soft tissues. HO is most commonly asymptomatic, merely detected on follow up
radiology. When symptomatic, stiffness is the most common presentation. Pain and soft tis‐
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actions is unknown but is estimated to be around 1% [201]. Risk factors associated with the
development of these adverse reactions include small component size and component mal‐
position [203]. Stemmed metal on metal hip replacements also appear to have a higher rate
of revision and their use has now been discouraged [204].
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Periprosthetic fractures can occur either intraoperatively or in the postoperative period. Over‐
all, periprosthetic fractures more commonly affect the femoral component of the THA. Data
from the largest published series by Berry et al. reports the incidence of intra- and postopera‐
tive femoral fracture as 1% and 1.1% respectively [13]. Rates of intraoperative fracture after ce‐
mentless fixation are higher, 5.4% for primary THAs and 21% for revision surgery [13].
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The treatment of unstable postoperative periprosthetic femoral fractures is now almost al‐
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ly insignificant unless a large portion of the calcar is involved potentially affecting implant
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ment. Type C fractures occur distal to the stem. The stem can therefore essentially be ignor‐
ed and the fracture treated with standard open reduction and internal fixation.

Acetabular fractures are somewhat less common with reported intraoperative rates ranging
between 0.02-0.4% [207, 208]. Data regarding postoperative fractures is currently not availa‐
ble [13]. The majority of intraoperative acetabular fractures occur during acetabular inser‐
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traskeletal soft tissues. HO is most commonly asymptomatic, merely detected on follow up
radiology. When symptomatic, stiffness is the most common presentation. Pain and soft tis‐
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sue signs such as localised warmth, mild oedema and erythema are uncommon but can
cause confusion raising concerns over infection [212].

Early changes of HO within the soft tissues can be detected after 3 weeks on bone scan and
plain radiographic changes can take 6 weeks to become apparent [212]. Extensive bone dep‐
osition can occur within 3 months, but full maturation takes up to one year [213]. The abduc‐
tor compartment is most commonly affected. HO is most commonly classified using the
Brooker classification [214]. This is based upon plain anteroposterior radiographs of the pel‐
vis and is outlined in figure 7.

Figure 7. Brooker classification showing a) grade 1: islands of bone within the soft tissues about the hip, b) grade 2:
bony spurs from either the femur or the pelvis, with a gap of more than 1 cm between opposing bony ends, c) grade
3: the gaps between the spurs are less than 1 cm and d) grade 4: apparent ankylosis of the hip due to the heterotopic
ossification.

Arthroplasty - Update400

The pathophysiology is believed to involve inappropriate differentiation of pluripotent mes‐
enchymal stem cells into osteoblasts, causing the excess bone formation [215]. Overexpres‐
sion of bone morphogenetic protein-4 has been implicated [216, 217].

Incidence of clinically significant HO is reported to be between 3 – 7% [218, 219]. Risk factors
include male gender, previous history of HO, pre-existing hip fusion, hypertrophic osteoar‐
thritis, ankylosing spondylitis, diffuse idiopathic skeletal hyperostosis, Paget’s disease, post
traumatic osteoarthritis, osteonecrosis and rheumatoid arthritis [14]. Surgical factors include
extensive soft tissue dissection, haematoma and persistence of bone debris. Evidence impli‐
cating the role of surgical approach is debatable [14].

Treatment of symptomatic patients can initially involve intensive physiotherapy during the
maturation phase. The efficacy of this treatment is however yet to be determined. Surgical
management involves excision of the HO after maturation of the bone is allowed, followed
by appropriate prophylaxis. Improvements in range of motion in all planes has been report‐
ed with surgical excision [220].

Patients at high risk of HO should be given prophylaxis either in the form of non steroidal
anti-inflammatory medication (NSAIDs) or radiotherapy. Preoperative radiotherapy, 4
hours before, or post operative radiotherapy within 72 hours has been shown to be the most
effective method of prophylaxis [221-223]. This involves a single dose of between 7 – 8 Gy.
Combination therapy with NSAIDs and radiotherapy can be considered in patients at high‐
est risk of HO such as patients undergoing excision of symptomatic HO [14].

10. Conclusion

• Complications following total hip arthroplasty can be classified into procedure specific or
systemic. On the whole complication rates have fallen with time due to improved surgical
and anaesthetic technique.

• The most common symptomatic systemic complication is DVT and data suggests that
DVT rates post THA have not fallen with time.

• The most common cause for revision is aseptic loosening. Registry data suggests up to
75% of revision surgery may be due to aseptic loosening.

• Infection is one of the most feared complications. Rates with prophylactic measures such
as antibiotics and clean air enclosures have however dropped significantly to below 1%.

• Leg length discrepancy is one of the most common causes of patient dissatisfaction and is
the most common cause of litigation in the USA.

Despite the potential wide range of complication that can occur after THA, it remains one of
the most successful orthopaedic interventions
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1. Introduction

Total joint arthroplasty has greatly improved the treatment of knee arthrosis, but still is not
without complications. Supracondylar fractures above total knee replacements are an uncom‐
mon complication (incidence 0,3% to 2.5%), occuring more frequently in patients older than
60 years with osteoporotic bone. The rate of these fractures is expected to increase in the future
because of the growing number of total knee replacements and greater level of acitivity among
elderly patients. The timing of such fractures has been reported to range from early in the
postoperative period to more than a decade after surgery, with a mean of 2 to 4 years. During
the past two decades authors were not agreed in the definition of periprosthetic supracondylar
region: the lower 3 inches (7cm) of the femur [1]; 9 cm proximal to the knee joint line [2]; all
fractures within 15 cm proximal to the knee joint line [3]. Generally, based on the older
literature, supracondylar periprosthetic fractures were those within 15 cm of the joint line, or
in the case of stemmed component, within 5 cm of the proximal end of the implant. Never‐
theless, the most important is understanding that these fractures occur in regions of stress
concentration adjacent to a prosthetic component, and that the presence of the prosthesis has
a significant effect on fracture treatment. So, we suggest that fractures above total knee
replacement should be considered supracondylar fractures if they extend within 7 cm of the
prosthetic joint line or if they are within 2 cm of the femoral prosthetic flange.

The most commonly suggested predisposing factors for a periprosthetic femoral fracture after
total knee arthroplasty are osteopenia, revision arthroplasty, rheumatoid arthritis, use of
steroids, existing neurological disorders, misalignment of the components, and notching of
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unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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the anterior femoral cortex. Different factors were found in the pathogenesis of the fracture:
stress-shielding from the anterior flange of the femoral component, inadequate osseous
remodeling due to postoperative hypovascularity, relative difference in elastic modulus
between the implant-covered distal part of the femur and femoral cortex, endosteal ischemia
from metal or bone cement, and osteolysis of the distal part of the femur secondary to
polyethylene wear debris. The majority of these fractures results from a combination of axial
and torsion loads. Most of them occur following minimal falls, while the rest of them are
secondary to motor-vehicle accidents, seizers or closed manipulation of a stiff knee after total
knee arthroplasty

2. Prevalence and pathogenesis

The prevalence of supracondylar femoral fracture in patients with total knee replacement
ranges from 0.3 to 4.2%. Most of the patients who sustain fractures about a total knee arthro‐
plasty are women, usually in their seventh decade of life. As with other supracondylar
fractures in the elderly, periprosthetic fractures usually occurs after low energy trauma.
Osteoporosis is often present as well, due to a number of factors including stress shielding
because of a rigid implant, pharmacologic causes, hormonal influences and senility. An
association with rheumatoid arthritis, especially when the patient is receiving oral corticoste‐
roid treatment, has been noted. Neurologic disorders have also been involved in the occurrence
of these fractures, due to either medication induced osteoporosis or gait disturbance. In
addition, revision arthroplasty has been associated with an increased incidence of peripros‐
thetic fractures, more commonly when constrained implants are used, as they transfer applied
torque more directly to bone that is potentially already deficient. Notching of the anterior
femoral cortex during total knee arthroplasty has been indicated as one factor contributing to
these periprosthetic femoral fractures. The prevalence of inadvertent cortical notching of the
femur during total knee arthroplasty has been reported to be as high as 27% and there are
several studies performed to quantify the reduction in bending and torsion strength resulting
from femoral notching in attempt to provide the clinician with useful information related to
the postoperative management [5, 6]. Clearly, notching of the anterior femoral cortex is neither
the only risk factor nor the principal risk factor for supracondylar femoral fracture after knee
replacement. Of a total of 6470 total knee arthroplasties included in reports on this subject,
only seventeen (0.26%) were complicated by a supracondylar femoral fracture associated with
anterior notching compared with nearly three times as many fractures that occurred in the
absence of notching [5]; biomechanical effects of femoral notching following total knee
arthroplasty showed mean decrease in bending strength of 18% (8-31%) and mean reduction
in torsion strength of 39.2% (19-73%) in cadaveric specimens [6]. Based on Wolff’s law, distal
part of the femur would strengthen after the operation as result of remodeling, thus reduction
in femoral bone strength should primarily be expected in the immediate postoperative period.
Therefore a clear recommendation should be given to the patients who sustain inadvertent
notching that they should have additional protection in the early postoperative period, and to
consider the use a femoral component with stem as a means to bypass the stress riser of the
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anterior cortical notch. Most important, authors believe that an anterior cortical notch should
be considered as a contraindication for manipulation of the knee prosthesis in the early
postoperative period [7, 8].

Anterior defects may be present without notching, such as in cases of cystic lesions of degen‐
erative or rheumatoid origin near the proximal aspect of the anterior femoral flange. Adequate
remodeling may not be possible after those cysts are filled with cement at the time of arthro‐
plasty. These defects remain as permanent stress risers, which may predispose to fracture.
Large anterior effects might be better managed during primary knee arthroplasty with bone
grafting and protection of the distal femur with an intramedullary stem [9].

Another recently recognized factor leading to late supracondylar femoral fracture is the
presence of a massive debris-related osteolytic defect in the distal femur; such defects have
been reported in association with asymptomatic well-fixed cementless femoral component.
Ankylosis of a total knee arthroplasty may also predispose a fracture by producing increased
stress in the distal femoral metaphysis [10, 11].

3. Risk factors / etiology

Literature data show that patients with osteopenia are at greater risk to acquire supracondylar
femoral fracture after total knee arthroplasty, followed by rheumatoid arthritis, corticosteroid
treatment, female gender and older age [12,13,14]. Additional risk factors are: neurological
disorders, a revision total knee replacement (TKR) and rotationally constrained implants that
create increased torsion load transfer to bone [15] (Table1).

Osteopenia
Rheumatoid arthritis
Steroid use
Neurologic disorders
Revision TKR
Female gender
Seventh decade of life
Distal femoral osteolysis
Anterior femoral notching +/-

Table 1. Risk factors for supracondylar femoral fractures, in decreasing order

Clinical and biomechanical data on anterior notching of the distal femoral cortex confirm the
increase of fracture risk, and theoretical mathematical analysis calculated that a three-millime‐
ter notch results in a 30% reduction in torsion bone strength [9]. On the other hand, a series of 670
total knee prosthesis with 20% femurs with anterior notching of at 3 mm at least, and found only
two supracondylar fractures [11]. Different fracture patterns are associated with notched and no
notched femurs: notched femurs tend to have short oblique fractures originating from the notched
cortex, whereas no notched femurs tend to have diaphyseal fractures.
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Furthermore, there is a general feeling that the most significant risk factor causing supracon‐
dylar fracture is the increase in activity that elderly patients achieve after knee replacement,
exposing them to a greater risk of slipping and falling.

4. Diagnostic algorithm

Patients with this type of injury usually provide a history of minor trauma, such as fall during
ambulation. They usually present with pain and inability to bear weight. Since these are
typically low energy injuries, major tissue swelling is uncommon. Unless marked displace‐
ment is present, deformity may not be apparent on examination.

A thorough evaluation includes careful physical examination, a review of the patient’s medical
history and adequate radiographic studies. The injured limb should be assessed for soft tissue
integrity and neurovascular status. The location of previous skin incisions must also be noted.

A complete radiographic examination of a fracture about a total knee arthroplasty includes
standard anteroposterior and lateral radiographs as well as long leg views of the involved
limb; oblique images and tomography are also often useful (Table 2). The diagnostic evaluation
must include a direct lateral view of the distal femur in order to guide subsequent treatment:
the direct lateral view facilitates assessment of fracture displacement, while also revealing the
bone available for fixation devices, the location of femoral lugs of posterior cruciate retaining
components and the proximal extent of the central femoral recess in cases with posterior
stabilized components. Radiographically, nondisplaced or minimally displaced fractures may
be obscured by the femoral flange; it is important to identify nondisplaced fractures since
displacement may occur later.

Fracture displacement and comminution

Axial limb alignment

Quality of bone stock

Location of the fracture relative to the prosthesis

Stability of the prosthesis

Table 2. Characteristics of radiography assessment

Review of prefracture radiographs can provide important data regarding baseline limb
alignment, implant fixation and the presence of regions of osteolysis or polyethylene wear.
The type and technical specifications of the implant and templates in place will influence the
selection of fixation device if open reduction is necessary [16, 17].

The first step is to establish whether the implant is loose; if so even if the fracture is well aligned
and heals, treatment that does not include revision will lead to poor result. Prefracture
misalignment, osteolysis and polyethylene wear are important factors in the decision making
process.
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The second step in the treatment is to identify fracture displacement and to decide whether
reduction is needed. Any alteration in limb axis resulting from fracture can result in altered loading
of the prosthesis, which may in turn lead to enhanced wear and/or accelerated implant loosening.

The third step is to determine the appropriate treatment for displaced fracture (Figure 1).

Figure 1. Diagnostic algorithm for periprosthetic supracondylar femoral fracture above total knee arthroplasty

5. Classification

Numerous systems of classification of supracondylar femoral fractures after total knee
arthroplasty have been developed. Most of the classifications were based on supracondylar
fractures without knee arthroplasty (Neer et al, DiGioia and Rubash, Chen et al.) (Table 3).

Neer et al. Type I Undisplaced (<5mm displacement or <50

angulation)*

Type II Displaced >1cm
Type IIa With lateral femoral shaft displacement
Type IIb With medial femoral shaft displacement
Type III Displaced and comminuted

DiGioia and Rubash Group I
Group II
Group III

Extraarticular, undisplaced*
Extraarticular, displaced*

Severely displaced (loss of cortical contact) or
angulated

Chen et al Type I
Type II

Nondisplaced(Neer I)
Displaced or comminuted (Neer I or II)

Table 3. Classification of supracondylar femoral fractures above total knee arthroplasty reprinted from Su ET, De Wal
H, Di Cesare P. Periprosthetic Femoral Fractures Above Total Knee Replacements J Am Acad Orthop Surg, 2004; 12:12
– 20. - with permission (personal communication)

For identifying fracture displacement and deciding whether reduction is needed Rorabeck et
al. [18] created classification that takes into account both the status of the prosthesis (intact or
failing) and the displacement of the fracture:
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Type I: fracture is undisplaced and the prosthesis is intact; Type II: fracture is displaced and
the prosthesis is intact; Type III: fracture is displaced or undisplaced and the prosthesis is loose
or failing

Summarizing above mentioned classifications, we strongly support suggested and explained
in article by Su et al.[4] which is transcripted (Figure 2)

(a) 

Type I: Fracture proximal to 
femoral knee component

Type III: Fracture line is distal to 
the upper edge of the anterior 
flange of the femoral knee 
component 

Type II: Fracture originating at the 
proximal aspect of the femoral 
knee component and extending 
proximally 

Figure 2. Reprinted from Su ET, De Wal H, Di Cesare P. Periprosthetic Femoral Fractures Above Total Knee Replace‐
ments J Am Acad Orthop Surg, 2004; 12:12 – 20. - with permission (personal communication)
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6. Treatment options

The treatment of supracondylar fractures of the femur following total knee replacement has
been a challenge for the orthopaedic surgeon, regardless the fracture and type of fixation [19,
20, 21, 22]. The major goal of treatment should be the restoration of the prefracture functional
status of the patient which is characterized by: fracture union, preservation of prosthetic
components without loosening, infection and other complications, maintenance of appropriate
prosthetic alignment, restoration of joint range of motion. The need to meet all of these
objectives makes these fractures difficult to treat: if even single goal is not achieved, the results
of treatment will be suboptimal and may lead to failure of the prosthesis. There are two main
treatment options: closed (without implant revision) or open (with implant revision), each with
various modalities (Tables 4,5) [23, 24, 25, 26].

Skeletal traction

Application of a cast

Pins and plaster

Cast bracing

Table 4. Options for closed treatment of periprosthetic supracondylar femoral fractures

Use of condylar plate

Intramedullary fixation (flexible or rigid, interlocking)

Revision total knee arthroplasty

External fixation

Cerclage wiring with strut allograft fixation

Arthrodesis

Table 5. Options for open treatment of periprosthetic supracondylar femoral fractures

While fracture configuration influences the choice of open versus closed treatment method,
fracture displacement, the degree of osteopenia, and the type and technical specifications
of  the  prosthetic  components  are  most  valuable  determinants  of  the  operative  fracture
management.  Treatment  results  are  closely  associated  with  postfracture  alignment  and
stability [27]. Fracture displacement, intercondylar extension and comminution are negative
prognostic factors. High malunion rates are common in association with varus, flexion and
internal  rotation deformities typically seen as a result  of  forces exerted by the adductor
and  gastrocnemius  muscle  group.  Varus  femoral  malunion  is  associated  with  a  risk  of
premature failure of the total knee arthroplasty. The choice of operative treatment method
should  be  based  on  the  patient’s  health,  fracture  configuration  and displacement,  pres‐
ence of comminution, severity of osteopenia and status of the prosthetic components (loose,
unstable or malaligned)[28, 29].

Periprosthetic Femoral Fractures in Total Knee Arthroplasty
http://dx.doi.org/10.5772/55226

427



Type I: fracture is undisplaced and the prosthesis is intact; Type II: fracture is displaced and
the prosthesis is intact; Type III: fracture is displaced or undisplaced and the prosthesis is loose
or failing

Summarizing above mentioned classifications, we strongly support suggested and explained
in article by Su et al.[4] which is transcripted (Figure 2)

(a) 

Type I: Fracture proximal to 
femoral knee component

Type III: Fracture line is distal to 
the upper edge of the anterior 
flange of the femoral knee 
component 

Type II: Fracture originating at the 
proximal aspect of the femoral 
knee component and extending 
proximally 

Figure 2. Reprinted from Su ET, De Wal H, Di Cesare P. Periprosthetic Femoral Fractures Above Total Knee Replace‐
ments J Am Acad Orthop Surg, 2004; 12:12 – 20. - with permission (personal communication)

Arthroplasty - Update426

6. Treatment options

The treatment of supracondylar fractures of the femur following total knee replacement has
been a challenge for the orthopaedic surgeon, regardless the fracture and type of fixation [19,
20, 21, 22]. The major goal of treatment should be the restoration of the prefracture functional
status of the patient which is characterized by: fracture union, preservation of prosthetic
components without loosening, infection and other complications, maintenance of appropriate
prosthetic alignment, restoration of joint range of motion. The need to meet all of these
objectives makes these fractures difficult to treat: if even single goal is not achieved, the results
of treatment will be suboptimal and may lead to failure of the prosthesis. There are two main
treatment options: closed (without implant revision) or open (with implant revision), each with
various modalities (Tables 4,5) [23, 24, 25, 26].

Skeletal traction

Application of a cast

Pins and plaster

Cast bracing

Table 4. Options for closed treatment of periprosthetic supracondylar femoral fractures

Use of condylar plate

Intramedullary fixation (flexible or rigid, interlocking)

Revision total knee arthroplasty

External fixation

Cerclage wiring with strut allograft fixation

Arthrodesis

Table 5. Options for open treatment of periprosthetic supracondylar femoral fractures

While fracture configuration influences the choice of open versus closed treatment method,
fracture displacement, the degree of osteopenia, and the type and technical specifications
of  the  prosthetic  components  are  most  valuable  determinants  of  the  operative  fracture
management.  Treatment  results  are  closely  associated  with  postfracture  alignment  and
stability [27]. Fracture displacement, intercondylar extension and comminution are negative
prognostic factors. High malunion rates are common in association with varus, flexion and
internal  rotation deformities typically seen as a result  of  forces exerted by the adductor
and  gastrocnemius  muscle  group.  Varus  femoral  malunion  is  associated  with  a  risk  of
premature failure of the total knee arthroplasty. The choice of operative treatment method
should  be  based  on  the  patient’s  health,  fracture  configuration  and displacement,  pres‐
ence of comminution, severity of osteopenia and status of the prosthetic components (loose,
unstable or malaligned)[28, 29].

Periprosthetic Femoral Fractures in Total Knee Arthroplasty
http://dx.doi.org/10.5772/55226

427



7. Nonoperative treatment

The advantages of nonoperative treatment are: noninvasiveness and negligible infection rate.
Since fracture union is likely in nondisplaced fractures, nonoperative treatment is uniformly
recommended as the initial management in these cases. Disadvantages include: a relatively
high malunion rate and functional loss, particularly in patients with displaced fracture through
osteopenic bone in whom maintance of reduction is difficult. Nonoperative treatment is best
reserved for nondisplaced fractures that do not demonstrate intercondylar extension. Non‐
surgical management does eliminate surgical risks such as bleeding, infection, loss of fixation
and anesthetic complications. On the other hands, prolonged recumbency in elderly patients
carries the significant risk of decubitus ulcers, pneumonia, pulmonary embolia, deep venous
thrombosis and diffuse muscle atrophy [30].

8. Operative treatment

Management of periprosthetic fractures of the femur above total knee arthroplasty depends
on displacement at the fracture site, bone quality, size of distal fragment and condition of
implants (Table 6) [31, 32, 33, 34].

Fracture type Description of fracture Treatment recommendation

I Undisplaced fracture and well fixed prosthesis Bracing, nonweightbearing

II Displaced fracture and well fixed prosthesis

Good quality bone

Internal fixation using conventional

plate, intramedullary nail or locking

plate

Poor quality bone with osteopenia and

comminution

Intramedullary nail or locking plate

Decent size distal fragment

Extremely distal fracture

Locking plate or buttress plate with

strut allograft

III Displaced fracture, loose prosthesis

No metahyseal bone loss

Revision knee arthroplasty using a

long stemmed femoral implant

Metaphyseal bone loss or nonunion following

previous surgery

Structural allograft prosthesis

composite or distal femoral

replacement prosthesis

Table 6. Operative guidelines for the treatment of periprosthetic supracondylar fractures above total knee
arthroplasty

Open reduction and fixation with a condylar plate provides the potential advantages of anatomi‐
cal reconstruction, rigid fixation and an early range of motion exercise. Maintenance of reduc‐
tion can be a problem, particularly when a patient has a comminuted fracture through osteopenic
bone, and malunion is commonly observed. Use of condylar plate is best reserved for less
comminuted, displaced fractures with satisfactory bone stock. Using the buttress condylar plate
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include the ability to place the multiple screws distally in many directions and excellent visuali‐
zation of the fracture to obtain an anatomic reduction. Disadvantages include extensive soft tissue
stripping and less rigid fixation than with a nail or fixed angle condylar plate.

Use of flexible intramedullary rods is an efficient and less invasive treatment option, although
shortening and rotational malunion occasionally occur as a result of the reduced axial and
rotational stability. This technique should be considered for mildly displaced fractures patients
with unstable general condition. It is minimally invasive procedure with limited morbidity.

New locking plates offer advantages over conventional plates for the treatment of periprosthetic
fracture associated with total knee arthroplasty. These devices provide stable fixation in
osteopenic bone, they are adaptable to different types of fracture and prosthesis and can be
inserted using a minimally invasive approach. These plates are particularly useful in presence
of an implant in proximal femur as it allows unicortical screw fixation if there is overlapping
the distal part of the proximal implant, thus avoiding a stress riser between the two implants.

Rigid supracondylar interlocking rod fixation offers the advantage of being minimally invasive while
providing good axial, angular and rotational stability. It can be performed with use of minimal
patellar tendon splitting approach with percutaneous placement of interlocking screws in cases
with lesser comminution with maintenance of the fracture hematoma and osseous blood supply.
Contraindications include loose total knee components, severe comminution, extremely distal
fracture and a presence of long total hip intramedullary stem,. This technique has several
advantages over traditional open reduction with plate fixation: intramedullary implants are
biomechanically superior to subperiostally placed fixation devices, who have significantly larger
bending moments; there is no need for periosteal stripping, which can compromise blood supply
to the fracture site and increase the risk of nonunion; plate fixation can be technically demand‐
ing and often requires the use of supplemental bone grafting.

Revision total knee arthroplasty provides the advantage of stable fixation with a dyaphisis
engaging intramedullary femoral stem, allowing early range of motion and weight bearing.
This technique is selected for extremely distal or comminuted fractures when stable fixation
is difficult to secure with other methods, or for any fracture associated with loose, unstable, or
substantially malaligned total knee components. Revision total knee arthroplasty is frequently
required in cases where other methods, nonoperative or operative, have failed.

The most difficult cases involve a loose prosthesis coupled with deficient metaphyseal bone
stock, rendering a basic revision procedure impossible. Such cases require excision of distal
fracture fragment and replacement with either a distal femoral replacement prosthesis or a
structural allograft. These treatment methods may also be required for nonunion resulting from
failed osteosynthesis. Distal femoral replacement implants should be considered as a limb
salvage option when other surgical options are not feasible. The use of stemmed constrained
revision component with structural distal femoral allograft composite has been described as
the effective means of providing both implant and fracture stability.

Periprosthetic fractures have a higher rate of nonunion than other supracondylar femoral
fractures in the elderly. This has been attributed to alterations in vascularity at the fracture site
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due to primary surgery, the presence of metal implant and intramedullary polymethyl
methacrylate (PMMA), or long term oral corticosteroid administration.

The goals of treatment, whether surgical or nonsurgical, are fracture healing, restoration and
maintenance of knee range of motion, and pain free ambulation. A good result is a minimum of
90 degrees of knee motion, with femoral shortening less then 2 cm, varus/valgus malalignment
less than 5 degrees, and flexion/extension malalignment less than 10 degrees. Fulfillment of these
criteria enables satisfactory knee function, which is of paramout importance to the patient.

9. Complications

Major early complications include nonunion and malunion, which often lead to prosthetic
loosening, pain and revision. The treatment of delayed unions with bone grafting is possible
and is advocated if appropriate limb alignment and fracture fixation are maintained. In cases
of deformity, early signs of prosthetic failure or inability to secure rigid fixation, revision may
be the most appropriate. The most devastating complication of operative care of these fractures
is infection. Incidence of periprosthetic fracture following total knee arthroplasty is gradually
increasing, and management of these fractures can be challenging with complications that
severely influence both the patient and surgeon. Furthermore, treatment complication rate
range from 20 to 75 percent according to literature data [35]: in a review of 415 cases, there
were reported a nonunion rate of 9%, fixation failure in 4%, an infection rate of 3% and revision
surgery rate of 13%. Following case will demonstrate some of these problems in treating
supracondylar periprosthetic femoral fractures.

Figure 3. Anteroposterior and lateral view of type II supracondylar femoral fracture
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Figure 4. Operative treatment with DCP (anatomic reduction with rigid fixation)

Figure 5. Loss of reduction and fixation two months following surgery
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Figure 6. Revision total knee arthroplasty for loose femoral component and fracture treatment

Figure 7. Devastating complication, infection, and limb salvage procedure with antibiotic cement spacer
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10. Aftertreatment, rehabilitation

Rehabilitation process is generally guided by the characteristics of the fracture and chosen
treatmen methods. As previously said, non-operative treatment is reserved for nondisplaced
supracondylar fractures with stable implant and includes longer rehabilitation period to
achieve patient’s preambulatory status, if it is possible at all. Since surgery and more stable
implants including intramedullary nails and angular locking plates allow for faster after-
treatment program, rehabilitation protocol is similar to post fracture treatment in cases without
knee arthroplasty. Main goals are fracture healing, implant stability and prefracture functional
status.

11. Prevention

Since supracondylar femoral fractures above total knee arthroplasty are mostly seen in
osteoporotic patients, prevention of osteopenia and osteoporosis including treatment with bis-
phosphonate and regular exercise will be good for the well-being of the patient and implant.
Surgical factors, such as anterior femoral notching, bone cement hypovascularisation and
termal necrosis, and uncontrolled soft tissue manipulation should be kept in mind on regular
basis in order to minimize surgeon’s impact on development of potential complications
including supracondylar fracture.

12. Conclusion

Periprosthetic femoral fractures above total knee prosthesis are increasing complication with
constantly growing incidence since the number of total knee replacements and population
agings are convergating factors. Risk factors analysis and prevention should be in surgeon and
patient focus on this topic. Treatment options include first step to establish whether the implant
is loose and, if so even if the fracture is well aligned and heals, treatment that does not include
revision will lead to poor result. Prefracture misalignment, osteolysis and polyethylene wear
are important factors in the decision making process. The second step in the treatment is to
identify fracture displacement and to decide whether reduction is needed. The most appro‐
priate criteria of acceptable fracture alignment are for supracondylar fractures without knee
prosthesis: less than 5 mm of translation; less than 5 to10 degrees of angulation; less than 10
mm of shortening and less than 10 degrees of rotational displacement. Any alteration in limb
axis resulting from fracture can result in altered loading of the prosthesis, which may in turn
lead to enhanced wear and/or accelerated implant loosening. The goals of treatment, whether
surgical or nonsurgical, are fracture healing, restoration and maintenance of knee range of
motion, and pain free ambulation. A good result is a minimum of 90 degrees of knee motion,
with femoral shortening less then 2 cm, varus/valgus malalignment less than 5 degrees, and
flexion/extension malalignment less than 10 degrees. Fulfillment of these criteria enables
satisfactory knee function, which is of paramout importance to the patient.
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1. Introduction

Knee arthroplasty, like hip replacement, is becoming increasingly common as the overall
population begins to age. The survival rate of the knee implant is also increasing and is now
similar to that of hip prostheses (85%-90% at 15 years).

Although complications in knee replacements have been widely reported and discussed,
the literature contains few studies about patellar complications after total or partial knee
arthroplasty.

Patellar complications after knee arthroplasty are infrequent but they can lead to unsatisfac‐
tory clinical outcome. Complications are often underestimated because the femoral compo‐
nent makes visualization of these lesions difficult. Evaluation must begin with a thorough
history and physical examination. Laboratory tests and imaging studies can provide addi‐
tional evidence to support a particular diagnosis.

The aim of this chapter is to describe and analyze complications affecting the patella in pa‐
tients with total or partial knee arthroplasty and to illustrate some representative examples
of the spectrum of findings on different imaging techniques, such as plain-film radiography
and ultrasound (US), with the emphasis on plain-film findings.

Together with the clinical examination and follow-up, thorough plain-film and computed to‐
mography (CT) studies should be done before and after the surgery. Later follow-up is directed
toward identifying complications such as instability/dislocation, fracture, osteonecrosis, infec‐
tion, erosion, impingement on the prosthesis, patellar or quadriceps tendon tear, and loosening
or rupture of the patellar prosthetic button. One large study demonstrated that obtaining plain-
film radiographs immediately after knee arthroplasty is not cost-effective. [1]

© 2013 Melloni et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



[23] Harloww, M. L, & Hofmann, A. A. Periprosthetic fractures. In: Scot WN, editor. The
knee. St Louis: CV Mosby, (1994). , 1405-17.

[24] Sochart, D. H, & Hardinge, K. Nonsurgical management of supracondylar fracture
above total knee arthroplasty. Still the nineties option. J Arthroplasty (1997). , 12,
830-4.

[25] Ayers, D. C. Supracondylar fracture of the distal femur proximal to a total knee re‐
placement. Instr Course Lect (1997). , 46, 197-203.

[26] Chmell, M. J, Moran, M. C, & Scott, R. D. Periarticular fractures after total knee ar‐
throplasty: principles of management. J Am Acad Orthop Surg (1996). , 4, 109-16.

[27] Figgie, M. P, & Goldberg, V. M. Figgie HE III. The results of treatment of supracon‐
dylar fracture above total knee arthroplasty. J Arthroplasty (1990). , 5, 267-76.

[28] Kang Il KimEgol KA, Hozack WJ, Parvizi J. Periprosthetic fractures after total knee
arthroplasties. Clin Orthop (2006). , 446, 167-75.

[29] Chen, F, Mont, M. A, & Bachner, R. S. Management of ipsilateral supracondylar fe‐
muir fractures following total knee arthroplasty. J Arthroplasty (1994). , 9, 521-6.

[30] Sochart, D. H, & Hardinge, K. Nonsurgical management of supracondylar fracture
above total knee arthroplasty. Still the nineties option. J Arthroplasty (1997). , 12,
830-4.

[31] Engh, G. A, & Ammeen, D. J. Periprosthetic fractures adjacent to total knee implants.
Treatment and clinical results. J Bone Joint Surg Am (1997). , 79, 1100-13.

[32] Cusick, R. P, Lucas, G. L, Mcqueen, D. A, & Graber, C. D. Construct stiffness of dif‐
ferent fixation methods for supracondylar femoral fractures above total knee pros‐
thesis. Am J Orthop (2000). , 29, 695-9.

[33] Lewis, P. L, & Rorabeck, C. H. Periprosthetic fractures. In: Engh GA, Rorabeck CH,
editors. Revision total knee arthroplasty. Baltimore MD: Williams & Willkins;
(1997). , 275-295.

[34] Kolb, K, Grützner, P. A, Marx, F, & Kolb, W. Fixation of Periprosthetic Supracondy‐
lar Femur Fractures Above Total Knee Arthroplasty- The Indirect Reduction Techni‐
que with the Condylar Blade Plate and the Minimally Invasive Technique with the
LISS. In: Fokter S, editor. Recent Advances in Hip and Knee Arthroplasty. Rijeka: In‐
Tech, (2012). , 315-42.

[35] Herrera, D. A, Kregor, P. J, Cole, P. A, Levy, B. A, Jonssos, A, & Zlowodzki, M. Treat‐
ment of acute distal femur fractures above a total knee arthroplasty: systematic re‐
vew of 415 cases (1981-2006). Acta Orthop (2008). , 79, 22-7.

Arthroplasty - Update436

Chapter 19

Imaging Patellar Complications
After Knee Arthroplasty

Pietro Melloni, Maite Veintemillas, Anna Marin and
Rafael Valls

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53666

1. Introduction

Knee arthroplasty, like hip replacement, is becoming increasingly common as the overall
population begins to age. The survival rate of the knee implant is also increasing and is now
similar to that of hip prostheses (85%-90% at 15 years).

Although complications in knee replacements have been widely reported and discussed,
the literature contains few studies about patellar complications after total or partial knee
arthroplasty.

Patellar complications after knee arthroplasty are infrequent but they can lead to unsatisfac‐
tory clinical outcome. Complications are often underestimated because the femoral compo‐
nent makes visualization of these lesions difficult. Evaluation must begin with a thorough
history and physical examination. Laboratory tests and imaging studies can provide addi‐
tional evidence to support a particular diagnosis.

The aim of this chapter is to describe and analyze complications affecting the patella in pa‐
tients with total or partial knee arthroplasty and to illustrate some representative examples
of the spectrum of findings on different imaging techniques, such as plain-film radiography
and ultrasound (US), with the emphasis on plain-film findings.

Together with the clinical examination and follow-up, thorough plain-film and computed to‐
mography (CT) studies should be done before and after the surgery. Later follow-up is directed
toward identifying complications such as instability/dislocation, fracture, osteonecrosis, infec‐
tion, erosion, impingement on the prosthesis, patellar or quadriceps tendon tear, and loosening
or rupture of the patellar prosthetic button. One large study demonstrated that obtaining plain-
film radiographs immediately after knee arthroplasty is not cost-effective. [1]

© 2013 Melloni et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



In the follow-up, plain-film radiographs usually suffice for the assessment of patellar com‐
plications and are helpful for guiding treatment. Some authors recommend a weight-bear‐
ing axial radiograph to better assess patellofemoral kinematics. [2-3] Although radiographs
are the mainstay in evaluating loosening or infection, they are limited by their less than opti‐
mal sensitivity and specificity. [4]

In one study, the sensitivity and specificity of plain-film radiography compared to the find‐
ings at surgery were 77% and 90%, respectively, for detecting femoral component loosening,
and 83% and 72%, respectively, for detecting tibial component loosening. [5] However, no
specific studies about patellar prosthetic button complications are found in the literature.

In the past, the roles of CT and magnetic resonance imaging (MRI) in the assessment of joint
prostheses were inconsequential due to image degradation by artifact. However, improve‐
ments in techniques and instrumentation have greatly improved the usefulness of CT and MRI
in patients with joint replacements. Although no studies have addressed the routine use of
these techniques for the follow-up of asymptomatic patients, some authors recommend CT to
look for osteolysis in patients with painful knee prostheses with normal or equivocal radio‐
graphs and increased uptake on all three phases of a bone scan. [6] Another group of research‐
ers [7]- [8] recommend multidetector CT in cases where osteolysis is likely, such as those with
aseptic loosening and gross polyethylene wear. In patients with loosening, CT examination
may also be useful to show the extent and width of lucent zones that may be less apparent on ra‐
diographs; in these cases, CT makes it possible to assess rotational alignment of components
and to detect subtle or occult periprosthetic fractures of the patella. [9-10]

We use CT to assess component alignment and position as well as rotation of the patella
with respect to the femur in patients with knee arthroplasty.

In patients with metallic knee prostheses, we use MRI for very specific indications, such as to
evaluate the soft tissues surrounding the patella like the patellar and quadriceps tendons, Hof‐
fa’s fat pad, prepatellar subcutaneous tissue, and others. Although MRI is the technique of
choice to evaluate the soft tissues [11], its use is seriously limited by drawbacks such as the high
cost of acquiring, installing, and maintaining the equipment; magnetic susceptibility; the diffi‐
culties of working in a magnetic field; the large number of artifacts; long examination times that
may require sedation; discomfort due to the noise inside the scanner; and possible claustropho‐
bia. However, now nearly all implants are non-magnetizable and modern scanners allow im‐
ages to be manipulated, so magnetic artifacts are no longer a problem. Thus, it could be argued
that MRI will eventually supplant US; [12]; for example, MR may be helpful in detecting extrac‐
apsular spread of infection and abscess formation. [13]

2. Material and methods

Every year between 1998 and 2011, our hospital carried out more than 200 total knee re‐
placements and 10 to 15 implantations of unicompartmental prostheses of the knee. In some
knee replacement procedures, the patella was left intact, but in others patellar resurfacing

Arthroplasty - Update438

was performed or a prosthetic button was implanted. When the patella is intervened, it is
often resurfaced with high-density polyethylene, which may be metal backed.

We retrospectively reviewed 1400 consecutive examinations in patients treated with total or
partial knee arthroplasty in the last two years; 54 (3.7%) patients (35 women and 19 men)
presented patellar complications. Mean patient age was 74 years (range, 55-90 years). In
some cases, patients had prostheses in both knees.

All patients were followed up immediately after surgery, at 6 months, and then yearly or
when necessary, using anteroposterior, lateral, and axial (Merchant view) radiographs. Lat‐
eral and axial projections are better for visualizing and evaluating the evolution of the patel‐
la after knee replacement.

In certain cases according to the clinical symptoms, patients underwent US, especially to
evaluate the morphological integrity of the patellar and quadriceps tendons and other soft-
tissue structures around the patella.

3. Results

The patellar complications that we observed following total knee arthroplasty include insta‐
bility/dislocation, fracture, osteonecrosis, infection, erosion, impingement on the prosthesis,
patellar or quadriceps tendon tear, and loosening or rupture of the patellar prosthetic but‐
ton. The mean interval from total knee replacement to patellar complication was 5 years and
9 months (range, 5 months-15 years).

3.1. Instability/dislocation (n=21)

Patellar instability (n=15) is the commonest complication after knee arthroplasty. In total
knee arthroplasty, most complications related to the extensor mechanism are caused by pa‐
tellar maltracking instability. [14] Patellar maltracking may result from component malposi‐
tioning and limb malalignment, excessive femoral component size, prosthetic design,
inadequate patellar resection, or soft-tissue imbalance. [15] Patellofemoral instability likely
results most frequently from internal malrotation of the femoral or tibial components. [16]

Malpositioning of femoral and tibial components may affect patellar alignment. Although
the axial rotation of the femoral component can be determined using plain-film radiographs
or MRI, CT is most commonly used for this purpose. [17] Excessive combined internal rota‐
tion of tibial and femoral components is associated with patellar complications. [18] Further‐
more, one study [19] found the amount of excessive combined internal rotation was directly
proportional to the severity of patellofemoral complications. The rotation of the femoral
component can be assessed with relation to the transepicondylar axis, the Whiteside line, or
the posterior femoral condyles. The femoral component should be parallel to the transepi‐
condylar axis and the tibial component should be in about 18 degrees of internal rotation
with relation to the tibial tubercle.
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Careful radiographic follow-up should be considered when deep flexion is achieved in a
knee with a patella baja after total knee arthroplasty (Figure 1). Patellar dislocation (n=6) is
mainly due to direct trauma to the patella or to extensor mechanism rupture [20] (Figure 2).

Figure 1. Patellar Instability. A 60-year-old man, five years after total knee replacement. Lateral radiograph reveals
caudal displacement of the patella (curved arrow).

Figure 2. Patellar Dislocation. A 71-year-old woman, five years after total knee replacement. Axial radiograph (Mer‐
chant view) of the knee prosthesis with cemented prosthetic button of the patella demonstrates lateral patellar dis‐
placement on flexion (curved arrow).

Alterations in the patellotibial distance can occur during total knee arthroplasty due to ex‐
cessive soft-tissue release that requires elevation of the joint to regain stability and place‐

Arthroplasty - Update440

ment of the polyethylene patellar component distally on the patella. Another cause of
acquired patella baja seen commonly in total knee arthroplasty is elevation of the joint line,
referred to as pseudo-patella baja. [21]

Radiographic evaluation of the patella primarily uses the lateral view and the sunrise or
Merchant’s view. This projection should show the central ridge of the patella lying at or me‐
dial to the bisector of the trochlear angle. This approach is also helpful for evaluating patel‐
lar tilt, but not it is very sensitive for determining the cause of patellofemoral pain.

The lateral view reveals the patellar thickness, inferior or superior positioning, as well as ad‐
equate fixation and position of the components. The positioning of the patellar component
(centralized or tilted in relation to the trochlear sulcus or subluxated/dislocated) is clearly
seen and may reveal the cause of instability. Tilt can be defined as medial or lateral, depend‐
ing on its relation to the femoral condyles. Subluxation can be measured as displacement
from the center of the prosthetic femoral intercondylar groove. [22]

3.2. Osteonecrosis (n=5)

Patellar resurfacing during total knee arthroplasty remains controversial. Several patellar
complications such as fracture, avascular necrosis, and instability are related to resurfacing.
On the other hand, some authors report lower re-operation rates and postoperative pain
when the patella is resurfaced. Attention should be directed to the ultimate patellar thick‐
ness. Whether or not to resurface should be determined based on the exact initial thickness.
A thicker patella is prone to instability, whereas a thinner patella is associated with higher
complication rates. Patellar fragmentation and sclerosis of the fragments are presumed to
represent osteonecrosis (Figure 3). The osteonecrosis may be due to disruption of the vascu‐
lar network of the patella during total knee replacement surgery. [23] Medial parapatellar
arthrotomy, fat pad removal, and lateral release all contribute to patellar devascularization.
Evolutional osteonecrosis may lead to patellar fracture.

Figure 3. Patellar Necrosis. A 68-year-old man, seven years after total knee replacement. Axial radiograph of the
knee prosthesis shows bony sclerosis with fragmentation of the patella (arrow).
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3.3. Fracture (n=9)

Patellar fractures in association with total knee replacement are uncommon and occur pre‐
dominantly in patients with resurfaced patellae. [24] Most fractures appear to occur in the
first few years after total knee replacement.

Patient, implant, and technical factors are important predisposing causes of these patellar
fractures. Avascularity, trauma, fatigue, and stress also play an etiologic role in some patel‐
lar fractures.

Trauma to the patella, either direct or indirect, and increased patellofemoral stress are other
causes of fracture. Indirect causes might include an eccentric quadriceps muscle contraction
associated with a stumble, resulting in an avulsion fracture (Figure 4).

Figure 4. Patellar Avulsion Fracture. A 73-year-old woman, seven years after total knee replacement. Lateral radio‐
graph shows a transverse avulsion fracture in the mid-portion of the patella with displacement of its poles in the crani‐
al-caudal direction (arrows).

Patellar fractures are not associated with prior injury. Because patellar fractures are often
asymptomatic and discovered incidentally, follow-up radiographs are essential for their de‐
tection. Transverse fractures seem to be related to patellar maltracking, and vertical frac‐
tures often occur through a fixation hole. CT or MRI can detect some fractures that go
undetected on plain-film radiographs.

Prevention is the best treatment. Important outcome criteria include the integrity of the ex‐
tensor mechanism, patellar implant fixation, and anatomic location. Surgery on patients
with patella fractures has a high complication rate and should be avoided if possible. [25-26]
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3.4. Infection (n=2)

Although rare, infection can appear in the patella after total or partial replacement of the
knee. [27] Unspecific radiological signs of infection include a lytic lesion or osseous sclerosis
in the patella or in the joint facet of the femur in the femoropatellar joint (Figure 5). Clinical
symptoms may orient the diagnosis of infection.

Figure 5. Patellar Infection. A 70-year-old man, nine years after partial knee replacement. Axial radiograph (Mer‐
chant view) of the knee prosthesis shows osteolysis on the lateral facet of the femur (arrow) with a non-cemented
hemiarthroplasty of the knee, corresponding to a focus of infection, with sclerosis in the patella, suspected of infective
infiltration. These findings were confirmed during surgery, and excisional debridement of the infection and total pa‐
tellectomy were performed. Cultures were positive for Pseudomonas aeruginosa.

Plain-film radiographs are usually negative in the first ten days, even when clinical signs
raise suspicion of infection. The radiological presentation varies, sometimes including local‐
ized rarefaction in the patella with or without sequestrum, or osseous destruction of the pa‐
tella with or without an irregular bony fragment adjacent.

Surgical biopsy would provide the definitive diagnosis. The treatment of osteolytic lesions
of the patella should be surgical.

3.5. Erosion/Impingement (n=6)

Patellar instability can cause erosion (n=2) in the joint facet of the patella due to friction with
the femoral component of the knee arthroplasty (Figure 6). The erosion may appear as a lytic
lesion that can simulate a subchondral cyst due to any arthritic process or small particle dis‐
ease. Careful comparison with the pre-arthroplasty plain-films is essential. The erosion
should not be confused with a dorsal defect in the posterior surface of the patella that occa‐
sionally persists into later life. The dorsal patellar defect is usually well delineated.

Patellar impingement (n=4), the so-called patellar clunk syndrome, results from the forma‐
tion of a fibrous nodule over the proximal pole of the patella and reportedly occurs in cases
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Patellar fractures in association with total knee replacement are uncommon and occur pre‐
dominantly in patients with resurfaced patellae. [24] Most fractures appear to occur in the
first few years after total knee replacement.

Patient, implant, and technical factors are important predisposing causes of these patellar
fractures. Avascularity, trauma, fatigue, and stress also play an etiologic role in some patel‐
lar fractures.

Trauma to the patella, either direct or indirect, and increased patellofemoral stress are other
causes of fracture. Indirect causes might include an eccentric quadriceps muscle contraction
associated with a stumble, resulting in an avulsion fracture (Figure 4).

Figure 4. Patellar Avulsion Fracture. A 73-year-old woman, seven years after total knee replacement. Lateral radio‐
graph shows a transverse avulsion fracture in the mid-portion of the patella with displacement of its poles in the crani‐
al-caudal direction (arrows).

Patellar fractures are not associated with prior injury. Because patellar fractures are often
asymptomatic and discovered incidentally, follow-up radiographs are essential for their de‐
tection. Transverse fractures seem to be related to patellar maltracking, and vertical frac‐
tures often occur through a fixation hole. CT or MRI can detect some fractures that go
undetected on plain-film radiographs.

Prevention is the best treatment. Important outcome criteria include the integrity of the ex‐
tensor mechanism, patellar implant fixation, and anatomic location. Surgery on patients
with patella fractures has a high complication rate and should be avoided if possible. [25-26]
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3.4. Infection (n=2)

Although rare, infection can appear in the patella after total or partial replacement of the
knee. [27] Unspecific radiological signs of infection include a lytic lesion or osseous sclerosis
in the patella or in the joint facet of the femur in the femoropatellar joint (Figure 5). Clinical
symptoms may orient the diagnosis of infection.

Figure 5. Patellar Infection. A 70-year-old man, nine years after partial knee replacement. Axial radiograph (Mer‐
chant view) of the knee prosthesis shows osteolysis on the lateral facet of the femur (arrow) with a non-cemented
hemiarthroplasty of the knee, corresponding to a focus of infection, with sclerosis in the patella, suspected of infective
infiltration. These findings were confirmed during surgery, and excisional debridement of the infection and total pa‐
tellectomy were performed. Cultures were positive for Pseudomonas aeruginosa.

Plain-film radiographs are usually negative in the first ten days, even when clinical signs
raise suspicion of infection. The radiological presentation varies, sometimes including local‐
ized rarefaction in the patella with or without sequestrum, or osseous destruction of the pa‐
tella with or without an irregular bony fragment adjacent.

Surgical biopsy would provide the definitive diagnosis. The treatment of osteolytic lesions
of the patella should be surgical.
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the femoral component of the knee arthroplasty (Figure 6). The erosion may appear as a lytic
lesion that can simulate a subchondral cyst due to any arthritic process or small particle dis‐
ease. Careful comparison with the pre-arthroplasty plain-films is essential. The erosion
should not be confused with a dorsal defect in the posterior surface of the patella that occa‐
sionally persists into later life. The dorsal patellar defect is usually well delineated.

Patellar impingement (n=4), the so-called patellar clunk syndrome, results from the forma‐
tion of a fibrous nodule over the proximal pole of the patella and reportedly occurs in cases
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of total kneed arthroplasty in which a posterior stabilized design is utilized. [28] Arthro‐
scopic or open resection of the fibrous nodule can eliminate this syndrome.

Figure 6. Patellar Osteolysis. A 75-year-old man, three years after total knee replacement. Axial radiograph (Mer‐
chant view) shows osteolysis of the lateral facet of the patella (black arrow) due to the loosening of both the total
knee prosthesis and the patellar prosthetic button (white arrow). There was clinical suspicion of infection but cultures
were negative.

Patellar impingement also is seen when patella baja develops after posterior stabilized total
knee arthroplasty and when the patella becomes impinged against the femoral component
(Figure 7). [29] Patellofemoral complications (osteoarthritis and impingement) are rarely
seen after total replacement and even more rarely after unicompartmental arthroplasty [30],
so their long-term consequences are not well known.

Figure 7. Patellar Impingement. A 71-year-old man, four years after total knee replacement. Axial radiograph (Mer‐
chant view) shows a reduction in the space between the knee arthroplasty and the patella, with consequent reactive
patellar sclerosis (asterisk).

Arthroplasty - Update444

However, in our study the symptoms in knees with patellar impingement were usually
more severe than in knees with degenerative changes.

3.7. Loosening or rupture of the patellar prosthetic button (n=7)

A patellar  prosthetic  button (patellar  component)  is  added to  total  knee replacement  in
certain cases.  Like all  joint  prostheses  (such as  hip,  knee,  and small  joints),  the  patellar
button may loosen or rupture with the same or similar characteristic radiological signs as
in the other joints. Loosening of the patellar button (Figure 8) may cause significant ante‐
rior pain. Thin fixation pegs, maltracking, and trauma frequently induce component loos‐
ening.  Revision  of  a  failed  patellar  component  is  typically  associated  with  a  relatively
high complication rate.

Figure 8. Prosthetic Button Loosening. A 71-year-old woman, two years after total knee replacement. Axial radio‐
graph (Merchant view) shows patellar subluxation with prosthetic button loosening (arrow).

Osseous changes that may be observed in the patellar prosthetic button following total or
partial knee arthroplasty include radiolucent lines, osteolysis, change in prosthesis position,
and polyethylene wear. Radiolucent lines superimposed on the femoral component can of‐
ten be obscured by the metal tray if the view is not perfectly tangential to the component
surface. Nonprogressive focal radiolucent areas less than 2 mm in size are often insignifi‐
cant; however, progressive, circumferential, radiolucent areas larger than 2 mm are often in‐
dicative of prosthesis loosening.

Rupture of the patellar prosthetic button (Figure 9) is rare but can occur due to polyethylene
wear, fusion defects in the polyethylene structure [31], or trauma to the patella. [32] The inci‐
dence of wear in patients with all-polyethylene and metal-backed components ranges from
5% to 11%. Congruity, maltracking, and contact force are associated with polyethylene wear.
Decreased polyethylene thickness in metal-backed designs is the determining factor for
mechanism failure.
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Figure 9. Prosthetic Button Rupture. A 68-year-old woman, four years after total knee replacement. Lateral radio‐
graph shows a rupture of the patellar prosthetic button (arrow) with caudal displacement.

Prosthetic loosening, small particle disease, and infection are the most frequent causes of os‐
teolysis of the patellar component. A change in position of components on serial images is
indicative of prosthesis loosening. [33]

3.8. Patellar or quadriceps tendon tear (n=4)

Rupture of patellar or quadriceps ligaments occurs infrequently. However, the complica‐
tions  of  an  untreated  rupture  to  the  extensor  mechanism  can  be  extremely  disabling.
Contributing  factors  are  excessive  dissection  and  knee  manipulation,  and  trauma.  The
same  mechanical  causes  that  produce  patellar  fractures  can  produce  patellar  [34]  or
quadriceps  [35]  tendon  tear.  US  is  the  method  of  choice  for  studying  the  patellar  or
quadriceps tendons to confirm or rule out tendon tears (Figures 10 &11). An abrupt high
patella  is  seen on lateral  radiographs in some patients  with clinical  suspicion of  tendon
rupture  after  total  knee  replacement,  but  US is  necessary  to  confirm the  diagnosis.  Al‐
though  MRI  can  also  be  useful  in  this  context,  it  is  not  widely  used.  Other  diagnostic
possibilities  are  chronic  tendonitis  or  tendon laxness.  Treatment  outcomes  for  ruptured
patellar ligaments are not good.
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Figure 10. a-c).- QuadricepsTendon Rupture. A 73-year-old woman, ten years after total knee replacement. Lateral
radiograph (a) shows patellar displacement and rotation with clinical suspicion of quadriceps tendon tear (black ar‐
row). US (b) confirms a disrupted quadriceps tendon (long white arrow) with a suprapatellar fluid collection (short
white arrow) and a 5 cm gap between the end of the tendon and the patella. Compare with the sonogram of the
contralateral knee showing a normal quadriceps tendon (fine black arrow) with total knee replacement (c) in the
same patient, who had rheumatoid arthritis.

Figure 11. Patellar Tendon Rupture with Patellar Avulsion Fracture. A 69-year-old woman, twelve years after total
knee replacement and two years after revision knee replacement with long femoral and tibial stems. Lateral radio‐
graph shows cranial displacement with transverse avulsion fracture in the mid-portion of the patella (long arrow).
Note the extensive soft-tissue edema in the patellar area (short arrows), leading to suspected patellar tendon rupture,
which was confirmed at ultrasonography (not shown).
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4. Conclusion

Patellar complications following knee arthroplasty are generally uncommon but often of po‐
tential clinical significance. Plain-film radiographs are essential for the evaluation of patellar
complications after surgery and should be the initial imaging study performed. Careful at‐
tention to initial prosthesis placement and comparison of follow-up images will allow subtle
abnormalities to be detected in patellar complications. US may have a special role in the
evaluation of soft-tissue structures around the patella.

Author details

Pietro Melloni, Maite Veintemillas, Anna Marin and Rafael Valls

UDIAT Diagnostic Center, Corporació Sanitària i Universitària Parc Taulí, Sabadell, Spain

References

[1] Mendel E. Singer, PhD and Kimberly E. Applegate, MD. Cost-Effectiveness Analysis
in Radiology. Departments of Epidemiology and Biostatistics, Metro Health Medical
Center (M.E.S.), and the Department of Radiology, Rainbow Babies and Children’s
Hospital (K.E.A.), Case Western Reserve University School of Medicine, 10900 Euclid
Ave, Cleveland, OH 44106 (M.E.S.)

[2] Nobuyuki Yoshino, Nobuyoshi Watanabe, Yukihisa Fukuda, Yoshinobu Watanabe,
Shinro Takai. The influence of patellar dislocation on the femoro-tibial loading dur‐
ing total knee arthroplasty. Knee Surgery, Sports Traumatology, Arthroscopy. No‐
vember 2011, Volume 19, Issue 11, pp 1817-1822.

[3] Shinro Takai, Nobuyuki Yoshino, Nobuyoshi Watanabe and Yukihisa Fukuda. The
effect of patellar eversion to the extension and flexion gaps in total knee arthroplasty.
J Bone Joint Surg Br 2010 vol. 92-b no. supp i 160-161.

[4] ACR Appropriateness Criteria® imaging after total knee arthroplasty. Weissman BN,
Shah N, Daffner RH, Bancroft L, Bennett DL, Blebea JS, Bruno MA, Fries IB, Hayes
CW, Kransdorf MJ, Luchs JS, Morrison WB, Palestro CJ, Roberts CC, Stoller DW, Tal‐
janovic MS, Tuite MJ, Ward RJ, Wise JN, Zoga AC, Expert Panel on Musculoskeletal
Imaging. ACR Appropriateness Criteria® imaging after total knee arthroplasty. [on‐
line publication]. Reston (VA): American College of Radiology (ACR).

[5] Jonathan Baré, MD, Steven J. MacDonald, Robert B. Bourne, MD. Preoperative Evalu‐
ations in Revision Total Knee Arthroplasty. Clinical Orthopaedics and Related Re‐
search. Number 446, pp. 40–44© 2006 Lippincott Williams & Wilkins.

Arthroplasty - Update448

[6] Use of multi-detector computed tomography for the detection of periprosthetic os‐
teolysis in total knee arthroplasty. Reish TG, Clarke HD, Scuderi GR, Math KR, Scott
WN. J Knee Surg. 2006 Oct;19(4):259-64.

[7] Imaging of total knee arthroplasty. Math KR, Zaidi SF, Petchprapa C, Harwin SF.
Semin Musculoskelet Radiol. 2006 Mar;10(1):47-63. Review.

[8] Imaging of knee arthroplasty. Miller TT. Eur J Radiol. 2005 May;54(2):164-77. Review.

[9] Can CT-based patient-matched instrumentation achieve consistent rotational align‐
ment in knee arthroplasty? Tibesku CO, Innocenti B, Wong P, Salehi A, Labey L.
Arch Orthop Trauma Surg. 2012 Feb;132(2):171-7. Epub 2011 Oct 18.

[10] Rotational positioning of the tibial tray in total knee arthroplasty: a CT evaluation.
Berhouet J, Beaufils P, Boisrenoult P, Frasca D, Pujol N. Orthop Traumatol Surg Res.
2011 Nov;97(7):699-704. Epub 2011 Oct 10.

[11] Magnetic resonance imaging of joint arthroplasty. Potter HG, Foo LF. Orthop Clin
North Am. 2006 Jul;37(3):361-73, vi-vii. Review.

[12] Magnetic resonance imaging with metal suppression for evaluation of periprosthetic
osteolysis after total knee arthroplasty. Vessely MB, Frick MA, Oakes D, Wenger DE,
Berry DJ. J Arthroplasty. 2006 Sep;21(6):826-31.

[13] New MR imaging methods for metallic implants in the knee: artifact correction and
clinical impact. Chen CA, Chen W, Goodman SB, Hargreaves BA, Koch KM, Lu W,
Brau AC, Draper CE, Delp SL, Gold GE. J Magn Reson Imaging. 2011 May;33(5):
1121-7.

[14] Malo M, Vince KG. The unstable patella after total knee arthroplasty: etiology, pre‐
vention, and management. J Am Acad Orthop Surg. 2003 Sep-Oct;11(5):364-71.

[15] Robert Wen-Wei Hsu. The management of the patella in total knee arthroplasty.
Chang Gung Med J. 2006 September-October. Vol. 29 No. 5.

[16] Efstathios K Motsis, Nikolaos Paschos, Emilios E Pakos, Anastasios D Georgoulis.
Review article: Patellar instability after total knee arthroplasty. Journal of Orthopae‐
dic Surgery 2009;17(3):351-7.

[17] Berger RA, Crossett LS, Jacobs JJ, Rubash HE; Malrotation causing patellofemoral
complications after total knee arthroplasty. Clinical Orthopedics and Related Re‐
search. 1998 Nov;(356):144-53.

[18] Vanbiervliet J, Bellemans J, Innocenti B, et al. The influence of malrotation and femo‐
ral component material on patellofemoral wear during gait. Journal Of Bone & Joint
Surgery, British Volume [serial online]. October 2011;93(10):1348-1354.

[19] Blisard R. Component internal rotation malrotation a factor in pain after TKA. Ortho‐
pedics Today [serial online]. September 2011;31(9):24.

[20] Rand JA. Extensor mechanism complications following total knee arthroplasty. J
Knee Surg 2003;16:224–8.

Imaging Patellar Complications After Knee Arthroplasty
http://dx.doi.org/10.5772/53666

449



4. Conclusion

Patellar complications following knee arthroplasty are generally uncommon but often of po‐
tential clinical significance. Plain-film radiographs are essential for the evaluation of patellar
complications after surgery and should be the initial imaging study performed. Careful at‐
tention to initial prosthesis placement and comparison of follow-up images will allow subtle
abnormalities to be detected in patellar complications. US may have a special role in the
evaluation of soft-tissue structures around the patella.

Author details

Pietro Melloni, Maite Veintemillas, Anna Marin and Rafael Valls

UDIAT Diagnostic Center, Corporació Sanitària i Universitària Parc Taulí, Sabadell, Spain

References

[1] Mendel E. Singer, PhD and Kimberly E. Applegate, MD. Cost-Effectiveness Analysis
in Radiology. Departments of Epidemiology and Biostatistics, Metro Health Medical
Center (M.E.S.), and the Department of Radiology, Rainbow Babies and Children’s
Hospital (K.E.A.), Case Western Reserve University School of Medicine, 10900 Euclid
Ave, Cleveland, OH 44106 (M.E.S.)

[2] Nobuyuki Yoshino, Nobuyoshi Watanabe, Yukihisa Fukuda, Yoshinobu Watanabe,
Shinro Takai. The influence of patellar dislocation on the femoro-tibial loading dur‐
ing total knee arthroplasty. Knee Surgery, Sports Traumatology, Arthroscopy. No‐
vember 2011, Volume 19, Issue 11, pp 1817-1822.

[3] Shinro Takai, Nobuyuki Yoshino, Nobuyoshi Watanabe and Yukihisa Fukuda. The
effect of patellar eversion to the extension and flexion gaps in total knee arthroplasty.
J Bone Joint Surg Br 2010 vol. 92-b no. supp i 160-161.

[4] ACR Appropriateness Criteria® imaging after total knee arthroplasty. Weissman BN,
Shah N, Daffner RH, Bancroft L, Bennett DL, Blebea JS, Bruno MA, Fries IB, Hayes
CW, Kransdorf MJ, Luchs JS, Morrison WB, Palestro CJ, Roberts CC, Stoller DW, Tal‐
janovic MS, Tuite MJ, Ward RJ, Wise JN, Zoga AC, Expert Panel on Musculoskeletal
Imaging. ACR Appropriateness Criteria® imaging after total knee arthroplasty. [on‐
line publication]. Reston (VA): American College of Radiology (ACR).

[5] Jonathan Baré, MD, Steven J. MacDonald, Robert B. Bourne, MD. Preoperative Evalu‐
ations in Revision Total Knee Arthroplasty. Clinical Orthopaedics and Related Re‐
search. Number 446, pp. 40–44© 2006 Lippincott Williams & Wilkins.

Arthroplasty - Update448

[6] Use of multi-detector computed tomography for the detection of periprosthetic os‐
teolysis in total knee arthroplasty. Reish TG, Clarke HD, Scuderi GR, Math KR, Scott
WN. J Knee Surg. 2006 Oct;19(4):259-64.

[7] Imaging of total knee arthroplasty. Math KR, Zaidi SF, Petchprapa C, Harwin SF.
Semin Musculoskelet Radiol. 2006 Mar;10(1):47-63. Review.

[8] Imaging of knee arthroplasty. Miller TT. Eur J Radiol. 2005 May;54(2):164-77. Review.

[9] Can CT-based patient-matched instrumentation achieve consistent rotational align‐
ment in knee arthroplasty? Tibesku CO, Innocenti B, Wong P, Salehi A, Labey L.
Arch Orthop Trauma Surg. 2012 Feb;132(2):171-7. Epub 2011 Oct 18.

[10] Rotational positioning of the tibial tray in total knee arthroplasty: a CT evaluation.
Berhouet J, Beaufils P, Boisrenoult P, Frasca D, Pujol N. Orthop Traumatol Surg Res.
2011 Nov;97(7):699-704. Epub 2011 Oct 10.

[11] Magnetic resonance imaging of joint arthroplasty. Potter HG, Foo LF. Orthop Clin
North Am. 2006 Jul;37(3):361-73, vi-vii. Review.

[12] Magnetic resonance imaging with metal suppression for evaluation of periprosthetic
osteolysis after total knee arthroplasty. Vessely MB, Frick MA, Oakes D, Wenger DE,
Berry DJ. J Arthroplasty. 2006 Sep;21(6):826-31.

[13] New MR imaging methods for metallic implants in the knee: artifact correction and
clinical impact. Chen CA, Chen W, Goodman SB, Hargreaves BA, Koch KM, Lu W,
Brau AC, Draper CE, Delp SL, Gold GE. J Magn Reson Imaging. 2011 May;33(5):
1121-7.

[14] Malo M, Vince KG. The unstable patella after total knee arthroplasty: etiology, pre‐
vention, and management. J Am Acad Orthop Surg. 2003 Sep-Oct;11(5):364-71.

[15] Robert Wen-Wei Hsu. The management of the patella in total knee arthroplasty.
Chang Gung Med J. 2006 September-October. Vol. 29 No. 5.

[16] Efstathios K Motsis, Nikolaos Paschos, Emilios E Pakos, Anastasios D Georgoulis.
Review article: Patellar instability after total knee arthroplasty. Journal of Orthopae‐
dic Surgery 2009;17(3):351-7.

[17] Berger RA, Crossett LS, Jacobs JJ, Rubash HE; Malrotation causing patellofemoral
complications after total knee arthroplasty. Clinical Orthopedics and Related Re‐
search. 1998 Nov;(356):144-53.

[18] Vanbiervliet J, Bellemans J, Innocenti B, et al. The influence of malrotation and femo‐
ral component material on patellofemoral wear during gait. Journal Of Bone & Joint
Surgery, British Volume [serial online]. October 2011;93(10):1348-1354.

[19] Blisard R. Component internal rotation malrotation a factor in pain after TKA. Ortho‐
pedics Today [serial online]. September 2011;31(9):24.

[20] Rand JA. Extensor mechanism complications following total knee arthroplasty. J
Knee Surg 2003;16:224–8.

Imaging Patellar Complications After Knee Arthroplasty
http://dx.doi.org/10.5772/53666

449



[21] Chonko DJ, Lombardi AV Jr, Berend KR. Patella baja and total knee arthroplasty
(TKA): etiology, diagnosis, and management. Surg Technol Int. 2004;12:231-8.

[22] Healy WL, Wasilewski SA, Takei R, Oberlander M. Patellofemoral complications fol‐
lowing total knee arthroplasty. Correlation with implant design and patient risk fac‐
tors. J Arthroplasty 1995;10:197–201.

[23] Kyung Ah, Chun Kenjirou, Ohashi D, Lee Bennett, Georges Y, El-Khoury. Patellar
Fractures After Total Knee Replacement. AJR AM J Roent. 2005; sept, 185:655–660.

[24] Aglietti P, Baldini A, Buzzi R, Indelli PF. Patella resurfacing in total knee replace‐
ment: functional evaluation and complications. J Bone Joint Surg Am. 2002 Jul;84-
A(7):1132-7.

[25] Bourne RB. Fractures of the patella after total knee replacement. Orthop Clin North
AM. 1999 Apr; 30(2):287-91.

[26] Ortiguera CJ, Berry DJ. Patellar fracture after total knee arthroplasty. J Bone Joint
Surg Am. 2002 Apr;84-A(4):532-40.

[27] Keating EM, Haas G, Meding JB. Patella fracture after total knee replacements. Clin
Orthop. 2003 Nov;(416):93-7.

[28] Beight JL, Yao B, Hozack WJ, Hearn SL, Booth RE Jr. The patellar "clunk" syndrome
after posterior stabilized total knee arthroplasty. Clin Orthop Relat Res. 1994 Feb;
(299):139-42.

[29] Maeno S, Kondo M, Niki Y, Matsumoto H. Patellar impingement against the tibial
component after total knee arthroplasty. Clin Orthop Relat Res. 2006. Nov; 452: 265.

[30] Matthew B. Collier, MS, et al. Osteolysis After Total Knee Arthroplasty: Influence of
Tibial Baseplate Surface Finish and Sterilation of Polyethylene Insert. In The Journal
of Bone and Joint Surgery. December 2005. Vol. 87-A. No. 12. Pp. 2702-2708.

[31] Hernigou P, Deschamps G. Patellar impingement following unicompartmental ar‐
throplasty. J Bone Joint Surg Am. 2002 Jul;84-A(7):1132-7.

[32] MacCollum MS 3rd, Karpman RR. Complications of the PCA anatomic patella. Or‐
thopedics. 1989 Nov;12(11):1423-8.

[33] William H Harris. Osteolysis and particle disease in hip replacement. A review. Acta
Ortho~Scand 1994:65 113-123.

[34] Rand JA, Morrey BF, Bryan RS. Patellar tendon rupture after total knee arthroplasty.
Clin Orthop Relat Res. 1989 Jul;(244):233-8.

[35] Dobbs RE, Hanssen AD, Lewallen DG, Pagnano MW. Quadriceps tendon rupture af‐
ter total knee arthroplasty. Prevalence, complications, and outcomes. Bone Joint Surg
Am. 2005 Jan;87(1):37-45.

Arthroplasty - Update450

Chapter 20

Extensor Mechanism Complications After Patellar
Resurfacing in Knee Replacement – Can They Justify
Non-Patellar Resurfacing?

Antonio Silvestre, Raúl Lopez, Fernando Almeida,
Pablo Renovell, Francisco Argüelles and
Oscar Vaamonde

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53382

1. Introduction

Patellar resurfacing is still nowadays a controversial matter in articles, cross fires and meet‐
ings. We know that this is not a new subject as the issue of whether or not to resurface the
patella when performing a TKA has been a debatable topic for more than two decades [1].
We can find three philosophies around what to do with the patella in TKA and there is still
no best conclusion about benefits from one or another procedure.

Many randomised trials provide inconclusive evidence in relation to resurface or not the
patella  after  TKA  and  these  trials  fail  mainly  because  short  sample  sizes.  Some  meta-
analysis have been reported last years in order to clarify this issue and though no great
differences have been found between both procedures,  patellar  resurfacing shows better
functional  results  and less  anterior  knee pain [2-4].  Nevertheless,  what  is  cleared stated
in literature is that treatment of the patellofemoral joint in knee replacement and its ulti‐
mate results are multifactorial.

Surgeons around the world can be classified into three groups according to their preference
in the topic of resurfacing or not the patella: universal resurfacers, non-resurfacers and selec‐
tive resurfacers. One of the reasons that non-resurfacers use as justification for their per‐
formance is that patellar resurfacing implies complications related to extensor mechanism of
the knee. Moreover complications related to extensor mechanism are a common basis for
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TKA revisions and these problems have less favourable outcome than patients who undergo
revision for other reasons.

The use of computer-aid navigation systems in knee replacement have allowed to accurate
some of the mistakes in coronal, sagittal and axial alignment of femoral and tibial implant
that are related to patellar maltracking. In the near future it should be possible to navigate
the patellofemoral joint, so problems linked to this compartment will diminish. Until now,
there is a report of a surgical navigation system that let to assess intraoperatively patellar
tracking, one of the main reasons of TKAs’ failure, with the aid of a computer. The system is
quite complex and it is not available for all the knee prosthesis designs. However, the meth‐
od could be a valuable support to analyze patellar tracking at the time of the surgery and a
real help to decide whether or not patellar replacement [5].

In this study we have reviewed our extensor mechanism complications relate to knee re‐
placement for the last 6 years in order to analyze if they have a high rate that could justify
non-patellar resurfacing. We believe that a careful and meticulous technique during patellar
resurfacing can avoid most of the problems found after knee replacement. It is not reasona‐
ble that in these days in which many surgeons are worried about accurate alignment of knee
components and most of them use computer-aid navigation systems to be more precise in
prosthesis placement we are not as careful as in other steps of the procedure when resurfac‐
ing the patella.

2. Material and method

We have retrospectively revised all the TKA’s performed in our Institution from January
2005 until December 2011. For this period of time, the two fellowship-trained surgeons (AS
and FA) performed 860 TKA using a standard technique for knee replacement and similar
rehabilitation protocol. Postero-stabilized cemented total knee arthroplasties were used in
all cases (Performance® Biomet Warsaw, IN and Vanguard® Biomet Warsaw, IN). Patella
was resurfaced in all cases according to the philosophy of our Department. Demographic
data are shown in table I.

A single dose of intravenous antibiotic (cefazolin 2 gr or vancomycin 1gr in allergic patients
according to the protocol of our Hospital Infection Control Committee) was given ½ hour
before incision. After general o regional anaesthesia depending on patient and physician’s
preference, tourniquet was routinely applied as proximal as possible in the thigh. Longitudi‐
nal incision along the knee and medial para-patellar arthrotomy were performed to gain ac‐
cess to the joint. Surgery was performed according to the standard procedure and femur
and tibial implants were cemented to the bone. Careful alignment of both components was
checked before implantation. Posterior-condyle plus 3° of external rotation and trans-epi‐
condylar axis were used without distinction to get an adequate femoral rotation. On the oth‐
er hand tibial component was aligned to the medial third of the tibial tubercle. We don’t
usually evert the patella during this time of the procedure. Once femoral and tibial trials
were in place, we arrange for the patellar resurfacing step.
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Sex Female: 536/ Male: 324

Side Right: 492/

Left: 368

Age (years) 73.15±6.06

BMI (kg/m2) 27.76±3.12

Previous surgery (%) 38.3%

Radiological valgus (%) 9.7%

Pre-operative diagnoses

Osteoarthritis

Osteonecrosis medial condyle

Metabolic arthritis

RA

Fracture sequela

593

137

78

35

17

Table 1. Demographic data and preoperative parameters

In our experience it is crucial to be as thorough as possible in patellar resurfacing step to
achieve good results and avoid extensor mechanism complications. Most of these problems
should be avoid with a more methodical procedure. We employ the instruments provide by
the manufacturer to afford patellar resurfacing though we accept they are not always useful.
However, more precise instruments in recent systems allow more accuracy placing the pa‐
tella. The Vanguard System Knee® provides specifically devices (cutting guide) to improve
the results. It offers a calliper or vernier to estimate patella thickness before and after the cut,
a guide with a magnetize gauge to determine the deep of the cut after guide positioning and
it is possible to choose single or three-peg configuration at the time of the surgery. Devices
availability in theatre make the surgeons more self-assured when dealing with patello-femo‐
ral joint. Albeit these devices can’t be employed in 100% of cases as patellar morphology,
size or wear difficult its use. The fact that surgical instrumental can’t be employed, doesn’t
mean patellar resurfacing is a trivial step in knee surgery.

For this series we have used all-polyethylene patellar component design with single or
three-peg configuration. The prostheses employed in our cases just provide onlay patellar
implants. We usually make peripheral electrocautery around the patella and remove soft-tis‐
sue synovium in the upper part of the patella to avoid patellar clunk syndrome as we per‐
form posterior stabilized designs.

Patients received intravenous antibiotics (cefazolin 1g/8h) for 48 h after surgery according to
the protocol of our Institution. Post-operative bandage was removed at the second day after
surgery to check incision and vascular condition of the leg. Output drainage was removed
36-48 h after surgery. They started physiotherapy of the operated knee the second day after
surgery when drains were removed if proper laboratory values were obtained. Full weight
bearing on the operated limb was allowed immediately except in those cases the surgeon
contraindicated the pre-established protocol because of surgical difficulties. Physiothera‐
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pists instructed the patients to walk either with walker or crutches depending on their abili‐
ty. They go up stairs with the help of the banister the fourth-fifth day after surgery before
leaving the Hospital.

Prophylactic low molecular weight heparin (enoxaparin) was used for the next 28 days after
surgery. Patients stay at our Institution depends on his/her ability to keep up with daily ac‐
tivities (range 4-8 days), obviously after their haematological values were as best as possible.

Outpatient follow-up was done at 6, 12 weeks and the annually for clinical and radiological
evaluation of the operated knee. We assessed clinical evaluation including gait, need for as‐
sistance devices, ROM, joint stability, knee score (KSS) and visual analog scale (VAS). Rou‐
tine A-P and lateral views were done to evaluate mechanical axis and proper alignment of
the implant. In those cases with extensor mechanism complications axial views and other
techniques such as US, CT or MR were used to analyze the problem.

Intra-operative and post-operative complications were captured and collected for descrip‐
tive study. Arthroscopic technique was indicated in case internal injuries of the knee (patel‐
lar clunk syndrome); on the other hand open surgery was used for management of
instabilities, tendon ruptures, patellar fracture…

3. Results

There were 860 primary total knee arthroplasties performed with the use of the “Perform‐
ance System” (Biomet®, Warsaw, IN) and the “Vanguard System” (Biomet®, Warsaw, IN)
in this series, done through a longitudinal incision with medial para-patellar arthrotomy.
Underlying diagnosis was osteoarthritis and osteonecrosis of the medial condyle in more
than 80% of cases. Mean follow-up was 48 months (ranging from 6 to 78 months).

Thirteen patients (1.51%) showed wound infection and developed an acute infection and
eleven cases (1.27%) suffered haematogenous infection more than a year after surgery so
these patients were excluded from this series as they required revision surgery (836 patients
were included in this series). Co-morbidities in these patients were diabetes mellitus, rheu‐
matoid arthritis and obesity. During follow-up elevated ESR (>20) and CRP (>5) values and
clinical signs of infection were detected. Aspiration culture was positive 19 cases (79.16%)
and the most frequent microorganisms identified were staphylococcus spp, meticillin-resist‐
ant staphylococcus aureus, streptococcus spp and pseudomona aeuruginosa.

In our series required time to walk by a walker or two crutches was 2.25±1.45 days and pa‐
tients were able to go up and down stairs with the help of the banister at 5.03±2.67 days
(range 4-15 days). More than sixty percent of patients were capable to walk without the help
of any assistive aids at four weeks postoperatively. However, we advise the use of at least
one cane for the first six weeks after the operation, to avoid stumbling as many patients in
this series are elderly. Clinical results are shown in table II.

Knee Society Score improved from 53.48±6.21 (range 39-67) to 92.037± 7.23 (range 85-94) a
year after surgery. Visual analog pain score after surgery improved to 1.891±0.31 in more
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than 90% of cases three months after surgical procedure. This can be judge as a satisfactory
score as painful knee arthroplasty is a non-desired state after joint reconstruction.

Preoperative 6 weeks 12 weeks 1 year

Pain (VAS) <2 (%) 2.39 83.61 92.19 94.49

2 to <5 (%) 35.52 13.63 5.75 3.96

5 to <8 (%) 45.09 2.51 1.91 1.31

>8% 17 0.24 0.24 0.24

KSS (knee score) 53.48±6.21 79.437±8.32 89.065±5.87 92.037±7.23

Average ROM -5 /85° 0 /95° 0 / 115° 0 / 115°

Walking

capability

>2 h (%)
1.91 50.35 60.04 61.96

>1 h (%) 22 27.63 29.06 29.06

>30’ (%) 75 31.31 10.43 8.51

Not walk (%) 1.09 0.71 0.47 0.47

Walking support No support (%) 57.05 62.53 86.12 90.55

1 cane or crutch (%) 42 35.81 12.58 8.27

2 crutches (%) 0.95 0.95 0.83 0.71

Stairs Normal (%) 63.03 77.25 85.16 85.52

Banister (%) 35.88 21.54 14.37 14.01

Table 2. Clinical results

Mechanical axis (180º±3º) was restored in 95.04% of cases. Alignments of the femoral and ti‐
bial implants in frontal and coronal axes were measured without significant deviation from
standard values.

Main extensor mechanism complications are shown in table III. The most frequent complica‐
tions were instability of the extensor mechanism and patellar fractures. However, most of
the fractures were related to a traumatic event as patients in this series were old people, so
this complication cannot be only linked to surgical aggression. Patellar tendon rupture was
mostly related to knees with previous surgery as valgus osteotomy.
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Instability of the extensor mechanism (patellar dislocation or

subluxation)
1.79% (15 cases)

Patellar fracture 1.43% (12 cases)

Patellar tendon rupture 0.47% (4 cases)

Patella loosening 0.95% (8 cases)

Clunk syndrome 0.71 (6 cases)

Table 3. Extensor mechanism complications

4. Discussion

For  many years  dealing with the  patella  in  total  knee arthroplasties  has  been a  contro‐
versial  topic.  Most  of  the  non-resurfacers  surgeons  justify  their  choice  based in  the  fre‐
quent  complications  related  to  surgery  around  the  patella.  It  is  true  that  surgical
gestures  used  during  patellar  resurfacing  can  affect  the  patello-femoral  tracking,  weak
patellar bone or alter vascularisation around the patella. Besides it has been remarked by
many authors  that  some knee  replacements  failures  are  related to  disorders  in  the  me‐
chanics of the patellofemoral joint.

Soft-tissue imbalance is shown as the responsible of patellar instability, the most frequent
extensor mechanism complication with an incidence as high as 29% in some series after
TKAs [6]. Muscle atrophy, weakness, more proximal attachment of the VMO after closure of
the arthrotomy and predominance of the VL are considered the main causes of patellofe‐
moral dysfunction [6]. However, forces from the different bellies of the quadriceps can mod‐
ify patellofemoral function [7].

Aside from anatomical aspects of the quadriceps that are non surgical-dependant, some
technical aspects on the patellar side should be observed during this step of the surgery. It is
of main importance to restore patellar thickness to prevent from high mechanical pressures
and increase de risk of patellar fracture [8]. It is recommended to maintain between 13 and
15 mm of patellar bone remained to adapt the all-polyethylene insert which has 8-10 mm
thickness. Surgical technique is of crucial importance in patellar alignment. An increase
combined thickness of the implant and patellar bone leads to higher forces on patellar side
and close follow-up of these patients should be done. Postoperative lateral tilt increased
when thickness after patella resurfacing was augment in 1 mm from the preoperative patella
[9]. This lateral tilt is usually treated by lateral release that improves patellar alignment, but
lateral release is related to complications as patellar fracture, vascular problems and postop‐
erative pain [10].

Patellar fracture is not an exclusive complication of resurfaced patella and can be sustained
in non-resurfaced cases but in rates as low as 0.05%. They are usually related to rheumatoid
arthritis or advanced degenerative osteoarthritis [11]. Only in cases of a thin patella or scle‐
rotic bone we advise not to resurface the patella.
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Another important fact in this patellar reconstruction is the direction of the osteotomy.
Changes in resection angle influence patellar tracking and favour lateral tilt that could re‐
quire a subsequent lateral release. The goal is to get a flat bone cut with a symmetrical resec‐
tion. This step could be done freehand, but we employ the cutting guide provides by the
manufacturer to improve our results. Once the cut has been done, medial placement of the
polyethylene offers better patellar tracking than if it is placed laterally. It is advisable to as‐
sess patellar tracking with the “no-thumb” rule placing the knee through full ROM. If the
patella tracks laterally, lateral release should be taken into account trying to preserve superi‐
or lateral genicular vessels in order to avoid osteonecrosis, patellar fracture or post-opera‐
tive pain [8, 10].

The fixation of the implant could be done with single or three pegs system depending on
surgeon’s preference. Today loosening of the patella is a rare complication. As we have said
our knee models have only available “onlay” patellar prosthesis, though some authors rec‐
ommend “inlay” inserts which make them more confident, but no significative differences
are observed between the two models [12]. It is said that “inlay” implants allow increase the
interface bone-cement, preserve more bone stock and are easy to use [13], but survivorship
and clinical and radiological results are similar to the “onlay” designs [14]. In our series we
have employed all-polyethylene patella without important complications and good func‐
tional outcomes.

Patellar instability, which may happen after TKA with or without patellar resurfacing, is
a  major  cause  of  functional  restraint  that  requires  revision  surgery.  The  incidence  of
symptomatic  instability leading to revision is  around 0.8%, lower than instability of  the
extensor  mechanism in  our  series,  but  we want  to  remark that  most  of  our  cases  were
classified as subluxations (8 cases out of 15),  not frank dislocations so revision rate was
similar.  Conservative methods as  quadriceps exercises,  braces or  avoiding activities  that
aggravate instability were applied in subluxations and with time scarring of the retinacu‐
lar tissues lead to resolutions of the symptoms. However in cases of frank dislocation re‐
vision  surgery  was  mandatory.  In  these  cases  careful  analysis  of  prosthesis  sources  of
instability were cautious checked to avoid failed surgery.  If  problem was related to soft
tissues, realignment of the extensor mechanism should be considered (lateral release plus
proximal or distal realignment) [15].

We must remember that other issues as design and placement of the implants may predis‐
pose to extensor mechanism complications. Design of the femoral sulcus generated years
ago high incidence of patellofemoral complications and led to debate if patella should be re‐
surface and how to do this replacement [16]. Modern knee prostheses have got more ana‐
tomic designs, but even now there is no consensus about the size, shape and position of the
femoral trochlea in relation to femorotibial compartment [17]. Furthermore it is important to
restore sulcus position (0.7 mm lateral to the midline of the distal femoral cut) during sur‐
gery as best as possible [18].

As well as properties of the femoral and patellar designs, surgical details of the technique
are also valuables. Restoration of the mechanical axis is of great importance in knee surgery,
as it is selecting the appropriate size of the femur to avoid overstuffing of the anterior com‐
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Instability of the extensor mechanism (patellar dislocation or

subluxation)
1.79% (15 cases)

Patellar fracture 1.43% (12 cases)

Patellar tendon rupture 0.47% (4 cases)

Patella loosening 0.95% (8 cases)

Clunk syndrome 0.71 (6 cases)

Table 3. Extensor mechanism complications

4. Discussion

For  many years  dealing with the  patella  in  total  knee arthroplasties  has  been a  contro‐
versial  topic.  Most  of  the  non-resurfacers  surgeons  justify  their  choice  based in  the  fre‐
quent  complications  related  to  surgery  around  the  patella.  It  is  true  that  surgical
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patellar bone or alter vascularisation around the patella. Besides it has been remarked by
many authors  that  some knee  replacements  failures  are  related to  disorders  in  the  me‐
chanics of the patellofemoral joint.

Soft-tissue imbalance is shown as the responsible of patellar instability, the most frequent
extensor mechanism complication with an incidence as high as 29% in some series after
TKAs [6]. Muscle atrophy, weakness, more proximal attachment of the VMO after closure of
the arthrotomy and predominance of the VL are considered the main causes of patellofe‐
moral dysfunction [6]. However, forces from the different bellies of the quadriceps can mod‐
ify patellofemoral function [7].

Aside from anatomical aspects of the quadriceps that are non surgical-dependant, some
technical aspects on the patellar side should be observed during this step of the surgery. It is
of main importance to restore patellar thickness to prevent from high mechanical pressures
and increase de risk of patellar fracture [8]. It is recommended to maintain between 13 and
15 mm of patellar bone remained to adapt the all-polyethylene insert which has 8-10 mm
thickness. Surgical technique is of crucial importance in patellar alignment. An increase
combined thickness of the implant and patellar bone leads to higher forces on patellar side
and close follow-up of these patients should be done. Postoperative lateral tilt increased
when thickness after patella resurfacing was augment in 1 mm from the preoperative patella
[9]. This lateral tilt is usually treated by lateral release that improves patellar alignment, but
lateral release is related to complications as patellar fracture, vascular problems and postop‐
erative pain [10].

Patellar fracture is not an exclusive complication of resurfaced patella and can be sustained
in non-resurfaced cases but in rates as low as 0.05%. They are usually related to rheumatoid
arthritis or advanced degenerative osteoarthritis [11]. Only in cases of a thin patella or scle‐
rotic bone we advise not to resurface the patella.
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Another important fact in this patellar reconstruction is the direction of the osteotomy.
Changes in resection angle influence patellar tracking and favour lateral tilt that could re‐
quire a subsequent lateral release. The goal is to get a flat bone cut with a symmetrical resec‐
tion. This step could be done freehand, but we employ the cutting guide provides by the
manufacturer to improve our results. Once the cut has been done, medial placement of the
polyethylene offers better patellar tracking than if it is placed laterally. It is advisable to as‐
sess patellar tracking with the “no-thumb” rule placing the knee through full ROM. If the
patella tracks laterally, lateral release should be taken into account trying to preserve superi‐
or lateral genicular vessels in order to avoid osteonecrosis, patellar fracture or post-opera‐
tive pain [8, 10].

The fixation of the implant could be done with single or three pegs system depending on
surgeon’s preference. Today loosening of the patella is a rare complication. As we have said
our knee models have only available “onlay” patellar prosthesis, though some authors rec‐
ommend “inlay” inserts which make them more confident, but no significative differences
are observed between the two models [12]. It is said that “inlay” implants allow increase the
interface bone-cement, preserve more bone stock and are easy to use [13], but survivorship
and clinical and radiological results are similar to the “onlay” designs [14]. In our series we
have employed all-polyethylene patella without important complications and good func‐
tional outcomes.

Patellar instability, which may happen after TKA with or without patellar resurfacing, is
a  major  cause  of  functional  restraint  that  requires  revision  surgery.  The  incidence  of
symptomatic  instability leading to revision is  around 0.8%, lower than instability of  the
extensor  mechanism in  our  series,  but  we want  to  remark that  most  of  our  cases  were
classified as subluxations (8 cases out of 15),  not frank dislocations so revision rate was
similar.  Conservative methods as  quadriceps exercises,  braces or  avoiding activities  that
aggravate instability were applied in subluxations and with time scarring of the retinacu‐
lar tissues lead to resolutions of the symptoms. However in cases of frank dislocation re‐
vision  surgery  was  mandatory.  In  these  cases  careful  analysis  of  prosthesis  sources  of
instability were cautious checked to avoid failed surgery.  If  problem was related to soft
tissues, realignment of the extensor mechanism should be considered (lateral release plus
proximal or distal realignment) [15].

We must remember that other issues as design and placement of the implants may predis‐
pose to extensor mechanism complications. Design of the femoral sulcus generated years
ago high incidence of patellofemoral complications and led to debate if patella should be re‐
surface and how to do this replacement [16]. Modern knee prostheses have got more ana‐
tomic designs, but even now there is no consensus about the size, shape and position of the
femoral trochlea in relation to femorotibial compartment [17]. Furthermore it is important to
restore sulcus position (0.7 mm lateral to the midline of the distal femoral cut) during sur‐
gery as best as possible [18].

As well as properties of the femoral and patellar designs, surgical details of the technique
are also valuables. Restoration of the mechanical axis is of great importance in knee surgery,
as it is selecting the appropriate size of the femur to avoid overstuffing of the anterior com‐
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partment [19] and placing the femoral implant lateralized. Femorotibial alignment influen‐
ces patellar tracking in native knees as does after knee replacement. Navigation systems that
allow surgeons to be more precise in coronal and sagittal planes alignment avoid problems
in patellofemoral joints [10].

In our opinion getting the proper rotation for the femoral and tibial components is the main
goal to avoid complications of the extensor mechanism [19, 20]. There are four ways for de‐
termining the rotational alignment of the femur, however we have only used in this series
the trans-epicondylar axis and 3° of external rotation based on the posterior condyles. Rota‐
tional alignment of the tibia is as important as femoral placement, so neutral or external ro‐
tation of the tibial component in relation to the tibia decreases the Q angle and helps patellar
tracking [20, 21]. Usually more attention is paid to rotational position of the femoral compo‐
nent than to the tibial baseplate and the goal to get proper coverage and good cortical sup‐
port for the tibial implant could led to a wrong rotational tibial alignment. External rotation
of the tibial component moves the tibial tubercle internally so less patellofemoral complica‐
tions are detected in this situation [22]. Precise rotational tibial alignment can be obtained
from a line perpendicular to the epicondylar axis of the femur [22].

Significance of implant position is crucial in order to avoid extensor mechanism problems,
so navigation or personal guides system should offer some advantages at the time of pros‐
theses placement. However many authors believe that proper accuracy can be obtain with
traditional guides. X-ray allow to evaluate alignment of the components in the coronal and
sagittal plane as well as patellar tracking in the axial view, but rotational position of the im‐
plants can't be assess by simple radiographies. In these cases we must employ CT to get a
more precise image of the situation of the components that can justify extensor mechanism
complications.

It  is  important  to  remark  the  importance  of  being  careful  with  this  resurfacing  step  as
we are with the other ones. It’s surprising as some surgeons are extremely cautious with
bone cuts,  implant  alignment  and gaps balancing,  but  not  so watchful  with patellar  re‐
surfacing.  After  patella  evertion they made a non-controlled cut  and leave the PE com‐
ponent  on  it,  without  taking  into  account  cut  direction,  bone  width  or  thickness  and
medialization of the PE implant.

Preoperative patellar tracking can be a measurement of great value in order to analyze pa‐
tellar position after TKA. Lateral displacement of 3 mm is predictive of patellar maltracking
when the knee is placed in full ROM after surgery. This is an evidence of the issue that pa‐
tellar tracking is related to soft-tissue tension [23]. Lateral shift of the patella implies a con‐
tracture of the lateral tissues and this event can be detected in standard preoperative
radiographic images. This can be help to identify patients at a higher likehood of experienc‐
ing maltracking after TKA [23]. Of course a valgus knee deformity is related to problems
with patellar tracking, but a more careful analysis of the preoperative X-ray may help us in
patellar replacement decision.

Resurfacing the patella by all-polyethylene implant can be questioned as this surgical ges‐
ture obviously affects patellar tracking, but on the other hand non-resurfacing the patella
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suppose a different pattern of contact at the patellofemoral joint. To assess intraoperatively
patellar tracking a surgical navigation system with the aid of a computer have been de‐
signed but until now it is not routinely used. However, the system could be a valuable sup‐
port to analyze one of the main reasons of failure in TKAs [5].

Until recent days it couldn’t have been established a correlation between anterior knee pain
and weight [24]. However there is some evidence of a relationship between knee pain and
patella tilt. [25]. So “inlay” implants have been criticized for leaving a portion of the lateral
facet uncovered by the implant that could be considered a source of pain as it articulates
with the femoral component. This liaison may be linked to increase anterior knee pain or
worse Knee Society Score. Though we have checked few problems with “onlay” insert in
our series, some authors prefer the inset technique of patella resurfacing which for them is
simple and safe [1]. We have no experience with the inset patella design proposed by Free‐
man in 1989 and improved over the years. It looks as this design would have less patellar
tracking problems, would need less lateral releases and show less signs of instability in the
axial X-rays. On the other hand the technique is more demanding and sacrifices more bone,
but allow us to be more precise in restoring patellar thickness [1].

Many extensor mechanism complications can be evaluated through simple X-ray (patellofe‐
moral instability, patellar fracture, loosening of the patellar insert, complete patellar o quad‐
ricipital tendon rupture...). US images and IRM help us in diagnosis of partial ruptures of
the extensor mechanism, synovial effusions... and TC is of great aid in analyzing rotational
position of the components. But what can we do in front of a painful total knee arthroplasty
without positive results in conventional diagnostic techniques. The easiest decision is to re‐
surface the patella in case it wasn’t but if it was? Careful analysis of the different diagnostic
tools is essential (X-ray, evaluation of patellar tracking, CT imaging to check components ro‐
tation...). Recently SPECT/CT imaging looks very helpful in establishing the diagnosis of
painful knees after TKA, mainly when we are in front of patellofemoral problems without
components malposition or loosening. A significantly higher tracer uptake in the patella is
shown with this SPECT/CT technique in patients with painful knee due to patellofemoral
problems [26].

Patella resurfacing is related to good clinical results but is also linked to some extensor
mechanism complications and a possible need for revision surgery in the future [25]. On the
other hand, non-resurfacing could avoid complications of the extensor mechanism but a
high rate of anterior knee pain is perceived. This situation drives the surgeon to a predicta‐
ble reoperation as patients increase their retrieval of pain relief. For this reason we consider
the decision to resurface the patella as a subjective question [25]. Current literature on patel‐
lar resurfacing after TKA has not shown a clear advantage of patellar resurfacing if we ana‐
lyzed clinical scores, though for many authors patellar replacement looks a better strategy in
order to avoid reoperation and anterior knee pain. As the average reoperation rate for non-
resurfaced cases was 7.2% compared to 2.8% for the resurfaced, resurfacing the patella
would prevent one revision surgery for every 23 patella resurfaced. Knowing the cost of a
revision surgery and taking into account that less than 50% of patients would benefit from a
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partment [19] and placing the femoral implant lateralized. Femorotibial alignment influen‐
ces patellar tracking in native knees as does after knee replacement. Navigation systems that
allow surgeons to be more precise in coronal and sagittal planes alignment avoid problems
in patellofemoral joints [10].

In our opinion getting the proper rotation for the femoral and tibial components is the main
goal to avoid complications of the extensor mechanism [19, 20]. There are four ways for de‐
termining the rotational alignment of the femur, however we have only used in this series
the trans-epicondylar axis and 3° of external rotation based on the posterior condyles. Rota‐
tional alignment of the tibia is as important as femoral placement, so neutral or external ro‐
tation of the tibial component in relation to the tibia decreases the Q angle and helps patellar
tracking [20, 21]. Usually more attention is paid to rotational position of the femoral compo‐
nent than to the tibial baseplate and the goal to get proper coverage and good cortical sup‐
port for the tibial implant could led to a wrong rotational tibial alignment. External rotation
of the tibial component moves the tibial tubercle internally so less patellofemoral complica‐
tions are detected in this situation [22]. Precise rotational tibial alignment can be obtained
from a line perpendicular to the epicondylar axis of the femur [22].

Significance of implant position is crucial in order to avoid extensor mechanism problems,
so navigation or personal guides system should offer some advantages at the time of pros‐
theses placement. However many authors believe that proper accuracy can be obtain with
traditional guides. X-ray allow to evaluate alignment of the components in the coronal and
sagittal plane as well as patellar tracking in the axial view, but rotational position of the im‐
plants can't be assess by simple radiographies. In these cases we must employ CT to get a
more precise image of the situation of the components that can justify extensor mechanism
complications.

It  is  important  to  remark  the  importance  of  being  careful  with  this  resurfacing  step  as
we are with the other ones. It’s surprising as some surgeons are extremely cautious with
bone cuts,  implant  alignment  and gaps balancing,  but  not  so watchful  with patellar  re‐
surfacing.  After  patella  evertion they made a non-controlled cut  and leave the PE com‐
ponent  on  it,  without  taking  into  account  cut  direction,  bone  width  or  thickness  and
medialization of the PE implant.

Preoperative patellar tracking can be a measurement of great value in order to analyze pa‐
tellar position after TKA. Lateral displacement of 3 mm is predictive of patellar maltracking
when the knee is placed in full ROM after surgery. This is an evidence of the issue that pa‐
tellar tracking is related to soft-tissue tension [23]. Lateral shift of the patella implies a con‐
tracture of the lateral tissues and this event can be detected in standard preoperative
radiographic images. This can be help to identify patients at a higher likehood of experienc‐
ing maltracking after TKA [23]. Of course a valgus knee deformity is related to problems
with patellar tracking, but a more careful analysis of the preoperative X-ray may help us in
patellar replacement decision.

Resurfacing the patella by all-polyethylene implant can be questioned as this surgical ges‐
ture obviously affects patellar tracking, but on the other hand non-resurfacing the patella
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suppose a different pattern of contact at the patellofemoral joint. To assess intraoperatively
patellar tracking a surgical navigation system with the aid of a computer have been de‐
signed but until now it is not routinely used. However, the system could be a valuable sup‐
port to analyze one of the main reasons of failure in TKAs [5].

Until recent days it couldn’t have been established a correlation between anterior knee pain
and weight [24]. However there is some evidence of a relationship between knee pain and
patella tilt. [25]. So “inlay” implants have been criticized for leaving a portion of the lateral
facet uncovered by the implant that could be considered a source of pain as it articulates
with the femoral component. This liaison may be linked to increase anterior knee pain or
worse Knee Society Score. Though we have checked few problems with “onlay” insert in
our series, some authors prefer the inset technique of patella resurfacing which for them is
simple and safe [1]. We have no experience with the inset patella design proposed by Free‐
man in 1989 and improved over the years. It looks as this design would have less patellar
tracking problems, would need less lateral releases and show less signs of instability in the
axial X-rays. On the other hand the technique is more demanding and sacrifices more bone,
but allow us to be more precise in restoring patellar thickness [1].

Many extensor mechanism complications can be evaluated through simple X-ray (patellofe‐
moral instability, patellar fracture, loosening of the patellar insert, complete patellar o quad‐
ricipital tendon rupture...). US images and IRM help us in diagnosis of partial ruptures of
the extensor mechanism, synovial effusions... and TC is of great aid in analyzing rotational
position of the components. But what can we do in front of a painful total knee arthroplasty
without positive results in conventional diagnostic techniques. The easiest decision is to re‐
surface the patella in case it wasn’t but if it was? Careful analysis of the different diagnostic
tools is essential (X-ray, evaluation of patellar tracking, CT imaging to check components ro‐
tation...). Recently SPECT/CT imaging looks very helpful in establishing the diagnosis of
painful knees after TKA, mainly when we are in front of patellofemoral problems without
components malposition or loosening. A significantly higher tracer uptake in the patella is
shown with this SPECT/CT technique in patients with painful knee due to patellofemoral
problems [26].

Patella resurfacing is related to good clinical results but is also linked to some extensor
mechanism complications and a possible need for revision surgery in the future [25]. On the
other hand, non-resurfacing could avoid complications of the extensor mechanism but a
high rate of anterior knee pain is perceived. This situation drives the surgeon to a predicta‐
ble reoperation as patients increase their retrieval of pain relief. For this reason we consider
the decision to resurface the patella as a subjective question [25]. Current literature on patel‐
lar resurfacing after TKA has not shown a clear advantage of patellar resurfacing if we ana‐
lyzed clinical scores, though for many authors patellar replacement looks a better strategy in
order to avoid reoperation and anterior knee pain. As the average reoperation rate for non-
resurfaced cases was 7.2% compared to 2.8% for the resurfaced, resurfacing the patella
would prevent one revision surgery for every 23 patella resurfaced. Knowing the cost of a
revision surgery and taking into account that less than 50% of patients would benefit from a
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secondary resurfacing, primary replacement of the patella offers economic and clinical ad‐
vantages [25].

The Swedish Knee Arthroplasty Registry shows statistically significant patient satisfaction
in cases of patella resurfacing in 98% of about 27000 knees follow-up at 14 years. The Regis‐
try also shows that there is 1.27 risk ratio for unresurfaced patella to be revised. The Austral‐
ian National Joint Registry reveals the same risk ratio (1.25). We must be careful with these
numbers about unresurfaced patella being revised because our first option in front of a pa‐
tient with anterior knee pain an unresurfaced patella is to resurface it. However, more than
50% of patients are dissatisfied with revision for only patella component [27, 28]. What looks
evident from the different meta-analysis is that anterior knee pain is greater after non-resur‐
facing the patella, as well as patient dissatisfaction and increase revision rate. It looks posi‐
tive resurfacing the patella at primary surgery based on functional results [27]. Some
authors do not agree with this assertion and after an observational study from the Norwe‐
gian Arthroplasty Register they conclude that patella resurfacing has no clinical effect on
function or anterior knee pain, which is debatable [29]. The Norwegian Register finds a low‐
er risk of revision when the patella is resurfaced after a TKA although differences in rates of
revision surgery are not significant. But improvement in new prosthesis designs that have
substituted the older ones has been related to an increase in the survivorship of the knee
prosthesis in Norway [30].

In a prospective cohort study that compares resurfaced vs. non-resurfaced patella in 65 pa‐
tients that received bilateral total knee replacement, significant better scores were achieved
on the resurfaced side at final follow-up. Anterior knee pain was a complaint in 4 patients
on the non-resurfaced side and revision surgery was required in these patients. On the other
hand no revision was performed in the resurfaced side. The author concluded that better pa‐
tellofemoral functional outcomes, less anterior knee pain and lower rates of revision surgery
could be obtained after patella resurfacing [31].

Nowadays, it looks as two great groups of surgeons are completely established and divided
by a huge lake: the North American resurfacers and the European non-resurfacers, however
it is not possible to reach a conclusion about which alternative is better. But we can add an‐
other group whose select when to resurface the patella. Which are their criteria? How can
they determine which patients would need or not patellar resurfacing? The quality of the
cartilage and joint congruence can be parameters that aid in the determination of selective
patellar resurfacing [32, 33]. When could we advise not to resurface the patella? Park et al
remark that non-resurfaced patella is possible if the patient is a young one, the patella is
small and its cartilage is almost normal, the patient has no preoperative anterior pain and
bone quality is good [34]. If some surgeon decides not to resurface the patella it looks advis‐
able to remove osteophytes of the patella and carry a marginal electrocauterization. Selective
resurfacing of patellar bone with specific criteria and the used a patella-friendly implant can
be associated with satisfactory outcomes [34].

Reasons for resurfacing the patella are avoiding anterior knee pain, so reoperation rate can
be reduced, improve results in some patients with RA and improve functional outcomes as
going up stairs [35].
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The great majority of evidences and experiences are in favour of patellar resurfacing, so we
also recommend substituting the patella [36]. This surgical detail only add a short time (less
than 8 minutes) to the surgery and warrant less complains of anterior knee pain [35].

However patellar resurfacing no longer should be considered a mandatory step in TKAs.
We must consider femoral and patellar design before resurfacing patella as several authors
have reported nice results with patella non-resurfacing [37]. The importance of the femoral
design (patella-friendly component) is of maximum significance as coupling patella design
provides better anterior knee pain results and improved knee functions. Routine patellar re‐
placement in TKA cannot be defended when a coupling femoral component is available [37].
However, proper femoral component design is necessary in order to compare patellar resur‐
facing and non-resurfacing.

As we can see many features influence patellofemoral function after TKAs but surgical tech‐
nique is one the primary factors affecting patellar alignment [10], so we can conclude that
surgical technique and accurate placement of the implants are of crucial importance in patel‐
la resurfacing and a careful procedure improves outcomes.

Figure 1. Advanced-age patient suffered subluxation of the extensor mechanism due to a patella infera, after total
knee replacement. It was well tolerated; orthopedics measures were employed (a brace and avoiding activities that
aggravate instability)

The determination whether to resurface the patella or not is still nowadays controversial
[25]. Some trials have concluded there are no advantages in routine patellar resurfacing [38,
39] meanwhile other reports [40] and some meta-analyses [2-4] show less anterior knee pain,
better functional outcomes and lower rates of revision after patella resurfacing.
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secondary resurfacing, primary replacement of the patella offers economic and clinical ad‐
vantages [25].

The Swedish Knee Arthroplasty Registry shows statistically significant patient satisfaction
in cases of patella resurfacing in 98% of about 27000 knees follow-up at 14 years. The Regis‐
try also shows that there is 1.27 risk ratio for unresurfaced patella to be revised. The Austral‐
ian National Joint Registry reveals the same risk ratio (1.25). We must be careful with these
numbers about unresurfaced patella being revised because our first option in front of a pa‐
tient with anterior knee pain an unresurfaced patella is to resurface it. However, more than
50% of patients are dissatisfied with revision for only patella component [27, 28]. What looks
evident from the different meta-analysis is that anterior knee pain is greater after non-resur‐
facing the patella, as well as patient dissatisfaction and increase revision rate. It looks posi‐
tive resurfacing the patella at primary surgery based on functional results [27]. Some
authors do not agree with this assertion and after an observational study from the Norwe‐
gian Arthroplasty Register they conclude that patella resurfacing has no clinical effect on
function or anterior knee pain, which is debatable [29]. The Norwegian Register finds a low‐
er risk of revision when the patella is resurfaced after a TKA although differences in rates of
revision surgery are not significant. But improvement in new prosthesis designs that have
substituted the older ones has been related to an increase in the survivorship of the knee
prosthesis in Norway [30].

In a prospective cohort study that compares resurfaced vs. non-resurfaced patella in 65 pa‐
tients that received bilateral total knee replacement, significant better scores were achieved
on the resurfaced side at final follow-up. Anterior knee pain was a complaint in 4 patients
on the non-resurfaced side and revision surgery was required in these patients. On the other
hand no revision was performed in the resurfaced side. The author concluded that better pa‐
tellofemoral functional outcomes, less anterior knee pain and lower rates of revision surgery
could be obtained after patella resurfacing [31].

Nowadays, it looks as two great groups of surgeons are completely established and divided
by a huge lake: the North American resurfacers and the European non-resurfacers, however
it is not possible to reach a conclusion about which alternative is better. But we can add an‐
other group whose select when to resurface the patella. Which are their criteria? How can
they determine which patients would need or not patellar resurfacing? The quality of the
cartilage and joint congruence can be parameters that aid in the determination of selective
patellar resurfacing [32, 33]. When could we advise not to resurface the patella? Park et al
remark that non-resurfaced patella is possible if the patient is a young one, the patella is
small and its cartilage is almost normal, the patient has no preoperative anterior pain and
bone quality is good [34]. If some surgeon decides not to resurface the patella it looks advis‐
able to remove osteophytes of the patella and carry a marginal electrocauterization. Selective
resurfacing of patellar bone with specific criteria and the used a patella-friendly implant can
be associated with satisfactory outcomes [34].

Reasons for resurfacing the patella are avoiding anterior knee pain, so reoperation rate can
be reduced, improve results in some patients with RA and improve functional outcomes as
going up stairs [35].
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The great majority of evidences and experiences are in favour of patellar resurfacing, so we
also recommend substituting the patella [36]. This surgical detail only add a short time (less
than 8 minutes) to the surgery and warrant less complains of anterior knee pain [35].

However patellar resurfacing no longer should be considered a mandatory step in TKAs.
We must consider femoral and patellar design before resurfacing patella as several authors
have reported nice results with patella non-resurfacing [37]. The importance of the femoral
design (patella-friendly component) is of maximum significance as coupling patella design
provides better anterior knee pain results and improved knee functions. Routine patellar re‐
placement in TKA cannot be defended when a coupling femoral component is available [37].
However, proper femoral component design is necessary in order to compare patellar resur‐
facing and non-resurfacing.

As we can see many features influence patellofemoral function after TKAs but surgical tech‐
nique is one the primary factors affecting patellar alignment [10], so we can conclude that
surgical technique and accurate placement of the implants are of crucial importance in patel‐
la resurfacing and a careful procedure improves outcomes.

Figure 1. Advanced-age patient suffered subluxation of the extensor mechanism due to a patella infera, after total
knee replacement. It was well tolerated; orthopedics measures were employed (a brace and avoiding activities that
aggravate instability)

The determination whether to resurface the patella or not is still nowadays controversial
[25]. Some trials have concluded there are no advantages in routine patellar resurfacing [38,
39] meanwhile other reports [40] and some meta-analyses [2-4] show less anterior knee pain,
better functional outcomes and lower rates of revision after patella resurfacing.
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We believe the ultimate result of the patella treatment in total knee replacement is multifac‐
torial and depend on patient factors (illness, previous pain, age, weight, BMI...), surgical
technique (features shown before), implant design (trochlear groove, tibial implant, patella
size and thickness) and above all a proper placement of the components.

However pain is the main reason why the patients seek for a TKA. They accept undergo this
procedure to alleviate pain and to restore as best function as possible. Literature reports bet‐
ter functional results and less pain after patellar resurfacing. It seems not fair to avoid patel‐
lar resurfacing for financial criterion or because longer surgical times. If extensor mechanical
problems are not as frequent as our series shows and look like these complications could be
an acceptable risk, why not to resurface the patella?

Figure 2. Frank dislocation of the patella who required revision surgery. Internal rotational alignment of the femoral
component made us to revise it, getting good functional outcome after surgery.
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Figure 3. Loosening of the patellar insert that required removing of the polyethylene. As quality of remaining bone
wasn’t good, no other all-polyethylene implant was placed

Figure 4. Two examples of fracture of the patella with loosening of the patella. The patients referred a previous trau‐
ma in both cases and revision surgery with extensor mechanism reconstruction was done.
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1. Introduction

Inflammatory or degenerative processes in glenohumeral joint lead to pain and restriction
of  movements  of  the  shoulder.  Prosthetic  replacement  of  the  glenohumeral  joint  has
gained in  popularity  because of  its  efficacy in  relieving pain.  The pioneering successful
prostheses for total shoulder arthroplasty (TSA) have been based on an unconstrained de‐
sign, i.e. a metal spherical head component fixed to a metal intramedullary stem articulat‐
ing  with  a  high-density  polyethylene  socket.  These  components  are  stabilized  in  the
adjacent bone using polymethylmethacrylate (PMMA) bone cement [1]. The most impor‐
tant  cause  for  failure  of  the  cemented  prostheses  is  related  to  the  glenoid  component,
with a 0.01-6% rate of loosening [2, 3, 4].

The long term survivorship data of the prosthesis developed by C. Neer for the cemented
total shoulder arthroplasty (TSA) show 87% fifteen year survivorship rate for Neer I & II ce‐
mented shoulder prostheses [5]. This implant has become the gold standard, against which
all the successive prosthetic designs are compared.

Further developments of TSA implants have been aimed at enhancing longevity by address‐
ing the following most critical issues: (1) Improving the incorporation of the glenoid compo‐
nent using a more "biological" type of fixation in order to reduce the rate of mechanical
loosening; (2) Designing a better glenoid component to achieve the lowest possible rate of
wear. But still the main cause of TSA failure has remained the aseptic loosening of the gle‐
noid component [6].

© 2013 Rosenberg et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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2. Aseptic loosening

Aseptic loosening of endoprostheses occurs as a result of immune rejection response to an
implanted foreign material. This response is enhanced when particles of polyethylene (from
the glenoid insert), metal (from the glenoid metal backplate and/or from humeral compo‐
nent) or from fixating PMMA are released due to a mechanically abnormal gliding of the
prosthesis. These particles, below 10µ in size, usually in 0.5-1.0µ range [7], induce local and
systemic recruitment of macrophages and osteoclasts [8], with subsequential generation of
reactive pseudomembrane and local lysis of the prosthesis-bone interface [9] (Figure 1). The
lysis of the fixation interface of the prosthesis causes its eventual loosening. Since in the TSA
prosthesis the glenoid component is exposed to the higher stresses and usually constructed,
at least partly, from polyethylene, it’s loaded surface is prone to wear and its surrounding is
exposed to the wear particles’ seeding. For this reason the immune rejection response is con‐
centrated mainly around the glenoid component.

Figure 1. Micrograph (scale 200μ, HE staining) of pseodocapsule retrieved from the surface of a failed prosthesis.
Characteristic foreign body reaction [10] is evident around areas of debris (*).

3. Mechanical considerations

The main cause of the wear of the glenoid component is its high loading by the eccentric
forces. The excessive eccentric forces are generated when the transverse axis of the implant‐
ed glenoid is situated in a position which is incompatible with normal anatomical version of
glenoid, e. g. between 20 of anteversion and 130 of retroversion [11]. This might happen
when the prosthesis is implanted in an arthritic joint with advanced erosion of the posterior
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glenoid. Therefore care should be taken to reshape the glenoid towards an anteverted sur‐
face, in the physiological range, prior to implantation of the glenoid component [12].

In the longitudinal axis the excessive eccentric forces are generated when the superior stabi‐
lization of the humeral head is insufficient, therefore in patients with massive tears of the
rotator cuff muscles an implantation of the glenoid component is contraindicated.

The full conformity between the TSA prosthesis components may also lead to an enhanced
stress on the globoid rim due to the loss of the humeral head translation, which is possible
in the normal shoulder joint, and as a consequence there is a higher risk for prosthetic loos‐
ening. [13,14]. The exact degree of optimal mismatch of the glenoid and the humeral head
radii is not known. Furthermore the suboptimal mismatch of the glenoid and humeral com‐
ponent curvature can lead to a considerable rate of polyethylene wear due to an uneven
force distribution between the components and a point loading and a point wear of the
polyethylene [14].

4. Material considerations

There are several unique issues in TSA that should be addressed in the prosthesis design.
First is a limited space and a limited bone stock for the glenoid component implantation.
Two main difficulties arise due to this limitation:

1. The fixation area of the glenoid component is limited, either for cemented or cementless
fixation. In order to increase fixation interface the glenoid components bear keels (cen‐
tral or in offset position), pegs (straight or tapered) and/or curved backsurface of the in‐
sert. It is not clear what type of fixation design is optimal for the cemented fixation [11].
There is some clinical evidence that a central tapered peg on a metal back-plate, covered
by hydroxyapatite for enhanced ossiointegration, and initially fixed by two screws,
might reduce loosening rate of glenoid component in cementless press fit fixation [15]
(Figure 2).

2. The polyethylene gliding surface is essential in most designs of the glenoid component.
The polyethylene surface should be at least 3 mm thick, preferably 4-6 mm thick, in or‐
der to diminish its wear following interaction with metal head of the humeral compo‐
nent [16]. This requirement prevents the versatile use of the cementless designs of a
glenoid component, because they require the use of a metal back-plate under the poly‐
ethylene insert, with essential limitation of the later thickness in order to prevent the
joint overstuffing. For this reason there is a high preference for use of all polyethylene
made glenoid components for cemented implantation. This type of design allows the
use of more thick polyethylene component, with lower wear rate. But the cemented fix‐
ation of this type of glenoid component might produce thermal mediated, adjacent to
the implant, bone necrosis while PMMA polymerization and therefore eventually an
enhanced loosening. Currently there is no clear information which of the fixation meth‐
ods of the glenoid component is clinically advantageous.
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Figure 2. An example of glenoid component for cementless implantation: a polyethylene insert mounted on a metal
back-plate with tapered peg covered by hydroxyapatite. The initial press fit fixation is enhanced by two screws. This
design showed improved survivorship rates.

5. Clinical signs of the glenoid component loosening

The clinical signs of the TSA prosthesis failure include an increased level of pain during fol‐
low-up, that appeared to be related to the implant, with restriction of external rotation to
under 20o and abduction to under 60o and/or newly developed radiolucency at the glenoid
component interface with the underlying bone, more than 2mm in width [17]. The recogni‐
tion of coexistence of both physical and radiographic signs is essential, since the isolated
finding of periprosthetic radiolucency, without pain or significant restriction of movements
of the shoulder, might not be of a high clinical importance (Figure 3). This consideration
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should be undertaken carefully in order to avoid unnecessary revision surgery. In all the
cases of suspected TSA prosthesis loosening a standard workup for possible periprosthetic
infection should be done in order to avoid a devastating misdiagnosis [18] (the discussion of
this topic is out of the scope of the present chapter).

Figure 3. A shoulder radiograph (anterior-posterior view) of 60 years old male patient, three years after cemented
TSA. Lucency is evident in the direct proximity to the glenoid component, but the patient is pain free and has good
range of movements of the operated shoulder, without any laboratory evidence of infection and is satisfied from the
function of the operated shoulder.
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6. Survivorship data of TSA prostheses with special emphasis on glenoid
loosening

In order to get a meaningful evaluation of the implanted prostheses longevity a powerful
statistical tool of survivorship analysis is used [19]. Because the relative complicity in this
method implementation, especially in defining the criteria for the “failure” of the implanted
prostheses, only few reports on survivorship data of TSA exist, mainly with the parameter
of a revision surgery as the indication of the failed prosthesis.

From the few reported survivorship data a short-term glenoid failure, requiring implant re‐
moval, reaches the rate of around 6% for cemented designs and 3% for cementless designs.
Overall the glenoid component failure is the cause of between 20% - 60% of all failed TSAs,
cemented or cementless (Table 1). Survivorship of TSA is the highest in patients with rheu‐
matoid arthritis and the lowest in patients implanted following trauma and fracture. The
reason is probably a lower demand for shoulder activity in the former group and expecta‐
tions for nearly normal function in the latter group of patients [20, 21, 22, 23].

Reference
Type of

prosthesis
No. of Patients Survivorship

End point

criteria

Glenoid

failure rate

Overall

failure rate

Tarchia et al

[21]

Neer I & II

cemented

113

[31=OA,

36=RA

12=2ary OA]

10years= 93%

15years= 87%

Revision – severe

pain, abd<90o,

ext rot<20o

7/113 14/113

Brenner et al

[23]

Neer II &

Gristina

cemented

51

[37=OA

14=RA]

11years= 75%

Severe pain,

radiographic

evidence of

component

loosening

3/51 6/51

Cofield [22]
Cofield

cementless

180

[110=OA

28=RA

30=2ary OA

12=revisions]

Not calculated Revision 5/180 12/180

Pfahler et al

[20]

Aequalis

cemented

705

[418=OA 107=RA

180=2ary OA]

Not calculated Revision 9/705 43/705

OA = osteoarthritis, RA = rheumatoid arthritis

Table 1. Long term survivorship data on cemented and the outcome of a large series of a cementless total shoulder
replacement prostheses.
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7. Treatment of loose glenoid

Surgical revision of failed glenoid should address several crucial factors. One of the main
factors for consideration is the preservation of an adequate bone stock following the compo‐
nent removal. This is essential if replantation is considered, otherwise the component resec‐
tion will be the definite procedure. Interestingly several authors reported that a resection of
the failed glenoid component without subsequential replantation of a new component might
cause a considerably favorable clinical outcome [24].

The second crucial factor is the preservation of adequate version of the remained glenoid in
order to avoid future eccentric loads on the replanted glenoid component.

These two factors can be achieved by bone grafting, autologous or by allograft, with addi‐
tional controlled reaming of the remained glenoid surface. The surgeon’s arsenal of glenoid
components for replantation includes parts for either cemented or cementless fixation, and
biological soft tissue allografts for biological resurfacing. Several reports support the use of
soft tissue allograft material, e.g. Achilles tendon, meniscus etc., for glenoid resurfacing in
revision surgery [25]. Finally the replantation of the glenoid component might be immedi‐
ate, during the revision surgery, or late, following initial bone grafting of cavitations and/ or
bone deficiencies in the treated glenoid. Since this type of surgery has no standard guide‐
lines because of the different patterns of the bone loss of the treated glenoids, a precise sur‐
gical protocol does not exist for this purpose and a lot of the decision making depends on
the surgeon’s experience and methodical preferences.

In order to avoid an extensive tissue damage during the glenoid revision surgery an arthro‐
scopic approach has been suggested and reported in a small number of published reports.
This method was popularized by O’Driscoll SW et al [26]. The authors used an arthroscopic
approach through the standard anterior and posterior portals, with addition of another ex‐
tended portal for the glenoid component remnants’ retrieval. This method is suitable only
for all-polyethylene components, because they should be cut in situ to at least 3 parts (by
diagonal cuts using an inserted through the portal osteotom) in order to retrieve pieces in
sizes which are compatible with the retrieval portal diameter. This method allows also a
subsequential bone grafting of the exposed glenoid undersurface by using metal impactors
which are inserted through the created portals [27]. This is a technically demanding techni‐
que, especially due to the optical interference, e.g. “mirror effect”, that is caused by the met‐
al humeral component head and due to the difficulty to control bleeding from the exposed
glenoid surface. But because of the appealing tissue preservation this method might gain
more widespread use in the future.

8. Prospective on the future improvement of the glenoid component
design

Two main issues should be considered when seeking the improvement of the TSA survivor‐
ship. First of all the currently used TSA methods have already reached a high, above 90%,
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middle and long term survivorship rate, leaving a small, but important margin for improve‐
ment [21]. Secondary it is clear that this margin for improvement is related to the glenoid
component design, since most of the failed TSAs are due to glenoid component failure.
There is an example supporting this claim, when following a change of the design of the gle‐
noid component a 10% increase in a short term survivorship of cementless TSA prosthesis
has been achieved [15].

Clearly the main changes in the glenoid component design should address the rate of wear
of this component and the efficiency of the component fixation. Therefore it is logical that
the prospective for improvement of these issues will be related to finding the articulating
surfaces generating less wear particles, even when subjected to excessive eccentric loading.
Probably improving the biological osseous integration into the glenoid component will
solve the complications of the current fixation either by the PMME or by the mechanical
press fit fixation techniques. Some indications of the efficiency of biological fixation of the
glenoid component have been already revealed in the devices coated by osteoconductive
material, such as hydroxyapatite.
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Peri-Prosthetic Joint Infection:
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1. Introduction

Total Joint Arthroplasty (TJA) is a safe and effective procedure that improves the quality of life
and restores function in most patients suffering from joint arthritis. Post-operative peri-prosthet‐
ic joint infections (PJI) are an uncommon and difficult complication of joint replacement surgery.

PJI affects 1-3% total joint replacements and is the most common indication for revision in total
knee arthroplasty (TKA) and third most common indication for revision total hip arthroplasty
(THA)[1-4]. PJI can be difficult to diagnose and can present at any time from the primary proce‐
dure[5, 6]. PJI is painful, disabling, costly and often requires multiple procedures[7], prolonged
periods of rehabilitation, antibiotic treatment and poor functional outcome. It places a considera‐
ble burden on hospital and surgeon resources with an estimated annual cost of infected revisions
in US hospitals increasing from $320 million in 2001 to $566 million in 2009, with a projected cost
exceeding $1.62 billion by 2020[8]. Consistent efforts at prevention are mandatory, and treatment
of infection requires appropriate assessment of its chronicity and causative factors, the status of
the wound and the overall health of the patient.

We will first provide an overview on peri-prosthetic joint infection and the possible risk fac‐
tors involved. Finally, we will provide an overview of the current evidence available in pre‐
venting, diagnosis and managing peri-prosthetic joint infection.

2. Pathophysiology

Peri-prosthetic joint infections are a result of an intricate interaction between the host, the
pathogen and the implant[9-11]. There is a multitude of host factors, ranging from medical
comorbidities to social economic status, which increase the risk of PJI[9, 10, 12-15].

© 2013 Gheiti and Mulhall; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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2.1. Host and environmental factors

Predisposing factors for PJI can be sub classified into preoperative, intraoperative and post‐
operative factors (Table 1). Preoperative predisposing factors include medical conditions
such as diabetes, inflammatory arthropathies, preoperative anemia, congestive heart disease
and chronic pulmonary disease to mention few[9, 10, 12, 14]. Intraoperative predisposing
factors include simultaneous bilateral joint arthroplasty, longer operative time, knee arthro‐
plasty, increased operating room traffic and contamination by the surgical team during
preparation and draping[12, 16-19].

Post-operative predisposing factors to PJI include immunosuppressive medications, allogen‐
ic blood transfusion, post-operative atrial fibrillation, myocardial infarction, urinary tract in‐
fection and longer hospital stay[9, 10, 12].

Peri-prosthetic  joint  infections are typically caused by microorganisms that  grow in bio‐
films[36].  Within  biofilms,  microorganisms in  a  polymetric  matrix  and develop into  or‐
ganized  complex  communities  resembling  a  multicellular  organism[37].  In  a  biofilm,
microbes are protected from antimicrobial agents and host immune responses. This may
be related to the reduced growth rate of biofilm microorganisms, which enter a station‐
ary phase of growth[38]. Different microbes have different interactions with the host and
the prosthetic. Some have specific adhesion molecules which help them adhere to the im‐
plant until a biofilm is formed, which is mediated in part by intracellular adhesion mole‐
cules[39].  Initially,  adherent  microorganisms  and  early  biofilms  are  relatively  unstable
and  still  susceptible  to  host  defense  and  antimicrobial  agents.  In  contrast,  mature  bio‐
films are more stable and resist  to elimination[40].  Furthermore,  implants  are devoid of
microcirculation, which is crucial for the immune system and antibiotics to interact with
microbes.  Implants  also  tend to  activate  neutrophils  which release  peptides  that  deacti‐
vate granulocytes, impairing the removal of microbes[41]. This effect on granulocytes re‐
duces  the  minimal  amount  of  microbes  that  are  required  to  cause  an  infection[41].
Inoculation of implants, not only occurs during the time of surgery, but can occur in the
presence of a bacteremia from any source in the human body during the entire lifetime
of the implant[42].

2.2. Microbial profile in PJI

A multitude of organisms mostly bacteria and fungi are reported to cause PJI (Table.2). The
most reported organisms responsible for PJI are Gram positive cocci, most commonly Staphy‐
lococcus Aureus and Staphylococcus Epidermidis as reported by various authors[12, 20, 22, 31,
43-45]. On certain occasions, Gram negative bacteria and Fungi can also be responsible for
periprosthetic joint infections[46, 47]. In a recent study published by Buller et al., Methicillin
Resistant Staph. Aureus (MRSA) and Methicillin Resistant Staph. Epidermidis (MRSE) account
for about 15.5% of all PJIs[20] and according to other studies up to 19% of PJIs can be poly
microbial[12, 22, 48]. These microorganisms can all be part of normal skin flora; hence, direct
inoculation at the time of the operation as well as airborne contamination are the most likely
causes of these infections.
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Predisposing Factors Studies

Preoperative

Male sex Buller et al.[20], Jämsen et al.[21]

Socioeconomic status Pulido et al.[12], Berbari et al.[22]

ASA > 2 Pulido et al.[12], Buller et al.[20], Bozic et al.[9], Saleh et al.[23],

Diabetes and elevated blood sugars Buller et al.[20], Bozic et al.[9], Jämsen et al.[24], Berbari et al[22].,

Saleh et al.[23]

Inflammatory Arthropathy Pulido et al.[12], Bozic et al.[9], Wilson et al.[10], Jämsen et al.[21] ,

Berbari et al.[22]

Immunosuppressant medication Wilson et al.[10], Berbari et al.[22], Saleh et al.[23]

Preoperative Anaemia Pulido et al.[12], Greenky et al.[14], Bozic et al.[9]

Poor Nutrition Berbari et al.[22]

Higher BMI Pulido et al.[12], Bozic et al.[9]

Other infected Joint Arthroplasty Buller et al.[20], Jafari et al.[15], Berbari et al.[22]

History of malignancy/metastasis Bozic et al.[9], Berbari et al.[22]

Skin ulcers/PVD Bozic et al.[9], Wilson et al.[10], Berbari et al.[22], Poss et al.[25]

Intraoperative

Knee arthroplasty Pulido et al.[12], Buller et al.[20]

Simultaneous bilateral Pulido et al.[12]

Longer operative time Pulido et al.[12], Muilwijk et al.[26], Ong et al.[27], Berbari et al.[22],

Saleh et al.[23]

No prophylactic antibiotic Fogelberg et al.[28], Pavel et al.[29], Meehan et al.[30], Al-Maiyah et

al.[31]

Cement with no antibiotics Hanssen AD.[32], Jämsen et al.[21]

Skin Preparation and Draping Johnson et al.[33], Katthagen et al.[16]

Contamination by operating room personnel Ayers et al.[34], Rao et al.[35]

Operating Room Traffic Panahi et al.[18]

Postoperative

Renal impairment Pulido et al.[12], Saleh et al.[23], Bozic et al.[9]

Allogenic blood transfusion Pulido et al.[12], Berbari et al.[22], Saleh et al.[23]

Myocardial Infarction Pulido et al.[12]

Atrial fibrillation Pulido et al.[12], Berbari et al.[22]

Urinary tract infection Pulido et al.[12], Wilson et al.[10], Poss et al.[25]

Haematoma Pulido et al.[12], Jämsen et al.[21], Berbari et al.[22], Saleh et al.[23]

Continuous wound discharge Pulido et al.[12], Jämsen et al.[21], Berbari et al.[22]

Prolonged Hospital stay Pulido et al,[12]. Berbari et al.[22]

Table 1. Predisposing factors to PJI
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Organism Study (number of cases)

Buller

et al

[342]

Mahmud

et al [250]

Romano

et al [71]

Pulido

et al

[63]

Berbari

et al [462]

Phillips

et al [75]

Al-Maiyah

et al [106]

Salvati

et al

[2330]

Staphylococcus

MRSA 13.5% 3.2% 31% 19%
22%

4%
6.6% 27.3%

MSSA 19.6% 16% 21.1% 19% 25%

MRSE 2%
21.2% 22.5% 11% 19% 36% 68.9% 27.8%

MSSE 19.9%

α-Hemolytic Streptococcus 3.8%

2.8% 5.6% 12.7% 9% 7%

0.7%

β-Hemolytic Streptococcus 6.1% 7.2%

γ-Hemolytic Streptococcus 4.1% 5.6%

Enterococcus 2.9% 5.6% 1.6% 1.2% 9% 4.5%

VRE 0.6%

Streptococcus milleri 0.6%

Peptostreptococcus 2.4% 2.8% 12.3%

Gram-positive rods

Corynebacterium 0.3% 1.4% 1.6% 0.6% 3.2%

Enterobacter 4.1% 1.6% 1%

Propionibacterium 2.9% 0.8% 2.8% 1% 1.7%

Gram negative

Escherichia coli 3.2% 1.2% 3.2% 4% 0.9% 5.5%

Haemophilus 0.3%

Citrobacter koseri 0.3% 0.1%

Klebsiella 1.2% 3.2% 3% 1.3%

Proteus mirabilis 2.0% 1.6% 3.1%

Pseudomonas 3.2% 0.8% 5.6% 1.6% 4% 1.9% 5.6%

Salmonella 0.9% 1% 0.3%

Serratia marcescens 0.3% 1.2% 1.4% 1.6% 0.3%

Bacteroides fragilis 0.3% 0.4% 0.5%

Yeasts

Candida 0.3% 0.2% 0.3%

Diphteroids 1% 9.4% 0.9%

Polymicrobial 0.02% 6.3% 19%

Culture negative 8.8% 27.2% 9.5% 12%

No Results 22.4%

MRSA: Methicillin Resistant Staph. aureus, MSSA: Methicillin Sensitive Staph. aureus, MRSE: Methicillin Resistant Staph.
epidermis. MSSE: Methicillin Sensitive Staph. epidermis.

Table 2. Percentage of microbes in PJI [12, 20, 22, 31, 43-45, 48]
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While, the patient’s endogenous flora is largely held accountable for surgical site infections,
the surgical team personnel and operating room environment may also contribute to dis‐
perse organisms[49] and increase the bacterial count[18, 50]. Members of the surgical team
who have direct contact with sterile field have been linked to outbreaks of unusual organ‐
ism such as Serratia Marcescens[51]. Even though anesthesiologists, are not directly involved
in the operative field, they perform a variety of procedures related to the operation and have
been associated with outbreaks of bloodstream and surgical site infections linked to the re‐
use of propofol vials and other deviations from acceptable protocols[52].

2.3. Classification of PJI

The classification of PJI is based on, either the type of pathogenesis or the time of clinical
manifestation. When PJI are classified according to the pathogenesis, inoculation of the sur‐
gical site occurs either exogenously or haematogenously[11]. Exogenous infection, are infec‐
tions that occur during surgery or in the early post-operative period, usually in the presence
of large hematomas. Haematogenous infections are acquired through the bloodstream at
any time after surgery. As discussed in section 2.1, it has been reported that implants impair
the immune defenses and decrease the minimal abscess-forming dose of Staph. aureus at
least 10 000 fold both in an animal and human model[53, 54]. Patients with prosthetic joints
have a reported risk of 30 - 40% for haematogenous device–associated infection during
Staph. aureus sepsis[13, 42]. Even though patients, are mostly susceptible to PJI early after
implantation, haematogenous infection can occur at any time after surgery.

More commonly, PJI is classified according to the time of clinical manifestation after total
joint replacement. This classification is divided into 4 stages or groups[11, 55, 56]:

• Stage I or Early post-operative infection, which present acutely within the first 4 to 8
weeks after the operation

• Stage II or Delayed onset PJI and occurs between the 3rd month up to 24 months after surgery

• Stage III or Late onset PJI usually occur after 2 years from the procedure, the presentation
is usually sudden in an otherwise well-functioning joint.

• Stage IV or Silent infection when a positive culture is found at time of revision without
any previous evidence of infection.

Early (Stage I), delayed (Stage II) and silent (Stage IV) infections are commonly exogenous,
while stage I infections are probably caused by virulent microorganisms such as Staph. aur‐
eus and Escherichia coli, Stage II and Stage IV are typically caused by low virulent bacteria
such as coagulase negative staphylococci and Propionbacterium acnes[56, 57]. Stage III or Late
onset PJI occur acutely in a well-functioning joint and are caused by haematogenous spread.
The most common primary focus of infection is from skin and soft tissue infections, but
seeding from urinary, respiratory, gastrointestinal tract and dental infections are also report‐
ed[58]. In a recent report by Sendi et al., 57.5% of cases with haematogenous PJI had no
source identified either because of primary bacteremia, or because the primary infection has
already healed by the time signs and symptoms of PJI present[13].
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Peptostreptococcus 2.4% 2.8% 12.3%
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Citrobacter koseri 0.3% 0.1%

Klebsiella 1.2% 3.2% 3% 1.3%

Proteus mirabilis 2.0% 1.6% 3.1%

Pseudomonas 3.2% 0.8% 5.6% 1.6% 4% 1.9% 5.6%
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MRSA: Methicillin Resistant Staph. aureus, MSSA: Methicillin Sensitive Staph. aureus, MRSE: Methicillin Resistant Staph.
epidermis. MSSE: Methicillin Sensitive Staph. epidermis.

Table 2. Percentage of microbes in PJI [12, 20, 22, 31, 43-45, 48]
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While, the patient’s endogenous flora is largely held accountable for surgical site infections,
the surgical team personnel and operating room environment may also contribute to dis‐
perse organisms[49] and increase the bacterial count[18, 50]. Members of the surgical team
who have direct contact with sterile field have been linked to outbreaks of unusual organ‐
ism such as Serratia Marcescens[51]. Even though anesthesiologists, are not directly involved
in the operative field, they perform a variety of procedures related to the operation and have
been associated with outbreaks of bloodstream and surgical site infections linked to the re‐
use of propofol vials and other deviations from acceptable protocols[52].

2.3. Classification of PJI

The classification of PJI is based on, either the type of pathogenesis or the time of clinical
manifestation. When PJI are classified according to the pathogenesis, inoculation of the sur‐
gical site occurs either exogenously or haematogenously[11]. Exogenous infection, are infec‐
tions that occur during surgery or in the early post-operative period, usually in the presence
of large hematomas. Haematogenous infections are acquired through the bloodstream at
any time after surgery. As discussed in section 2.1, it has been reported that implants impair
the immune defenses and decrease the minimal abscess-forming dose of Staph. aureus at
least 10 000 fold both in an animal and human model[53, 54]. Patients with prosthetic joints
have a reported risk of 30 - 40% for haematogenous device–associated infection during
Staph. aureus sepsis[13, 42]. Even though patients, are mostly susceptible to PJI early after
implantation, haematogenous infection can occur at any time after surgery.

More commonly, PJI is classified according to the time of clinical manifestation after total
joint replacement. This classification is divided into 4 stages or groups[11, 55, 56]:

• Stage I or Early post-operative infection, which present acutely within the first 4 to 8
weeks after the operation

• Stage II or Delayed onset PJI and occurs between the 3rd month up to 24 months after surgery

• Stage III or Late onset PJI usually occur after 2 years from the procedure, the presentation
is usually sudden in an otherwise well-functioning joint.

• Stage IV or Silent infection when a positive culture is found at time of revision without
any previous evidence of infection.

Early (Stage I), delayed (Stage II) and silent (Stage IV) infections are commonly exogenous,
while stage I infections are probably caused by virulent microorganisms such as Staph. aur‐
eus and Escherichia coli, Stage II and Stage IV are typically caused by low virulent bacteria
such as coagulase negative staphylococci and Propionbacterium acnes[56, 57]. Stage III or Late
onset PJI occur acutely in a well-functioning joint and are caused by haematogenous spread.
The most common primary focus of infection is from skin and soft tissue infections, but
seeding from urinary, respiratory, gastrointestinal tract and dental infections are also report‐
ed[58]. In a recent report by Sendi et al., 57.5% of cases with haematogenous PJI had no
source identified either because of primary bacteremia, or because the primary infection has
already healed by the time signs and symptoms of PJI present[13].
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2.4. Definition of PJI

The Musculoskeletal Infection Society (MSIS) have recently analyzed the available evi‐
denced and proposed a set of criteria to define peri-prosthetic joint infection.

Based on these criteria[59], a definite PJI exists when:

i. there is a sinus tract communicating with the prosthesis; or

ii. a pathogen is isolated by culture from 2 or more separate tissue or fluid samples
obtained from the affected prosthetic joint; or

iii. when 4 of the following 6 criteria exist;

a. elevated serum erythrocyte sedimentation rate and serum C-reactive protein
(CRP) concentration,

b. elevated synovial white blood cell count,

c. elevated synovial polymorphonuclear percentage(PMN%),

d. presence of purulence in the affected joint

e. isolation of a microorganism in one culture of periprosthetic tissue or fluid, or

f. greater than 5 neutrophils per high-power field in 5 high-power fields ob‐
served from histologic analysis of periprosthetic tissue at ×400magnification.

PJI may be present if less than 4 of these criteria re not met and that in certain infections
with low virulent organisms such as Propionibacetium acnes, several of these criteria may not
be routinely met despite the presence of PJI.

3. Prevention of PJI

Both the host and environmental factors described previously (Table. 1) can affect the risk
for developing PJI. An effective strategy in preventing PJI is to improve both host and envi‐
ronmental factors during the pre, intra and post-operative period (Table. 3).

There are a number of host factors that increase the risk of PJI including conditions such as
diabetes, inflammatory arthropathy, preoperative anaemia, poor nutrition and obesity to
mention a few(Table. 1). Patients who present for elective orthopaedics procedures are in
suboptimal health. Furthermore, the impact of various risk factors appears to be accumula‐
tive, such that each factor has an individual affect to increase the risk of infection and has a
synergistic potential on the risk conferred by other factors[60, 61]. Thus, identifying such
risk factors and addressing them in the preoperative setting is critical in reducing PJI and
other postoperative complication.
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Time Strategy

Preoperative

Early
Host

optimization

Improve Diabetic control

Treat possible site of infections

Improve possible Medical Comorbidities

Obesity + Improve Nutritional Status

Pre – operative anaemia

Smoke Cessation

MRSA screening

Day of

Surgery

Surgical Site

Optimization

Surgical Site Shaving

Skin decolonisation (CHG wipes/showers)

Intraoperative

Surgical factors

Prophylactic antibiotics

Skin Preparation

Draping

Bleeding Control

Antibiotic impregnated cement

Skin Closure

Wound Dressing

Surgical team

Decolonization: Surgical scrubbing/rubbing

Impermeable Gowns/PPS

Double Gloving

OR environment
Operating Room Traffic

Laminar Airflow

Post-operative
Immediate

Antibiotics for 24 hours

Wound management

Blood Transfusion only where indicated

Management of medical complications

Late Antibiotic prophylaxis before invasive procedures

CHG: Chlorhexadine Gluconate, OR: Operating Room, PPS: Personal Protection System, MRSA: Methicillin Resistant
Staph. aureus Adopted from Matar et al. Preventing infection in total joint arthroplasty. J Bone Joint Surg Am. 2010;92
Suppl 2:36-46. Epub 2010/12/09.

Table 3. Preoperative, Intraoperative and Post-operative Strategies in preventing PJI
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3.1. Pre-operative period

3.1.1. Health optimization

Pre-operative optimization of health is of crucial importance to ensure a satisfactory out‐
come following total joint arthroplasty. ASA scores >2, diabetes and rheumatoid arthritis
among several factors have been associated with increased rates of perioperative complica‐
tions and PJI after total joint arthroplasty[9, 12, 20, 21, 24]. Lei et al. and Malinzak et al. have
both reported that diabetes and the total number of comorbidities were associated with a
higher risk of infection and that medical conditions have a synergistic effect on the risk of
developing a PJI[60, 62].

Prior to total joint arthroplasty, all patients should be assessed and managed in a multidisci‐
plinary pre-assessment clinic to optimize their general health. These have been shown to
significantly reduce both the post-operative mortality and costs per admission in orthopae‐
dic surgery[63]. Pre Assessment Clinics (PAC), focus on optimizing the host health in the
preoperative period such as improving nutritional status, optimizing diabetic control, car‐
diac and respiratory comorbidities and screening for possible source of infection and MRSA
decolonization. In our institution, all patients are assessed in the pre assessment clinic by a
consultant anesthesiologist, specialist nurse, nutritionist and physiotherapist, and if necessa‐
ry further consultation with other medical specialists such as cardiologist, rheumatologist or
neurologists is available to optimize the patients’ health preoperatively. The anesthetic con‐
sultant also follows the patient during hospitalization and during the post-operative period
whenever possible.

3.1.2. Bacterial decolonization

The Centre for Disease Control (CDC) guidelines for prevention of surgical site infection
(SSIs)  has strongly recommended that patients require to shower or bathe with an anti‐
septic  agent  on  at  least  the  night  before  the  operative  day  in  order  to  reduce  bacterial
load[64].  While  whole body bathing with antiseptic  has been shown to reduce bacterial
load of the skin as well as reducing the risk of infections[35, 65-67], it presents challeng‐
es in achieving entire body coverage and in maintaining sufficiently high concentrations
of solution on the skin for effective antisepsis[68]. Further more patient compliance with
these protocols is an issue[69]. Recent studies have addressed the effectiveness of preop‐
erative protocols with chlorhexidine gluconate (CHG) applied twice daily by patients at
home before their  joint  replacement[33,  70]  and one study reported reduction in SSI  in‐
fection from 3.19% to 1.59% after  the introduction of  2% CHG in place of  povidone io‐
dine antiseptic[71]. Based on the results of these studies, home skin preparation seems to
be a simple and cost effective technique in reducing PJI but patient compliance is an is‐
sue and further randomized control trials are required to fully understand the effect  on
preventing PJI.
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3.1.3. Prophylactic antibiotics

The benefits of prophylactic antibiotics have been widely reported in orthopaedic literature
[28-30, 72]. In 1970, Foldberg et al. compared a group treated prophylactically with penicillin
given preoperatively, intraoperatively and up to 5 days post operatively, with a control
group not treated with antibiotics; both groups underwent a mixture of mold arthroplasties
and spinal fusions[28]. The prevalence of infections was 1.7% in the treated group while
8.9% in the control group[28]. Furthermore during the period of the study these authors
have noticed an increase in the prevalence of MRSA in all major orthopaedic wound infec‐
tions, which demonstrates a delicate balance between the use and overuse of antibiotics in
the prevention and treatment of infections.

The most common organisms responsible for PJI have been already discussed in section 2.2,
and prophylactic antibiotics are targeted to cover this spectrum of organisms. Cefazolin and
cefuroxamine are the antibiotics of choice because of their good tissue penetration and excel‐
lent activity against Staphylococci and Streptococci. The American Association of Orthopae‐
dic Surgeons (AAOS) published guidelines regarding prophylactic choice, dosing and
optimal postoperative duration[61]. The AAOS recommendations for the use of intravenous
antibiotic prophylaxis are as follows:

• Recommendation 1: The antibiotic used for prophylaxis should be selected carefully, con‐
sistent with current recommendations in the literature, taking into account the issue of re‐
sistance and patient allergies. Currently, cefazolin and cefuroxamine are the preferred
antibiotics for patients undergoing orthopaedic procedures. Clindamycin and vancomy‐
cin may be used in patients with known β-lactam allergy. Vancomycin may be used in
patients with known colonization with MRSA or in facilities with recent MRSA outbreaks.
In multiple studies, exposure to vancomycin is reported as a risk in the development of
vancomycin resistant enterococcus (VRE) colonization and infection. Vancomycin should
be reserved fir the treatment of serious infection with β-lactam resistant organisms or for
treatment of infection in patients with life threatening allergy to β-lactam antimicrobials.

• Recommendation 2: Timing and dosage of antibiotics administration should optimize the
efficiency of the therapy. Prophylactic antibiotics should be administered within 1 hour be‐
fore skin incision. Owing to an extended infusion time, vancomycin should be started
within 2 hours before incision. If a proximal tourniquet is used, the antibiotic must be
completely infused before the inflation of the tourniquet. Dose amount should be propor‐
tional to the patients’ weight; for patients who weigh more than 80Kg, Cefazolin dose
should be doubled. Additional intraoperative doses of antibiotics are advised is [1] the
duration of the procedure exceeds one to two tines the antibiotic’s half-life or [2] there is
significant blood loss during the procedure. The general guidelines for frequency of intra‐
operative antibiotic administration are as follows: cefazolin every 2-5 hours, cefuroxamine
every 2-4 hours, clindamycin every 2-6 hours and vancomycin every 6-12 hours.

• Recommendation 3: Duration of prophylactic antibiotic administration should not exceed
the 24 hour postoperative period. Prophylactic antibiotics should be discontinued within 24
hours of the end of surgery. The medical literature does not support the continuation of
antibiotics until all drains or catheters are removed and provides no evidence of benefit
when they are continued past the 24 hours.
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3.2. Intra-operative period

3.2.1. Pre-operative hair removal

Pre-operative hair removal is of common practice, and a meta-analysis by the Cochrane group
showed that the relative risk of surgical site infection following hair removal with a razor was
significantly higher than that following hair removal with clippers, but there was no difference
reported in the rate of post-operative infections between procedures preceded by hair removal
and those performed without hair removal[73]. It is recommended that whenever hair is re‐
moved clippers rather than a razor should be used at the time of surgery[73].

3.2.2. Pre-operative skin preparation

3.2.2.1. Patients

Three main types of skin antiseptic agents are used; mainly chlorohexidine gluconate (CHG),
alcohol based solutions and povidone-iodine. Chlorohexidine is favored due to its long lasting
and cumulative activity against gram-positive and gram negative organisms found on human
flora. Povidone iodine it is also effective in reducing skin flora but in becomes ineffective on
contact with blood and duration of activity is shorter the CHG. Alcohol is an excellent antimi‐
crobial but its effectiveness is limited by the lack of any residual activity after drying and the
risk of flammability. A Cochrane meta-analysis carried out in 2004 showed no difference in ef‐
ficiency among skin antiseptics used in clean surgery[74]. Recent studies strongly suggest that
CHG combined with alcohol is superior to povidone-iodine combined with alcohol in antisep‐
sis for patients[75-77]. Ostrander et al. reported reduced bacterial count on feet prepared with
Chloraprep (2% CHG and 70% isopropyl alcohol; Medi-Flex, Overland Park, Kansas) than on
those prepared with Duraprep (0.7% iodin and 74% isopropyl alcohol; 3M Healthcare, St. Paul,
Minnesota) or Techni-Care[3.0% chloroxylenol; Care-Tech Laboratories, St. Louis, Missouri)
but there was no difference in infection rates among the 3 groups[77].

3.2.2.2. Surgeon

Antiseptic agents for surgeons can be classified into hand scrubs agents and hand rub
agents. Hand scrubs are typically solutions of CHG or povidone-iodine while hand rubs are
typically alcohol based solutions. Most data indicates that povidone–iodine and CHG have
equal efficacy in decreasing bacterial colony forming units from the skin of surgeons; fur‐
thermore no difference was found between hand rubs and hand scrub solutions[78, 79].
Some studies report better cost effectiveness of alcoholic hand rub by saving on water con‐
sumption and better physician compliance [78].

3.2.3. Draping

There is strong evidence in the literature for the use of plastic surgical adhesive tapes and
nonpermeable paper drapes for surgical site draping [16, 80-83]. Nonpermeable drapes are
used to prevent bacterial penetration during surgery, which was found to increase when tra‐
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ditional cloth drapes got wet[80]. Iobhan iodophor-impregnated drapes (3M Health Care)
have been shown a reduction in wound contamination without any decrease in wound in‐
fection rate after total joint arthroplasty[84]. In their review of 4 000 patients in seven differ‐
ent trials, the Cochrane Wounds Group, found no evidence that adhesive drapes (plain or
impregnated with antimicrobials) reduce surgical site infection rates[85].

3.2.4. Double gloving

Sterile surgical gloves aim to protect the patient from contamination from residual bacteria
from members of the surgical team after hand scrubbing and protect the surgical team from
the patient’s body fluids[86]. Double gloving has been recommended because it has been
shown that it reduces perforations in the innermost glove especially in orthopaedic proce‐
dures where sharp surfaces are easily formed[86-88]. Beldame et al. have reported that, 80%
of glove perforations occur during surgical incision and changing the outer glove after sur‐
gical incision and before implantation of the prosthesis can reduce the risk of contamination
and perforation and resulted in a sterile state in 80% of cases[89].

3.2.5. Laminar flow, operating room traffic and personal protection system

Operating theatres are designed to reduce bacterial exposure to patients during surgery.
Vertical laminar airflow (LAF) provides directional airflow through a higher efficiency par‐
ticulate air (HEPA) filters and positive air pressure within the surgical field. Multiple stud‐
ies have reported reduced PJI rates with LAF[17, 90-92]. Brandt et al. reported no benefit
from using LAF, and it was even associated with increased risk of surgical site infection af‐
ter total hip arthroplasty. A recent systematic review on SSI following hip and knee arthro‐
plasty included 8 studies over the past 10 years and showed no improvement on PJI rates
and recommends against the installation of LAF systems in new operating theatres[93].

The opening of the operating room door disrupts the laminar airflow, allowing pathogens to
enter the space surrounding the site of the operation with increased risk of PJI[17, 94, 95].
Panahi et al. have reported a mean rate of 0.69 door opening per minute for primary and
0.84 openings per minute for revision total joint arthroplasty. Only 8% of the traffic was de‐
termined to be due to scrubbing in and out, demonstrating a high rate of unjustifiable traffic,
the authors further advise to implement strategies in reducing operating room traffic in an
attempt to decrease one etiology of PJI[18].

The human exhaust system or personal protection system (PPS) was initially introduced by
Sir J Charnley in the 1960s and designed to decrease airborne bacteria and intraoperative
contamination in total joint arthroplasty[96]. No uniform opinion exists with regard to the
use of PPS and the incidence of PJI[97-101]. One of the main issues with PPS is that, they are
bulky and tend to get contaminated. In a recent study, Kearns et al. have reported that 53
out of 102 PPS tested were contaminated with staphylococcus and one with MRSA, which
means that the PPS does not remain externally sterile in half of the cases[19]. These authors
recommend refraining from touching the PPS during surgery and the need to change gloves
if hand contact with the PPS occurs[19].
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crobial but its effectiveness is limited by the lack of any residual activity after drying and the
risk of flammability. A Cochrane meta-analysis carried out in 2004 showed no difference in ef‐
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CHG combined with alcohol is superior to povidone-iodine combined with alcohol in antisep‐
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Some studies report better cost effectiveness of alcoholic hand rub by saving on water con‐
sumption and better physician compliance [78].
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There is strong evidence in the literature for the use of plastic surgical adhesive tapes and
nonpermeable paper drapes for surgical site draping [16, 80-83]. Nonpermeable drapes are
used to prevent bacterial penetration during surgery, which was found to increase when tra‐
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ditional cloth drapes got wet[80]. Iobhan iodophor-impregnated drapes (3M Health Care)
have been shown a reduction in wound contamination without any decrease in wound in‐
fection rate after total joint arthroplasty[84]. In their review of 4 000 patients in seven differ‐
ent trials, the Cochrane Wounds Group, found no evidence that adhesive drapes (plain or
impregnated with antimicrobials) reduce surgical site infection rates[85].

3.2.4. Double gloving

Sterile surgical gloves aim to protect the patient from contamination from residual bacteria
from members of the surgical team after hand scrubbing and protect the surgical team from
the patient’s body fluids[86]. Double gloving has been recommended because it has been
shown that it reduces perforations in the innermost glove especially in orthopaedic proce‐
dures where sharp surfaces are easily formed[86-88]. Beldame et al. have reported that, 80%
of glove perforations occur during surgical incision and changing the outer glove after sur‐
gical incision and before implantation of the prosthesis can reduce the risk of contamination
and perforation and resulted in a sterile state in 80% of cases[89].

3.2.5. Laminar flow, operating room traffic and personal protection system

Operating theatres are designed to reduce bacterial exposure to patients during surgery.
Vertical laminar airflow (LAF) provides directional airflow through a higher efficiency par‐
ticulate air (HEPA) filters and positive air pressure within the surgical field. Multiple stud‐
ies have reported reduced PJI rates with LAF[17, 90-92]. Brandt et al. reported no benefit
from using LAF, and it was even associated with increased risk of surgical site infection af‐
ter total hip arthroplasty. A recent systematic review on SSI following hip and knee arthro‐
plasty included 8 studies over the past 10 years and showed no improvement on PJI rates
and recommends against the installation of LAF systems in new operating theatres[93].

The opening of the operating room door disrupts the laminar airflow, allowing pathogens to
enter the space surrounding the site of the operation with increased risk of PJI[17, 94, 95].
Panahi et al. have reported a mean rate of 0.69 door opening per minute for primary and
0.84 openings per minute for revision total joint arthroplasty. Only 8% of the traffic was de‐
termined to be due to scrubbing in and out, demonstrating a high rate of unjustifiable traffic,
the authors further advise to implement strategies in reducing operating room traffic in an
attempt to decrease one etiology of PJI[18].

The human exhaust system or personal protection system (PPS) was initially introduced by
Sir J Charnley in the 1960s and designed to decrease airborne bacteria and intraoperative
contamination in total joint arthroplasty[96]. No uniform opinion exists with regard to the
use of PPS and the incidence of PJI[97-101]. One of the main issues with PPS is that, they are
bulky and tend to get contaminated. In a recent study, Kearns et al. have reported that 53
out of 102 PPS tested were contaminated with staphylococcus and one with MRSA, which
means that the PPS does not remain externally sterile in half of the cases[19]. These authors
recommend refraining from touching the PPS during surgery and the need to change gloves
if hand contact with the PPS occurs[19].
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3.2.6. Operative time

Long operative times have been found to increase the risk for PJI after total joint arthroplas‐
ty[27, 102, 103]. From a cohort of 9245 patients undergoing total joint arthroplasty, Pulido et
al reported longer operative time as a predisposing factor for PJI, a finding which is also
supported Kurtz et al. and Peersman et al[104, 105]. Furthermore, surgeons volume seems to
be inversely proportional to the rate of infection, were the higher the surgeon volume the
lower the rate of infection, but this was only found to be statistically significant after total
knee arthroplasty[26].

3.2.7. Addition of antibiotics to cement

In recent years antibiotic impregnated cement has become a standard for use in cemented
primary arthroplasty. According to recent studies, the rate of PJI was lower when a combi‐
nation of intravenous antibiotic prophylaxis and antibiotic impregnated cement was used
for primary cemented arthroplasty[21, 106]. Antibiotic impregnated cement seems to be of
particular use in the revision setting[107-109]. Nevertheless there is strong evidence to sup‐
port the efficiency of combined regime of prophylactic antibiotic and cement impregnated
antibiotic when compared to prophylactic antibiotic only in patients with other risk factors
for PJI[32, 110, 111].

3.2.8. Wound closure and surgical dressing

Various methods of skin closure are used in arthroplasty surgery, ranging from skin staples,
subcuticular closure with absorbable suture and recently the use of knotless barbed sutures.
A recent meta-analysis by Smith et al. reported that closure with skin staples had a signifi‐
cant risk of wound infection when compared to traditional suturing, but out of the six stud‐
ies reviewed only one study had acceptable methodology[112]. Newman et al has reviewed
181 patients after total knee arthroplasty and reported significant fewer complications after
closure with skin staples when compared with absorbable subcuticular sutures[113]. A pro‐
spective randomized control trial comparing staples to subcuticular absorbable suture and
tissue adhesives after TKA, showed highest superficial infection rate for subcuticular suture
(26%) and the lowest for skin staples (5%), although none of them required any treatment
with antibiotics[114]. Furthermore, staple based wound closure was fastest and the least ex‐
pensive after TKA but had the longest hospital stay when compared to the other meth‐
ods[114]. Recently there has been increased interest in knotless barbed sutures for wound
closure after total joint arthroplasty[115-117]. Most studies reported faster closure times for
the barbed sutures when compared to traditional methods[116, 117]. Patell et al. have re‐
ported a significant increase risk of major wound complications especially after TKA, when
barbed sutures (4.3%) were used compared to staples 1.1% and standard absorbable subcu‐
ticular closure (4.2%)[115]. However, debate still exists on which is the optimal method of
closure.

Surgical technique with careful tissue handling and wound closure is important in wound
healing, as well as the type of dressing that is applied postoperatively[118, 119]. Wound
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dressing assist with healing by acting as a physical barrier to bacteria, splinting the wound
to protect it from subsequent injury, helping with haemostasis, reducing dead space and
minimizing pain. The use of occlusive dressings is well known to improve re-epithelisation
and subsequent collagen synthesis when compared to wound exposed to air[120, 121]. In a
recent Cochrane review, Dumville et al. reported no evidence to suggest that one dressing is
better than any other in preventing surgical site infection and advised that the choice of
dressing should be based on costs and the need for management of specific symptoms[122].
After total joint arthroplasty, a hydrofiber/hydrocolloid dressing using the jubilee method
has been shown to reduce the rate of blister formation but no significant reduction in surgi‐
cal site infection[118]. Burke et al. have carried out a prospective randomized study compar‐
ing the jubilee dressing method with standard adhesive dressing after total joint
arthroplasty and reported a significant reduction in blister formation, leakage and dressing
changes in the group treated with the jubilee method but no significant reduction in SSI. The
authors of this study recommend the use of the hydrofiber/hydrocolloid dressing combina‐
tion after total joint arthroplasty due to the associated lower complication rate[123].

3.3. Post-operative period

Most medical complications in the post-operative period have been to increased rates of PJI,
mainly elevated blood creatinine levels, allogenic blood transfusion, myocardial infarction,
atrial fibrillation and urinary tract infections[9, 10, 12, 21, 22, 25]. Adequate hydration is crit‐
ical in post-operative period and allogenic blood transfusion is indicated in the presence of
symptomatic anaemia, a haemoglobin level <8g/dL, or when it is medically indicated[124].
Control and monitoring of blood sugar levels is important in diabetic patients and should
follow the same principles used in the preoperative period. Persistent wound drainage has
been has been found as a contributing factor in the development of PJI[12, 21, 22], however
there is little or no supportive evidence for the continues use of antibiotics[61] or antimicro‐
bial impregnated dressings[122]. Furthermore, post-operative complication can result in de‐
layed rehabilitation after a total joint arthroplasty with resultant delay in discharge from
hospital, which has been reported by various studies as a risk factor for the development of
PJI[12, 22].

4. Diagnosing PJI

Currently there is no diagnostic modality, which is 100% reliable in diagnosis PJI. An assess‐
ment using a combination of clinical findings and investigations is necessary.

4.1. Clinical

A careful history and physical examination are crucial in making a diagnosis of PJI. Al‐
though the diagnosis of early postoperative or acute haematogenous infection is not diffi‐
cult, late infections can be challenging to distinguish from other causes of pain in a patient
with previous total joint arthroplasty. Clinically, early or acute infections are characterized
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by pain, fever, wound drainage or erythema. While the only feature of chronic infection, can
be pain unrelieved by a seemingly well-functioning arthroplasty. Loosening during the first
year post implantation or a consistently painful arthroplasty should be considered infected
until proven otherwise.

4.2. Diagnostic investigations

4.2.1. Serology

Erythrocyte Sedimentation Rate (ESR) and C-Reactive Protein (CRP) are baseline screening
tests for any patient planned for revision arthroplasty regardless of the cause of failure[5].
Diagnostic value of ESR and CRP has been widely reported, and their combined use is a
very good ‘rule out’ test [125, 126]. When both ESR and CRP are negative, periprosthetic in‐
fection is unlikely, however when both tests are positive PJI must be considered, and this
warrants further investigations [5]. Ghanem et al. have reported that values higher than an
ESR of 30 mm/h and CRP 10 mg/l combined to gather had 97.6% sensitivity for a positive
diagnosis of PJI[127].

A full blood count including a white blood cell (WBC) count is part of the routine workout
for patients with suspected PJI, however recent evidence suggests that serum WBC and dif‐
ferential carries a very low sensitivity (55% and 52% respectively) and specificity (66% and
75% respectively)[128]. Accordingly, routine serum WBC count and differential have no role
in the diagnosis of PJI..

4.2.2. Joint aspiration

Joint  aspiration  is  recommended  as  part  of  the  work  up  in  diagnosing  PJI  in  patients
with combined elevation of ESR and CRP levels in the hip and elevation of ESR and/or
CRP levels in the knee joint[5]. Joint aspiration is usually carried out under sterile condi‐
tions,  and synovial  fluid  should be  for  culture  and sensitivity,  WBC count  and neutro‐
phil percentage. Some patients with abnormal ESR and CRP may require more than one
aspiration. A WBC count higher than 1700 cell/µl or a neutrophil percentage greater than
65% is  highly  suggestive  of  chronic  PJI,  however  these  values  are  not  applicable  when
diagnosis acute PJI[129, 130]

4.2.3. Imaging studies

Imaging studies such as plain radiographs, computed tomography (CT) or magnetic reso‐
nance imaging (MRI) scans are useful in sub classifying patient into high and low probabili‐
ty of PJI. Radiolucent lines, focal osteolysis, periosteal bone formation or early loosening
may all suggest PJI[131], however differentiating between PJI and aseptic loosening may not
be possible using imaging modalities on their own. Nuclear scintigraphy detects inflamma‐
tion in peri-prosthetic tissue, and although technetium-99m bone scintigraphy has very high
sensitivity, it lacks specificity for infection[132]. A technetium bone scan can remain positive
more than a year after implantation because of increased periprosthetic bone remodelling.
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Love et al. reported increased sensitivity (96%), specificity (87%) and accuracy (91%) when a
leukocyte/marrow scintigraphy was used to identify PJI. The test was significantly more ac‐
curate than bone (50%), bone/gallium (66%) and leuckocyte/bone (70%) scintigraphy in diag‐
nosing PJI[133]. It seems that a Leukocyte/marrow scintigraphy will remain the procedure of
choice in diagnosing PJI until agents capable of differentiating infection from aseptic inflam‐
mation are developed[133].

Figure 1. Plain AnteroPosterior and Lateral Radiographs showing focal areas of osteolysis, suspicious of PJI.

4.2.4. Intraoperative techniques

Various techniques can be used intraoperatively during revision arthroplasty to diagnose in‐
fection. These techniques include synovial fluid biomarkers, cultures and frozen sections.

4.2.4.1. Cultures and Gram stain

Cultures of periprosthetic tissues provide the most reliable means of detecting that pathogen
and are often used as a reference standard in diagnosing PJI. Multiple samples should be
taken at the time of the procedure from various regions, at least 3 samples for culture are
recommended[134-136]. Cultures may be negative because prior antibiotic exposure, low
number of organisms, an inappropriate culture medium, fastidious organisms or prolonged
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transport time to the laboratory[11]. Grams stains have high specificity (97%) but extreme
low sensitivity (less than 26%)[137, 138]. The AAOS guidelines recommend against the rou‐
tine use of intraoperative gram stain for the diagnosis of PJI[5].

4.2.4.2. Frozen sections

A meta-analysis by Della Valle et al reported that frozen sections are very good in ruling in
but have low value in ruling out and infection[5]. These studies have more than 80% sensi‐
tivity and more than 90% specificity, but they also have high interobserver variability. The
degree of inflammatory cells infiltrations varies among specimens from the same patient,
sometimes even within individual tissue samples[11].

4.2.4.3. Synovial fluid biomarkers

Synovial fluid can used to analyse for various biomarkers such as leukocyte esterase, syno‐
vial CRP and white blood cell count, interleukin 6 (IL-6) and interleukin 8 (IL-8). Leukocyte
esterase is an enzyme secreted by activated neutrophils that migrate at the site of infections.
This enzyme is usually found on colorimetric dipsticks to diagnose urinary tract infections.
Potential advantages of this diagnostic tool include wide availability, low cost and potential
of an accurate diagnosis within minutes. Parvizi et al. have initially reported preliminary da‐
ta on using leukocyte esterase as a diagnostic tool. These authors reported 80.6% sensitivity
and 100% specificity in diagnosing PJI, with 100% positive predictive value and 93.3% nega‐
tive predictive value[139]. Wetters et al also reported similar results when they used leuko‐
cyte esterase for diagnosis PJI[140]. In both studies, the leukocyte esterase strip was
unreadable in on third off cases due to synovial blood or debris. Even though, these results
are promising, both of these studies have their limitations in the methodology used, and fur‐
ther on, none of studies identifies whether the leukocyte esterase strip is able to differentiate
between inflammation and infection.

Measurement of synovial CRP has been shown to be a sensitive (85%) and specific (95%)
marker in diagnosis PJI[141, 142]. Recent studies report IL-6 levels to be more accurate in
diagnosis PJI than ESR, CRP level, or synovial fluid WBC count and can be useful in diagno‐
sis of PJI in patients with confounding systemic variables. Jacovides et al. have also reported
higher specificity and sensitivity for both IL-6 (100% and 87.1%) and IL-8 (97.7% and 90.3%)
when compared to synovial CRP (97.7% and 87.1%)[143]. Based on these studies synovial
fluid biomarkers could provide an additional valuable resource for the diagnosis of PJI, but
further studies are required.

4.3. AAOS guidelines

The American Academy of Orthopaedic Surgeons (AAOS), based on the current clinical evi‐
dence, has proposed clinical guidelines in the diagnosis of peri-prosthetic joint infec‐
tion[144]. On the bases of the clinical features, the patients are classified into those who have
a high or low probability of PJI (Table 4). The guidelines consist of 15 recommendations,
with the majority being supported strongly in the literature. The guidelines advocate an al‐
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gorithmic approach to the diagnosis of PJI, beginning with baseline investigations such the
Erythrocyte Sedimentation Rate (ESR) and the C Reactive Protein (CRP) that carry high sen‐
sitivity and specificity when combined together[125, 126].

Higher Probability of

Infection

One or more symptoms, AND at least one or more:

• risk factor* OR

• physical exam finding; OR

• early implant loosening/osteolysis (as detected by x-ray)

Lower Probability of

Infection

Pain or joint stiffness only and none of the following:

• risk factors;* OR

• physical exam findings; OR

• early implant loosening/osteolysis (as detected by x-ray)

*risk factor supported by evidence or expert opinion. Adopted from the AAOS clinical practice guidelines for the diag‐
nosis of periprosthetic infections[144]

Table 4. Stratification of patients into High or low probability of infection[144]

Further investigations, such as joint aspiration, are recommended in a stepwise manner de‐
pending on the ESR and CRP levels. The AAOS clinical guidelines and algorithms for the
diagnosis peri-prosthetic infections, are available free to download from http://
www.aaos.org/research/guidelines/guide.asp.

5. Management of PJI

The management of total joint arthroplasty consists of one or more of the following techni‐
ques:

i. Antibiotic therapy

ii. Debridement and Irrigation of the joint with component retention or linear ex‐
change

iii. Single Stage Revision Arthroplasty (SSRA)

iv. Two Stage Revision Arthroplasty (TSRA)

v. Arthrodesis

vi. Amputation

Management decisions are made on severity, chronicity of the infection, virulence of the in‐
fecting organism, status of surrounding soft tissue and physiological status of the patient.
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diagnosis PJI than ESR, CRP level, or synovial fluid WBC count and can be useful in diagno‐
sis of PJI in patients with confounding systemic variables. Jacovides et al. have also reported
higher specificity and sensitivity for both IL-6 (100% and 87.1%) and IL-8 (97.7% and 90.3%)
when compared to synovial CRP (97.7% and 87.1%)[143]. Based on these studies synovial
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4.3. AAOS guidelines

The American Academy of Orthopaedic Surgeons (AAOS), based on the current clinical evi‐
dence, has proposed clinical guidelines in the diagnosis of peri-prosthetic joint infec‐
tion[144]. On the bases of the clinical features, the patients are classified into those who have
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gorithmic approach to the diagnosis of PJI, beginning with baseline investigations such the
Erythrocyte Sedimentation Rate (ESR) and the C Reactive Protein (CRP) that carry high sen‐
sitivity and specificity when combined together[125, 126].

Higher Probability of

Infection

One or more symptoms, AND at least one or more:

• risk factor* OR

• physical exam finding; OR

• early implant loosening/osteolysis (as detected by x-ray)

Lower Probability of

Infection

Pain or joint stiffness only and none of the following:

• risk factors;* OR

• physical exam findings; OR

• early implant loosening/osteolysis (as detected by x-ray)

*risk factor supported by evidence or expert opinion. Adopted from the AAOS clinical practice guidelines for the diag‐
nosis of periprosthetic infections[144]

Table 4. Stratification of patients into High or low probability of infection[144]

Further investigations, such as joint aspiration, are recommended in a stepwise manner de‐
pending on the ESR and CRP levels. The AAOS clinical guidelines and algorithms for the
diagnosis peri-prosthetic infections, are available free to download from http://
www.aaos.org/research/guidelines/guide.asp.

5. Management of PJI

The management of total joint arthroplasty consists of one or more of the following techni‐
ques:

i. Antibiotic therapy

ii. Debridement and Irrigation of the joint with component retention or linear ex‐
change

iii. Single Stage Revision Arthroplasty (SSRA)

iv. Two Stage Revision Arthroplasty (TSRA)

v. Arthrodesis

vi. Amputation

Management decisions are made on severity, chronicity of the infection, virulence of the in‐
fecting organism, status of surrounding soft tissue and physiological status of the patient.
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5.1. Unexpected positive intraoperative cultures

Unexpected positive intraoperative cultures are found in cases where pre-operative assess‐
ment fails to show infection, these cases usually undergo revision for aseptic loosening. Tsu‐
kayama eta al. reported up to 11% of cases were infection was diagnosed with positive
intraoperative cultures and were all treated with 6 weeks of antibiotics without additional
operation. Antibiotic therapy failed in 3 of these cases, and the patients required further sur‐
gical treatment with 2 patient showing evidence of recurrent infection at 2 year follow
up[56]. In another study, 15 patients with positive intraoperative cultures were not treated
with antibiotics, recurrence of infection was reported in 6 patients[145]. Based on these stud‐
ies, patients with unexpected positive cultures should be treated with antibiotics for 6 weeks
while monitoring their ESR and CRP values to assess response to treatment under the super‐
vision of a specialist microbiologist[146].

5.2. Antibiotic suppression

When patients have poor state of health, have a high risk of complications after surgery
and the infective organism is of low virulence and susceptible to antibiotic therapy, sup‐
pression by antibiotic  alone may be the best  option.  Rao et  al.  investigated the rates  of
eradication of antibiotic resistant organisms with suppression therapy and noted eradica‐
tion in 86% at mean follow up of five years, with five recurrent infections all within the
first  3  years[147].  Antibiotic  suppression  is  also  indicated  in  patient  with  persistent  PJI
following  surgical  intervention  if  they  decline  or  cannot  tolerate  further  surgery[6,  11,
148, 149].  The literature on antibiotic suppressive therapy without any surgical interven‐
tion is poor; despite this, patients who cannot tolerate surgery have no other option than
suppressive therapy.

5.3. Debridement and Irrigation with component retention or linear exchange

Operative  debridement  and  irrigation  with  component  retention  should  be  reserved  of
acute infections (Stage II and occasionally stage III). Early infections may range in severi‐
ty  from  superficial  cellulitis  to  deep  infections.  Superficial  infections  associated  with
wound dehiscence or purulent drainage and infections with wound necrosis  or  infected
haematomas often require  surgical  debridement.  Reported eradication rate  has  been be‐
tween  24%  to  71  %  following  open  debridement  and  irrigation[56,  150,  151].  Even
though, some case reports show excellent results from irrigation and debridement[152], a
recent multicentre retrospective study showed that irrigation and debridement with com‐
ponent  retention is  not  affected by organism type and that  this  technique had a failure
rate  as  high  as  70%,  with  the  authors  questioning  the  actual  role  of  irrigation  and de‐
bridement  in  the  treatment  of  PJI[151].  Prostheses  retention  is  also  contraindicated  in
those with multiple joint arthroplasty or when the duration of symptoms is more than 1
month[7, 15].
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5.4. Single stage revision arthroplasty

Single stage revision with removal of components, debridement, irrigation and reimplantation
of new components provides removal of infected prosthesis while limiting the number of sur‐
geries, recovery time and costs. Callaghan et al. reports 8.3% rate of recurrence after single
stage revision arthroplasty with a minimum follow up of 10 years[153]. The local therapy, is
achieved by adding antibiotics to the cement used for fixation of the implant, this is followed by
a minimum of 6 weeks antibiotic therapy. Two studies comparing one-stage to two stage revi‐
sion arthroplasty favoured the two stage technique[154, 155]. Failure rates in SSRA ranged
from 10.1% to 12.4%, compared to 3.5% to 5.6% in TSRA. A recent meta-analysis comparing
SSRA to TSRA reported the presence of nearly three additional reinfections per 100 revisions
when performing a one stage compared to a two stage procedure[156]. However, not enough
evidence is available to demonstrate that one technique is superior to the other[156].

5.5. Two stage revision arthroplasty

Two stage revision arthroplasty (TSRA) is currently the gold standard technique for the
treatment  of  infected  joint  arthroplasty[107,  157-159].  TSRA  involves  initial  removal  of
the  infected  components  and  all  foreign  material  including  cement,  cement  restrictors
and cables  or  wires  whenever  possible  with meticulous debridement  and irrigation.  All
necrotic tissue is excised, and sinus tracts are debrided. After irrigation the joint should
be inspected for any remaining debris.  A cement spacer loaded with antibiotics is used,
this  is  either  pre-manufactured or  constructed at  the  time of  surgery[160,  161].  Various
techniques described in  the construction of  a  cement  loaded spacer,  the  technique used
depends  on  the  joint  involved  and  the  level  of  bone  loss  encountered  during  the  first
stage[109, 161-164]. These custom spacers allow antibiotic elution locally to eradicate the
infective  organism  and  maintain  soft  tissue  balance  to  accommodate  the  definitive  im‐
plant during the second stage.  A minimum course of six weeks of antibiotics is  usually
required,  and resolution  of  infection  is  confirmed through serial  ESR and CRP and re‐
peated aspiration of the joint. A further aspiration of the joint before the second stage is
recommended in one study, which reported recurrence rate of 3% among those who un‐
derwent aspiration compared with 14% in those who did not[165].

The advantages of TSRA[166] include:

i. meticulous debridement of soft tissue, necrotic bone and cement during the first
stage and during the second stage before reimplantation

ii. identification of offending organism, sensitivities are determined and appropriate
antibiotic therapy is given for a prolonged period before reimplantation

iii. evaluation of distant foci of infection and eradication of sites responsible for hae‐
matogenous spread

iv. informed decision can be made as to whether the degree of disability from resec‐
tion arthroplasty or arthrodesis would justify the risks involved in the implantation
of a new prosthesis
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required,  and resolution  of  infection  is  confirmed through serial  ESR and CRP and re‐
peated aspiration of the joint. A further aspiration of the joint before the second stage is
recommended in one study, which reported recurrence rate of 3% among those who un‐
derwent aspiration compared with 14% in those who did not[165].

The advantages of TSRA[166] include:

i. meticulous debridement of soft tissue, necrotic bone and cement during the first
stage and during the second stage before reimplantation

ii. identification of offending organism, sensitivities are determined and appropriate
antibiotic therapy is given for a prolonged period before reimplantation
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tion arthroplasty or arthrodesis would justify the risks involved in the implantation
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The disadvantages[166] include:

i. prolonged period of disability and hospital stay

ii. increased costs

iii. delayed rehabilitation

iv. technically difficult second procedure due to loss soft tissue balance, loss of bone
stock shortening and scarring

TSRA has been associated with lower rates of recurrent infections in most studies[6, 167,
168]. The duration of antibiotics between the two stages has not been determined, but a min‐
imum of 6 weeks is usually standard and is guided by serial ESR and CRP levels. Manage‐
ment of bone stock deficiency at the time of revision is a problem. Impaction bone grafting
with cemented prosthesis has been used for reconstruction during the second stage with
good results. English et al. reported eradication in 49 out of 53 cases treated with impaction
bone grafting during the second stage with a minimum follow up of 2 years[169] and a re‐
currence rate up to 7.5%[169, 170]. Use of antibiotic loaded cement for fixation of the implant
during the second stage has been shown to reduce rates of reinfection. Garvin et al. reported
eradication in 95% of patients at 5 year interval when gentamicin loaded cement was utilis‐
ed during the second stage[171]. Highest success rates for TSRA were found for patients
treated with antibiotics-eluting spacer or beads between the first and second stage, followed
by a second reconstruction with an antibiotic loaded cemented reconstruction[55, 167, 172].

Data on uncemented implants has generally been less positive, with early studies reporting
rates of infection as high as 18% and additional cases of loosening[43, 173]. Studies that are
more recent have reported reinfection rates between 6% and 11%[174]. The decision regard‐
ing cemented or uncemented reimplantation is guided by the available bone stock, physio‐
logical age and expected longevity of the patient. To minimize loss of bone stock during the
first stage, the Exeter group adopted a cement in cement revision technique for hip arthro‐
plasty, where an excision arthroplasty with antibiotic impregnated cement beads is carried
out during the first stage. In this technique if the cement mantle from the previous arthro‐
plasty is well fixed, is left alone. During the second stage, the cement beads are removed,
and the existing cement mantle is reamed to remove any membrane or microfilm and to cre‐
ate space for the new antibiotic augmented cement and the new implant. Sixteen patients
with at least three years follow up underwent this procedure with one patient requiring re‐
vision due to recurrent infection[175].

5.6. Arthrodesis and amputation

Salvage procedures are reserved for patients whose medical condition such as immunocom‐
promised patients or in patients where successful reconstruction is impossible. Successful
reconstruction is limited those patients with insufficient bone stock, inadequate muscle
function and poor soft tissue coverage. Eradication of infection after salvage procedures is
reported between 86% to 96% although they are usually associated with poor functional out‐
comes[176-178]. Above knee amputation provides good return to function with a fitted pros‐
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thesis, especially in patients who cannot tolerate multiple procedures. Arthrodesis allows
the patient to retain the extremity at the cost of reducing ambulation especially in patients
with a fused knee.

6. Conclusion

Infection of a total Joint arthroplasty is considered a major complication in orthopaedic sur‐
gery with significant morbidity and places a considerable burden on hospitals and surgeons.
Prevention is better than treatment and improving the patients’ health prior to surgery is
important in reducing the risk of infection. Furthermore, prompt diagnosis, permits early
treatment that is important in acute infections. In the absence of a perfect test, the evidence
based algorithmic approach brought forward by the AAOS guidelines should enable diag‐
nosis of infection to be made with a high degree of confidence. There is clearly a role for sur‐
gical intervention, and so far a two-stage revision arthroplasty demonstrates the lowest rates
of recurrent infection and as such is regarded as the ‘gold standard’.
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1. Introduction

Since the advent of prosthetic joint replacement surgery, patients with arthritis have had
significant improvement in pain-relief, mobility and quality of life. Approximately 90,000
Australians undergo joint replacement surgery each year [1]. With an ageing population,
this  number  will  increase  (figure  1).  Similar  data  from  USA  predicts  that  by  2030  the
number of procedures per year will  increase to 4.05 million [2].  Despite the overall  suc‐
cess of this surgery, infection of the prosthesis remains a devastating complication [3]. Of
concern, the incidence of prosthetic joint infection is increasing, in proportion to the num‐
ber  of  procedures  being  performed [4].  Significant  patient  morbidity  is  associated  with
prosthetic joint infections, including the need for further operative procedures, long-term
antibiotic therapy with associated toxicity, and prolonged hospitalisation [3]. In addition,
the cost to the health system is substantial. The cost of treating infection is 3-5 times the
cost of primary arthroplasty [5, 6]. In Australia, the annual additional expenditure incur‐
red as a result of this devastating complication is estimated at AUD $90 million per year
[6]. In the United States, the annual cost of treatment of prosthetic joint infection is pro‐
jected to exceed US$1.6 billion dollars by 2020[7].

The incidence of prosthetic joint infection is estimated at 1-3% of all prosthetic joint replace‐
ments [3]. In prosthetic hip replacement, the rate of infection is estimated at 0.88% and in
knee replacement at 0.92%[4]. The incidence of prosthetic joint infections is higher for upper
limb arthroplasty; in shoulders the incidence of infection is 1.8-4% and in elbow replace‐
ments the incidence of infection is 3-7.5% of patients [8-10].

© 2013 Peel et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
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number of procedures per year will  increase to 4.05 million [2].  Despite the overall  suc‐
cess of this surgery, infection of the prosthesis remains a devastating complication [3]. Of
concern, the incidence of prosthetic joint infection is increasing, in proportion to the num‐
ber  of  procedures  being  performed [4].  Significant  patient  morbidity  is  associated  with
prosthetic joint infections, including the need for further operative procedures, long-term
antibiotic therapy with associated toxicity, and prolonged hospitalisation [3]. In addition,
the cost to the health system is substantial. The cost of treating infection is 3-5 times the
cost of primary arthroplasty [5, 6]. In Australia, the annual additional expenditure incur‐
red as a result of this devastating complication is estimated at AUD $90 million per year
[6]. In the United States, the annual cost of treatment of prosthetic joint infection is pro‐
jected to exceed US$1.6 billion dollars by 2020[7].

The incidence of prosthetic joint infection is estimated at 1-3% of all prosthetic joint replace‐
ments [3]. In prosthetic hip replacement, the rate of infection is estimated at 0.88% and in
knee replacement at 0.92%[4]. The incidence of prosthetic joint infections is higher for upper
limb arthroplasty; in shoulders the incidence of infection is 1.8-4% and in elbow replace‐
ments the incidence of infection is 3-7.5% of patients [8-10].
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Figure 1. Prosthetic Joint Replacement Surgery in Australia (adapted from AOA National Joint Replacement Registry[1])

A number of pre-operative factors have been implicated in the development of prosthetic
joint infection, including revision arthroplasty, diabetes mellitus and rheumatoid arthritis
[11-16]. The risk factors for prosthetic joint infection differ according to the joint replaced.
Obesity plays a greater role in the evolution of prosthetic joint infection in lower limb ar‐
throplasty [17-19]. The presence of post-operative wound complications, including high
drain tube losses, wound discharge and superficial surgical site infection have been impli‐
cated as risk factors for development of prosthetic joint infection in hip and knee arthroplas‐
ty[11, 20]. In addition the presence of a drain tube appears to be protective for prosthetic
knee infections [17, 18]. Underlying inflammatory arthritis and concomitant steroid use in‐
creases the risk of infections in all arthroplasty surgery but the association is particularly
marked in the upper limb [16, 17]. In addition male gender has been identified as a risk fac‐
tor in shoulder arthroplasty infection, potentially through the interaction with Propionibacte‐
rium acnes (see below)[12].

2. Pathogenesis

There are two main mechanisms of acquisition of prosthetic joint infection; (i) direct inoc‐
ulation of the prosthesis at the time of surgery or with manipulation of the joint and (ii)
seeding from the blood stream at a later time[3]. The pathogenesis of prosthetic joint in‐
fections differs to that of many other bacterial infections through the property of microor‐
ganisms  to  form  biofilms[3].  Microorganisms  can  exist  in  two  phenotypic  forms:  the
planktonic form which is encountered in the majority of acute bacterial infections such as
bacterial septicaemia or pneumonia, and the sessile form associated with medical device
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infections  such as  prosthetic  joint  infections[21].  In  medical  device  associated infections,
the  planktonic  bacteria  seed the  device  and undergo a  phenotypic  change transforming
into the sessile bacteria. The biofilm is comprised of the sessile bacteria and the extracel‐
lular  matrix  they  secrete[21].  This  matrix  protects  the  microorganisms  from  antibiotics
and  the  host  immune  response  and  is  thought  to  be  the  underlying  reason  for  persis‐
tence of infections[21].

3. Microbiology

Staphylococcus  aureus  and  coagulase  negative  Staphylococcus  species  are  the  most  com‐
mon aetiological  agents  of  prosthetic  joint  infections.  The incidence of  methicillin resist‐
ant strains such as methicillin resistant  Staphylococcus aureus  (MRSA) differ  globally;  the
rate of MRSA prosthetic joint infections across Europe and the Americans MRSA ranges
from 8% to 30%[22-24]. In Australia, 26% of prosthetic joint infections are due to MRSA.
In  addition,  methicillin  resistant  coagulase  negative  Staphylococci  account  for  a  further
22% of isolates [25, 26].

Gram negative bacilli such as Escherichia coli and Pseudomonas aeruginosa are the next most
common isolates[3, 26]. Other microorganisms such as enterococci, streptococci, corynebac‐
terium, fungal species and mycobacterial species are reported less commonly [3, 27]. Of
note, the microbiology of prosthetic joint infection differs between upper limb and lower
limb arthroplasty: Propionibacterium acnes is one of the most common microorganisms en‐
countered in shoulder prosthetic joint infection, occurring in up to 40% of shoulder arthro‐
plasty infections [16, 28, 29]. This association may be due to the increased occurrence of
Propionibacterium acnes around the head and neck, in particular in the sebaceous glands and
hair bulbs [12].

From a review of 6,282 prosthetic hip and knee replacements performed at St Vincent’s Hos‐
pital Melbourne (SVHM) between 2000 and 2012, there were 138 definite infections (table 1).
Prosthetic joint infection was defined by the typical diagnostic criteria which include those
discussed further in table 2. Microorganisms were defined as the causative pathogen/s if iso‐
lated on two or more intra-operative specimens.

The microbiology of hip and knee prosthetic joint infection was similar, except for an in‐
creased number of culture negative infections in prosthetic knee joints and increased isola‐
tion of Enterococcus faecalis from prosthetic hip infections. From SVHM data there was an
increased rate of incisional surgical site infections in knee arthroplasties that later developed
prosthetic joint infections compared to hip arthroplasty (28% versus 12%)[17, 30]. Therefore
it is postulated that the increased number of culture negative infections in the knee replace‐
ment patients may reflect increased antibiotic exposure for superficial wound complications
or for unrecognised prosthetic joint infection.
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Number (%) of

Prosthetic Knee

Infections

(n=66)

Number (%) of

Prosthetic Hip

Infections

(n=72)

Number (%) of All

Prosthetic Joint

Infections

(n=138)

Gram positive organisms 48 (73%) 60 (83%) 108 (78%)

Staphylococcus aureus 25 (38%) 35 (49%) 60 (43%)

Methicillin sensitive 16 (24%) 17 (24%) 33 (24%)

Methicillin resistant 9 (14%) 18 (25%) 27 (20%)

CNS 14 (21%) 13 (18%) 26 (19%)

Methicillin sensitive 1 (2%) 0 1 (1%)

Methicillin resistant 13 (20%) 13 (18%) 26 (19%)

Streptococcus species 4 (6%) 2 (3%) 6 (4%)

Enterococcus faecalis 4 (6%) 10 (14%) 14 (10%)

Other gram positive organisms* 3 (5%) 1 (1%) 4 (3%)

Gram negative organisms 9 (14%) 14 (19%) 23 (17%)

Escherichia coli 1 (2%) 3 (4%) 4 (3%)

Morganella morganii 4 (6%) 0 4 (3%)

Klebsiella pneumoniae 0 1 (1%) 1 (1%)

Serratia marcescens 2 (3%) 0 2 (1%)

Pseudomonas aeruginosa 0 1 (1%) 1 (1%)

Citrobacter koseri 0 1 (1%) 1 (1%)

Enterobacter cloacae 0 3 (4%) 3 (2%)

Proteus mirabilis 2 (3%) 4 (6%) 6 (4%)

Bacteroides fragilis 0 1 (1%) 1 (1%)

Culture negative 17 (26%) 11 (15%) 28 (20%)

CNS = Coagulase negative Staphylococcus species

* Other gram positive isolates included 1 Peptostreptococcus species, 1 Bacillus cereus and 2 Corynebacterium species

Table 1. Microbiology of 138 prosthetic hip and knee joint infections seen at SVHM between 2000 and 2012

4. Clinical classification and presentation

Prosthetic joint infections are classified as (i) early (developing in the first three months after
implantation), (ii) delayed (occurring 3 to 24 months after surgery) and (iii) late (greater than
24 months) or (iv) haematagenous [3]. Haematogenous seeding of the prosthesis typically
occur late (after 24 months) but can occur at any time point following implantation [3, 31].
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The clinical manifestation differs according to time of presentation. In early prosthetic joint
infection, patients typically present with surgical wound complications such as purulent dis‐
charge, erythema and swelling of the affected joint (Figure 2) [3, 32]. In delayed and late in‐
fections, pain is the predominant feature with patients reporting a history of slowly
increasing pain involving the prosthetic joint [32]. Haematogenous infections in contrast,
typically are associated with a history of a joint that was free of any problems for several
months to years before an acute onset of fever, erythema around the surgical wound and
pain in the affected joint[33].

A 

B 

Figure 2. Early Prosthetic Hip Joint Infection (A) at presentation with infection showing wound erythema, swelling
and purulent discharge and (B) intra-operative appearance showing purulence surrounding the prosthetic joint.

The presentation of shoulder arthroplasty infection due to Propionibacterium acnes is general‐
ly delayed or late[12]. The classic features of infection are frequently absent with pain and
stiffness of the joint the predominant symptoms [12, 34]. Bruising along the surgical wound
has been described as a pathognomonic sign of Propionibacterium acnes shoulder arthroplasty
infection [34].

5. Diagnosis of prosthetic joint infections

The diagnosis of infections is challenging due to the absence of an internationally accepted
gold standard for defining arthroplasty infection. Current definitions rely on a number of pa‐
rameters including clinical, microbiological and histopathological features (Table 2) [3, 35-39].
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Prompt recognition and diagnosis of prosthetic joint infection is imperative to minimize pa‐
tient suffering and to improve patient outcomes [40]. Isolation of the causative microorganism
is the most important diagnostic test as it allows confirmation of diagnosis and assessment of
antimicrobial susceptibilities. Infection of the prosthesis is suggested by the isolation of the
same microorganism from 2 or more intra-operative specimens [3, 35, 36] To increase the likeli‐
hood of diagnosis, ≥5 peri-prosthetic tissue specimens should be obtained intra-operatively
with each specimen placed in separate sterile containers [35, 36]. This is of particular impor‐
tance for skin commensals such as Propionibacterium acnes and coagulase negative Staphylococ‐
cus species to aid in distinguishing true infection from specimen contamination.

The diagnosis of prosthetic joint infection should be considered in patients with any of the following [3, 36-39]:

Presence of peri-prosthetic purulence observed intra-operatively; OR

Isolation of indistinguishable micro-organism/s on ≥2 intra-operative specimens (tissue or joint aspirate cultures); OR

Presence of a sinus tract in communication with the prosthetic joint; OR

Histopathological features of acute infections with ≥5 neutrophils per-high power field (x 500 magnifications) in 5

different microscopic fields.

Table 2. Diagnosis of Prosthetic Joint Infection

Prior exposure to antibiotic therapy increases the risk of culture negative prosthetic joint in‐
fection [30, 37, 41]. Therefore antibiotic therapy should not be commenced until after obtain‐
ing multiple intra-operative specimens, except in the case of the septic patient in whom
commencement of antibiotic therapy should not be delayed. In patients with delayed and
late infections, who have received antibiotic therapy prior to obtainment of intra-operative
cultures, definitive surgery may be delayed for 2-4 weeks after cessation of antibiotics to in‐
crease the intra-operative yield[30, 37, 41].

Sonication of the explanted prosthesis disrupts the biofilm and may increase the diagnostic
yield of microbiological culture. Sonication is particularly useful in patients who have re‐
ceived antibiotics in 14 days preceding surgery [37]. Prolongation of microbiological cul‐
tures from 3 to 14 days also increases the diagnostic yield, particularly of more fastidious
organisms such as Propionibacterium acnes [42].

6. Management of prosthetic joint infection

The goal of treatment of prosthetic joint infection is to eradicate the biofilm dwelling micro‐
organisms, whilst maintaining function of the joint and patient quality of life[3].

The surgical strategies to manage prosthetic joint infection include: (i) one-stage or two-
stage exchange procedures, (ii) debridement and retention of the prosthesis in conjunction
with biofilm active antibiotics, (iii) removal of the prosthesis +/- arthrodesis, (iv) amputation
of the affected limb and (v) chronic suppression without surgical debridement of the infect‐
ed joint. Removal of the prosthesis and amputation are associated with significant impair‐
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ment of mobility. Chronic suppression is association with a high rate of recurrence of
infection. Therefore these strategies are reserved for patients with significant co-morbidities
or in patients with recalcitrant infection [3, 33]. Exchange procedures and debridement and
retention are the two strategies that best meet the goals of treatment [3, 33].

Figure 3. SVHM Protocol Algorithm for Management of Prosthetic Joint Infection

Given the heterogeneous nature of prosthetic joint infections there are no large randomized
control trials to guide recommendations. Surgical strategies differ significantly worldwide; ex‐
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change procedures are the favoured treatment modality in Northern America, whereas de‐
bridement and retention is more commonly performed in Australia and parts of Europe [3, 26,
33]. A number of treatment algorithms exist to guide management decisions and these are
based on factors such as duration of symptoms, the stability of implant, patient co-morbidities
and the type of infecting microorganism[3, 33]. Compared to the exchange procedures, pa‐
tients managed with debridement and retention of the implant undergo fewer and less exten‐
sive surgical procedures and have shorter duration of hospitalisation and immobilisation [3,
33, 43]. Therefore early and haematogenous infections can be managed by debridement and re‐
tention. However, if the implant is loose, if the duration of symptoms prior to presentation ex‐
ceed 21 days or if the isolated pathogen is resistant to biofilm-active antibiotics, the likelihood
of treatment success for debridement and retention is markedly reduced[3, 33]. Therefore if the
patient has any of the above features, expert opinion recommends patients undergo prosthesis
exchange (either as a one-stage or two-stage procedure). Delayed or late prosthetic joint infec‐
tions should be managed by one- or two-stage exchange; debridement and retention of the
prosthesis in this setting is associated with a high failure rate[3, 33].

At SVHM, a management protocol was established through collaboration between the Ortho‐
paedic and Infectious Diseases Departments. The abbreviated algorithm is shown in Figure 3.
The antibiotic regimens for different pathogens are detailed in Table 3. At SVHM patients man‐
aged by debridement and retention of the prosthesis undergo 3 debridements of the infected
joint. The liner is changed, where feasible, but other mobile parts are not routinely changed.
This differs from other protocols for debridement and retention, in which patients undergo a
single debridement with exchange of all mobile parts and liners [33]. Regardless of technique,
the aim of the debridement/s is to reduce the microbial burden prior to instigation of antibiotic
therapy with activity against the biofilm-dwelling microorganisms.

7. Staphylococcus aureus and coagulase negative Staphylococcus species

Rifampicin  has  excellent  activity  against  Staphylococcal  biofilms and is  the  mainstay  of
treatment  in  these infections,  particularly  with debridement  and retention [3,  33,  44-46].
Older  treatment  algorithms recommended against  debridement  and retention for  MRSA
however, emerging evidence suggests that this is a suitable strategy in carefully selected
patients [33, 46, 47].

Staphylococcus  becomes  rapidly  resistant  to  rifampicin  if  this  antibiotic  is  used  alone,
therefore rifampicin must always be administered with a second agent (companion drug)
[48].  Fluoroquinolones,  such  as  ciprofloxacin,  are  frequently  used  as  companion  drugs
however fluoroquinolone resistance is increasing thus limiting the utility of this combina‐
tion[25]. Alternate companion drugs for rifampicin include fusidic acid, trimethoprim-sul‐
famethoxazole,  minocycline,  daptomycin  and  linezolid  [33,  47-52].  There  are  no  clinical
studies comparing the efficacy of different drugs used in combination with rifampicin. In
Australia including SVHM, fusidic acid is commonly prescribed as a companion drug for
rifampicin [47] [26].

Rifampicin based regimens are recommended even for methicillin sensitive isolates. Giv‐
en the high oral bioavailability of rifampicin, a move to oral therapy is suggested as soon
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as  the  patient  can reliably  take oral  diet  after  completion of  surgical  debridements.  For
those  few patients  who are  bacteraemic,  however,  more  prolonged intravenous  therapy
may be required along with appropriate investigation to exclude other foci  of  infection,
such as endocarditis.

In patients with MRSA infections managed with two-stage exchange; the insertion of a
spacer should be avoided as there is an increased rate of treatment failure [3, 33, 53]. In addi‐
tion, an association between the presence of a spacer and the development of rifampicin re‐
sistance in MRSA strains has been reported [53].

8. Streptococcus

Streptococcus are the causative agent in 8% of prosthetic joint infections[26]. In general the
treatment outcomes are excellent for all surgical strategies for Streptococcal arthroplasty in‐
fection [54-58]. However, the outcomes with group B streptococcal infections are mixed with
some studies reporting poorer outcomes with these isolates [58-60]. In general intravenous
benzylpenicillin or ceftriaxone can be used (often for 2 weeks) before a shift to high dose or‐
al amoxicillin. In some circumstances, with typable streptococci where susceptibility to ri‐
fampicin is expected, rifampicin can be added to the amoxicillin as part of the oral regimen
although the evidence for this practice is still not clear.

9. Enterococcus

Enterococcus is an uncommon cause of prosthetic joint infection however, the incidence of
these infections is increasing[61]. At our institution, Enterococcus faecalis was isolated in 10%
of all infections. It is a common isolate in polymicrobial infections of the prosthetic hip joint.
There are little published data to guide treatment of enterococcal prosthetic joint infection.
Some experts recommend treatment strategies extrapolated from other enterococcal infec‐
tions, in particular enterococcal endocarditis [61]. Beta-lactam antibiotics, such as penicillin
are bacteriostatic against enterococci, therefore combination therapy with aminoglycosides
such as gentamicin, is recommended for management of enterococcal endocarditis[62].
However data from retrospective studies suggest there is no additional benefit with combi‐
nation therapy with aminoglycosides in enterococcal prosthetic joint infections and, of great
concern, there was significant nephrotoxicity and ototoxicity associated with aminoglyco‐
side therapy[61]. Euba et al examined the role of ampicillin-ceftriaxone combination thera‐
py, however, only 3 patients with enterococcal prosthetic joint infection were included in
this study and 2 of those patients had late infections[63]. Therefore the role of this combina‐
tion therapy remains unclear and further studies are required. Recent in-vitro models have
suggested rifampicin in combination either with ciprofloxacin or linezolid are the most effi‐
cacious antibiotic combinations against biofilm dwelling Enterococcus faecalis, although
there are no reports at present of the use of these combinations in patients[64].
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9. Enterococcus

Enterococcus is an uncommon cause of prosthetic joint infection however, the incidence of
these infections is increasing[61]. At our institution, Enterococcus faecalis was isolated in 10%
of all infections. It is a common isolate in polymicrobial infections of the prosthetic hip joint.
There are little published data to guide treatment of enterococcal prosthetic joint infection.
Some experts recommend treatment strategies extrapolated from other enterococcal infec‐
tions, in particular enterococcal endocarditis [61]. Beta-lactam antibiotics, such as penicillin
are bacteriostatic against enterococci, therefore combination therapy with aminoglycosides
such as gentamicin, is recommended for management of enterococcal endocarditis[62].
However data from retrospective studies suggest there is no additional benefit with combi‐
nation therapy with aminoglycosides in enterococcal prosthetic joint infections and, of great
concern, there was significant nephrotoxicity and ototoxicity associated with aminoglyco‐
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there are no reports at present of the use of these combinations in patients[64].
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Enterococcus faecium is infrequently involved in prosthetic joint infections; however, it
presents significant treatment challenges, owing to increased resistance when compared to
Enterococcus faecalis. In particular, Enterococcus faecium is increasingly resistant to benzylpe‐
nicillin and amoxicillin[62]. There is little clinical data outlining management approaches for
Enterococcus faecium, however, exchange procedures are likely to be the optimal strategy in
these infections. Other resistant enterococcal prosthetic joint infection including vancomycin
resistant enterococcus (VRE), also are very uncommon. In a statewide review of 163 pros‐
thetic joint infections, VRE was isolated once (0.6%). Two-stage exchange of the prosthesis is
recommended for VRE arthroplasty infections in conjunction with agents such as daptomy‐
cin, linezolid or pristinamycin. In all enterococcal infections, including VRE, the use of
spacers in two-stage exchange procedures is not recommended due to the increased risk of
treatment failure [3, 33].

10. Gram negative bacilli

For gram-negative bacilli infections, ciprofloxacin has been shown to be effective in guinea
pig tissue cage models[65]. There is conflicting data on the clinical outcomes of gram-nega‐
tive bacilli infections, particularly with debridement and retention. The reported success rate
for debridement and retention ranges from 27%-94% with a similar range reported for ex‐
change procedures [66-70]. The likelihood of success may relate to the quality of the de‐
bridement and meticulous care should be taken to ensure removal of all dead and
devitalised tissue and removal of all cement in the exchange procedures [69]. In addition,
gram-negative bacteria, particularly Pseudomonas aeruginosa, have a propensity to develop
resistance to fluoroquinolones in-vivo[62]. In light of this, many experts recommend a 2-4
week course of beta-lactam antibiotic prior to commencement of ciprofloxacin to reduce the
bacterial load and thus reduce the likelihood of generation of in-vivo resistance [33].

11. Propionibacterium

As with all other infections, the duration of symptoms dictates the most appropriate surgical
strategy for Propionibacterium acnes prosthetic joint infection. In Propionibacterium arthroplas‐
ty infection, the majority of cases are delayed or late presentations, with a long duration of
symptoms[12]. Therefore prosthesis exchange is the surgical modality of choice.

Evidence of the ability of Propionibacterium acnes to form biofilms is emerging. A number of
in-vitro models have been developed to assess the activity of antibiotics against biofilm-as‐
sociated Propionibacterium. As with staphylococcal biofilm models, the activity of rifampicin
is preserved with Propionibacterium biofilms[71]. The emergence of rifampicin resistance
with monotherapy has not been demonstrated[71]. In one study combination therapy with
daptomycin and rifampicin was the most effective treatment regimen[71]. Other studies
have demonstrated penicillin alone or combination therapy with rifampicin and linezolid
are also effective against Propionibacterium biofilms[72].

Arthroplasty - Update526

The antibiotic regimens reported to treat patients with Propionibacterium acnes prosthetic
joint infection are diverse and include: penicillin, amoxicillin, ceftriaxone, clindamycin and
rifampicin-fluoroquinolone or rifampicin-clindamycin combination therapy [73, 74]. In gen‐
eral, we recommend IV benzylpenicillin followed by high dose oral amoxicillin combined
with rifampicin.

12. Fungi

Fungal prosthetic joint infections are rare. The majority of fungal prosthetic joint infections
are due to Candida species however, other fungal species have been reported including As‐
pergillus species, Cryptococcus neoformans, Zygomycetes, Histoplasma capsulatum, Rhodotorula
minuta [75-78] (figure 4).

The results for debridement and retention and exchange procedures for management of fun‐
gal prosthetic joint are poor. In treatment guidelines from the Infectious Diseases Society of
America, resection arthroplasty is recommended for prosthetic joint infection due to candi‐
dal species[79]. In addition, the use of a spacer following resection of the prosthesis is associ‐
ated with a high rate of failure and should be avoided [75, 80]. If reimplantation is
considered following prosthesis resection, a prolonged period (3-6 months) prior to reinser‐
tion is recommended [81]. Finally, in candidal prosthetic joint infections, there is emerging
evidence that the activity of caspofungin is better preserved in the presence of biofilm, com‐
pared to fluconazole [80, 82]. For other non candidal fungi, individualized expert advice
should be sought to guide antimicrobial choice.

These microbiological cultures were 
obtained from a patient with disseminated 
Rhizopus infection including prosthetic hip 
joint involvement. The patient had significant 
comorbidities and was managed with 
debridement and retention of the prosthesis 
and long-term posaconazole therapy[76].  

 

Figure 4. Rhizopus species cultured from an infected prosthetic hip joint. Photo courtesy of Dr Harsha Sheorey, Micro‐
biology Department, St Vincent’s Hospital Melbourne.
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13. Culture negative

One of the greatest challenges in management is the ‘culture negative’ prosthetic joint in‐
fection. In published case series,  the reported rate of culture-negative prosthetic joint in‐
fection  ranges  from  5-41%  [3,  27,  83].  A  number  of  factors  contribute  to  the  failure  of
microbiological cultures to isolate a pathogen including poor culture technique (including
obtaining fewer than 5 intra-operative specimens),  fastidious organisms that are difficult
to culture and prior antibiotic  exposure that  impedes bacterial  growth.  Of these mecha‐
nisms, prior antibiotic exposure is the most common reason for failing to isolate a causa‐
tive  pathogen.  In  some  studies,  44%  of  patients  with  culture  negative  prosthetic  joint
infection  were  receiving  antibiotic  therapy at  the  time of  obtainment  of  microbiological
specimens[30]. Indeed, the receipt of antibiotics in the 3 months prior to presentation with
prosthetic joint infection, lead to a 5-fold increased chance of culture-negative prosthetic
joint infection [41].

The choice of antibiotic treatment in culture negative prosthetic joint infection should be
guided by local ecology. In addition, if patients had prior exposure to antibiotic therapy, the
spectrum of these antibiotics may also influence subsequent antibiotic selection. The results
for culture negative prosthetic joint infection are generally similar to culture positive pros‐
thetic joint infection [41].

14. Conclusion

With an ageing population and the increasing popularity of arthroplasty, prosthetic joint in‐
fection will continue to present a diagnostic and management challenge to clinicians. Treat‐
ment approaches for arthroplasty infection are still under debate, in particular, optimal
treatment strategy for different microorganisms. Increasing understanding of the role of bio‐
film in the pathogenesis of prosthetic joint infections and investigation of the activity of dif‐
ferent antimicrobial agents against biofilm associated microorganisms will provide
important information to guide therapy. In addition, multicentre studies and collaborative
research groups are key to providing more detailed treatment particularly for less common‐
ly encountered pathogens.
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1. Introduction

One of the most devastating complications of prosthetic knee arthroplasty is a periprosthetic
infection. This complication occurs in 1-2% of knee arthroplasties [1,2] and can exceed 4% in
immunocompromized individuals [3] and 7% after revision surgery [4]. Prosthetic infection
leads to loosening of the implant, [5,6]. In this circumstances revision surgery is required.
Because of the diversity of the clinical presentation, i.e. early, intermediate or late infection
[1], different surgical methods to treat infected knee prostheses were developed [5,6]. Sever‐
al treatment methods became well accepted but others are still controversial. In the present
review we intend to describe mainly the diagnostic tools for detection of infection and com‐
monly used treatment methods in failed total knee arthroplasty due to infection, with spe‐
cial emphasis on the surgical techniques. Additionally we will describe some trends for the
future improvement of the treatment modalities.

2. Pathology and microbiology

The main infecting pathogens, around 50%, of knee prostheses, are the different strains of Staph‐
ylococci, e.g. coagulase negative Staphylococci cause around 27% of knee prostheses infections
and Staphylococcus aureus is responsible for 23% of infections, according to pooled data from nine
different studies [7]. Most of the clinically significant infections are caused by biofilm producing
microorganisms. The role of biofilms in pathogenesis of periprosthetic infection is the masking
of the pathogens from bodily immune response and antibiotic access. Biofilm is a biological
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structure containing bacteria in a planktonic form imbedded in extracellular matrix made of dif‐
ferent polysaccharide molecules, proteins and extracellular DNA (Figure 1). Biofilm generation
goes through four consecutive steps: adherence of the pathogens to the surface of prosthesis, ac‐
cumulation of the biofilm components, maturation of the biofilm and finally its detachment and
spread of the microorganisms [8]. The ability of the microorganism to produce masking biofilm
defines its virulence in prosthetic infection. Commensal bacteria, such as coagulase negative
Staphylococci are more frequent in immediate and early prosthetic infections, when spread from
the surgical wound edges and in late low grade infections. In late infections by hematogeous
spread the Staphylococcus aureus is the most important causative factor [9].

Figure 1. Microscopic image (H&E staining, scale 100μ) of biofilm found at the edge of retrieved tibial component of
infected knee prosthesis. Amorphous fibrin-like substance, mostly acellular, is evident

3. Timing of occurence

Infections associated with prosthetic joints are classified according to time at detection as:
early (develop less than 3 months after surgery), delayed [3 to 24 months after surgery) or
late (more than 24 months after surgery) [10]. Clinical manifestations are in relation with
timing [11]. In early cases clinical manifestations are joint pain, effusion, erythema and
warmth of the joint. In delayed cases there are subtle signs such as implant loosening, per‐
sistent joint pain. Infection is generally provoked by less virulent microorganism. Late are
acquired during hematogenous seeding. In a study of infection with THA during a 16 years
period, 29 % of cases were early infections, 41 % delayed and 30% late infections [12].

4. Diagnosis

Accurate and early diagnosis is the first step in effectively managing patients with prosthetic
joint infection. Clinical history, physical examination, laboratory data and imaging studies
are all taken into consideration. In addition to cultures, the most commonly used laboratory
tests include serum inflammatory markers and synovial fluid cytology.
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Plain films: The appearance of rapidly progressive radiolucent lines surrounding an implant
may be present during an infection. The resorption of subchondral bone and patchy osteo‐
porosis are strong elements of suspicion (Figure 2).

Figure 2. Radiograph of right knee (anterior-posterior view) showing radiolucency under the tibial component indi‐
cating periprosthetic infection.

Bone scan: bone scan can help confirm a diagnosis. However its high cost and its inability to
provide acceptable levels of sensitivity and specificity have restricted its use. Although bone
scintigraphy with technetium 99 m – labeled methylene diphosphonate has a high sensitivi‐
ty, it lacks specificity for infection [13]. A technetium bone scan remains positive more than
one year after implantation because of increased periprosthetic bone remodeling. Bone scan
alone without labeling of the white cell has been found to have no role in diagnosing pros‐
thetic joint infection. However, the use of indium 111 labeled leucocyte is time consuming
and requires specialized labelling facility [14].

Laboratory tests: There is no evidence supporting the role of WBC and/or white cell blood dif‐
ferential in diagnosis of presence or absence of infection. ESR and CRP are valuable markers
for both diagnosing and monitoring periprosthetic infection. After surgery the C Reactive
protein level is elevated and return to normal within weeks. Serial postoperative measure‐
ments are more informative than single values [15].

Elevated serum interleukin-6 level correlated positively with the presence of periprosthetic
infection in patients undergoing a reoperation at the site of a total hip or knee arthroplasty.
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In a prospective, case-control study of 58 patients undergoing revision surgery of total hip
and knee arthroplasties, serum Interleukin-6 values >10 pg/mL was reported to have a sensi‐
tivity of 100%, specificity of 95%, positive predictive value of 89%, negative predictive value
of 100% and accuracy of 97% [16].

Knee aspirate cell count and differential: Synovial fluid cell count and differential is a very useful
diagnostic test. Antibiotics should be suspended, if possible, for 10 to 14 days before carrying
out the aspiration. Traumatic aspirations will result in falsely elevated leukocyte counts.

Polymerase chain reaction (PCR): This method is used to detect and amplify the presence of
bacterial DNA. It is thought to be a quick method since it is not affected by whether the pa‐
tient takes antibiotics or not. However, a high percentage of false negative test results has
been detected [17]. Therefore currently this technique can be used as a complementary diag‐
nostic tool to the methods described above.

Sonication: Organisms associated with prosthetic-joint infection are found attached to the
prosthesis, where they often form biofilms. This suggests that obtaining a sample from the
implant might improve the diagnosis of prosthetic joint infection by unmasking adherent
bacteria from explanted prosthesis by sonication. It was found that culture of samples ob‐
tained by sonication of prostheses were more sensitive than conventional periprosthetic-tis‐
sue culture for the microbiologic diagnosis of prosthetic joint infection, especially in patients
who had received antimicrobial therapy within 14 days before surgery [18].

Intraoperative Frozen Section: The analysis of frozen histological sections is a valuable tool for
diagnosing infection. It most often used to assist decision-making in cases with equivocal se‐
rum inflammatory makers and aspirate cytology. The cutoff value of >5 neutrophils per high
power field at a magnification of 400 is most commonly used for the diagnosis of infection.
The sensitivity is more than 80 percent and a specificity of of more than 80 percent [19].

Intraoperative Gram Stain: This modality is unreliable (sensitivity = 27%) and should not be
used routinely. The AAOS guideline recommends against the use of intraoperative gram
stain to rule out periprosthetic infection [20].

5. Management of total knee arthroplasty infection

There are several options when it comes to managing an infected TKA. But before we select
any of these, we must take into consideration a series of factors. These factors include the
amount of time elapsed from infection, host-related factors, condition of the soft tissues,
condition of the implant, virulence of microorganism present and its degree of sensitivity
and, last but not least, the patient’s expectations and functional needs.

Planning for any one option requires having detailed clinical records, cultures, x-rays and
information of previously received treatment. It is important to identify high-risk patients,
i.e. those receiving immunosuppressive treatment or suffering from malnutrition or system‐
ic disease, trying to improve their general condition as much as possible before surgery.
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Physical examination should provide information about the patient’s neurovascular situa‐
tion, articular mobility, the condition of their extensor mechanism and their soft tissues as
well as about any previous incisions or the need of skin coverage by a plastic surgeon. Pre‐
operative planning is important. The final goal of treatment is to eradicate infection, ease the
pain and preserve the limb’s function.

5.1. Antibiotic suppressive therapy

Efficiency of infection eradication with antibiotic therapy only is limited mainly due to the
presence of foreign bodies, as implant and acrylic cement, and bacterial biofilm, therefore its
use should be restricted to specific circumstances [21,22].

Indications for this type of treatment are as follows: 1) High operative risk due to medical
co-morbidities; 2) Presence of low-virulence micro-organisms susceptible oral antibiotics
that can be tolerated by the patient; 3) Mechanically stable prosthesis.

Antibiotic treatment should follow 3 basic principles: 1) Use of antibiotics of proven intracel‐
lular efficacy such as rifampicin, and new anti-staphylococcal agents. 2) Antibiotics should
be combined, using a minimum of two to enhance the possibility of therapeutic success. 3)
Long-standing administration, i.e. treatment should last a minimum of 6 months.

The use of new antibiotics could improve results for resistant bacteria. The oxazolidinone
linezolid is a new wide-spectrum antibiotic with very attractive pharmacokinetic and activi‐
ty profiles. It is an antibiotic that acts against methicillin-resistant staphylococci and vanco‐
mycin-resistant enterococci.

5.2. Surgical treatment

In early infection debridement and irrigation, without removing the implant, are usually
chosen for surgical treatment.

The approach is through the previous surgical wound. Following division the subcutaneous
tissue the knee is aspirated again.

Beforehand, the surgeon should carefully evaluate the knee radiographs for any sign of loos‐
ening, slight change in the components position, heterotrophic bone formation. All these
may indicate chronic situation. Following the surgical exposure the stability of the implant
should be evaluated. If reactive tissue found to sprout at the edge of the implant, it also
might indicate on chronicity of the infection.[23, 24, 25]

Extensive debridement should be performed followed with vigorous irrigation. The debrid‐
ed tissue is sent for cultures and pathology while the implant preserved. When no reactive
tissue left, last survey should include the gutters, the patellar tracking and the back fold of
the knee.

Closure of the knee might need multi layers sutures, using non absorbable materials over
heavy drain, which could be left in place for several days to the discharge to stop. Most sur‐
geons allow regular rehabilitation and long term IV antibiotics. Some surgeons leave antibi‐
otic beads and perform recurrent debridement prior to knee rehabilitation [23]
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5.3. Delayed or late infections

With delayed or late infection the orthopedic surgeon might face various clinical uncertain‐
ties with regard of decision making. The following are the most common clinical situations
that are usually encountered:

Suppurating knee with positive cultures

Clinically infected knee with positive laboratory data but negative cultures

Clinically suspected infected knee without support of laboratory data

Clinically not infected knee with positive cultures

5.3.1. Suppurating knee with positive cultures

Identification of the infective germ prior to surgery allows preparation of appropriate antibi‐
otics use within the operation. In some centers single stage revision preferred in cases of low
virulence germ, effective antibiotics available both for embedding in the cement and the pa‐
renteral line.

Most surgeons favor a two-stage revision instead of a one-stage procedure [26, 27]

5.3.1.1. The two stage procedure

The two-stage procedure is indicated particularly to treat overt infections with an active dis‐
charge and virulent organism on culture such as Staphylococus aureus and mainly in methicil‐
lin-resistant staphylococcus (MRSA). Removal of the implant is done in first stage and
implantation of the new prosthesis is performed later and delayed for a variable period of
time until all parameters of inflammation disappear (Figure 3).

Figure 3. Intraoperative image of the grossly infected knee prosthesis before retrieval
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The use of tourniquet without Esmarch bandage is advisable. Careful marking of the scars
allows excision of the scars with old suture material. The arthrotomy should follow the orig‐
inal cut with extended lengths if necessary. Careful dissection is utilized in order to protect
the vulnerable subcutaneous flaps. If open sinuses exist they should be debrided through
the track. Pus and soft tissue are sent to culture with long incubation [28]. Extensive meticu‐
lous debridement is performed to the level of natural tissue, removing all synovial necrotic
and non viable tissue. [27,29]. All prosthetic components and acrylic cement are removed.

After the implants are exposed from all soft tissue, the anterior surface of the femoral com‐
ponent is gently released as with Gigli saw, the distal part of it is detached by thin osteo‐
tome and gentle mallet percussions saving the bone stock, without leaning on the soft
infected bone. Following removal of the femoral component the undersurface of the tibial
tray is released with a saw and osteotomes which are inserted medially and laterally. Then
hammering of the tray away from the tibia is performed. Meticulous removal of all pieces of
cement is a must and,although can be technically demanding, should be accomplished.
Thorough debridement is performed again with excision and removal of all remnants of in‐
fected tissue. Then the dressing is changed and the knee is draped again. Irrigation should
follow with 3 to 4 liters of saline. Five minutes of betadine soaking of the wound should be
followed by insertion of antibiotic-impregnated spacers.

A cement spacer impregnated with eluting antimicrobial drugs, according the sensitivity of
the infective microorganism, is then interposed between distal femur and proximal tibia.
This keeps the limb at its correct length and allows partial joint mobility Non-articulating, or
articulated, spacers, can be used according to preference. Few spacer types are used: antibi‐
otic cemented beads, antibiotic cement block, articulating spacer etc [30, 31, 32] (Figure 4).

Figure 4. Knee radiographs showing different types of cement spacers

The non articulated spacer is a fixed one, with inherited stability that allows post op full
weight bearing but no knee movement. Sometimes an intramedullary nail (abut 30-36 cm
long) used to bridge the knee with cement for the enhanced stability. Care should be taken
to prevent thermal injuries by the inserted cement at its’ extension under the patella.
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A divided or articulated spacer contains two parts: one piece should be attached to the prox‐
imal tibia and the other to the distal femur. The articulating cement spacer allows the patient
to bend his knee, to exercise for range of movement, thus preventing joint contractures and
keeping the extensor mechanism integrity.

Adequate hemostasis should follow tourniquet release, irrigation and closure of the wound
over a large bore drain.

Antibiotics are administered intravenously according to microbial sensitivity for an average of
six weeks. The interval can vary between the two stages, e.g. between six weeks to three
months, when the clinical condition is settled. During this period, the clinical recovery is care‐
fully evaluated by the laboratory tests for infection control (ESR and CRP). If there is no clear
evidence of clinical improvement, re-arthrotomy and debridement should be considered.

The second stage requires re-arthrotomy through the old scar, tissue is sent for cultures, for
pathologic examination, including high power field microscopic examination. The cement
spacer is removed; the surgeon should patiently repeat the meticulous debridement. Intense
irrigation and change of knee dressing followed by bone preparation and revision implant
cementing are performed. A constrained rotating knee prosthesis is generally the most suita‐
ble implant particularly in cases of bone loss.

5.3.1.2. The one stage procedure

The use of a single-stage revision is advocated by some in certain patients with known caus‐
ative organism, when no discharging sinuses are present, the patient is not immuno‐
compromized, and there is no radiological evidence of component loosening or osteitis.

This type of revision is considered when pathogen germ has been definitely identified with
appropriate sensitive antibiotic. The cement should contain suitable antibiotics according
the sensitivity of the infective pathogen, if it is known; antimicrobial treatment is given 2-3
weeks before prosthesis exchange.

Technically one stage revision procedure includes removal of all foreign material, implant
components and cement, thorough the same steps of meticulous debridement, as stated
above, and re-implantation of a new prosthesis at the same surgical session.

5.3.2. Clinically infected knee with positive laboratory data but negative cultures

Clinical infection with negative cultures is not rare. A patient may present painful and swol‐
len knee, with synovitis and intraarticular fluid, elevated ESR and CRP, with positive leuko‐
cyte bone scan, while aspirated fluid reveal negative cultures. In such a case the aspiration
should be repeated, and microbiological studies for rare microorganisms, including PCR
should be performed.

The clinical suspicion mandates the type of surgery: The surgical process should be identical
to 1st stage revision with extensive debridement and removal of the implant. Multiple bone
and soft tissue cultures and pathology should be obtained intraoperatively. Sonication of the
prosthesis might be indicated. The cement spacer should contain antibiotics relevant against
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the common bacteria. Post operative intravenous antibiotics should be administered for six
weeks. The 2nd stage is similar to those performed for the positive culture group.

The one-stage type of revision can also be considered in presence of low grade clinical ex‐
pression, such as long relentless pain, local heat, tenderness and slow rehabilitation mile‐
stones, negative preoperative aspiration cultures and intraoperative gram stains, as well as
frozen section demonstrating less than 5 polymorphonuclears per high power field. Aged
patients with positive cultures for low virulence strains, such as Staphylococcus epidermidis
and Streptococcus type A, are sometimes allocated for revision in a single stage.

5.3.3. Clinically suspected infected knee without support of laboratory data

This group of patients is presented with swollen painful knee, sometimes with synovitis and
loosening. Usually not long from the primary surgery, with no sign of polyethylene wear,
normal laboratory tests as CRP or ESR, normal blood leukocytes count and negative leuko‐
cytes bone scan. Knee aspiration could reveal not clear fluid but with negative culture. In
such circumstances repeated aspiration performed and the workup should be extended for
material allergy such as nickel and chrome. If the clinical suspicion for infection is signifi‐
cant the surgeon might take steps as for fully infected case, performing two or single stage
revision. The decision making in these circumstances lacks a high level of evidence support.

5.3.4. Clinically not infected knee with positive cultures

Bone and soft tissue cultures are part of all knee revision as well as routine sonication of the
retrieved implants. Sometimes a positive culture might be discovered in routine, not infect‐
ed, with normal blood tests, negative leukocyte bone scan and without gross intraoperative
signs of infected knee prosthesis. The finding should be carefully evaluated for contamina‐
tion. If high suspicion for masked infection exists, six weeks of parenteral antibiotic should
be administered.

6. Outcome of treatment with surgical revision

As a rule, revision Total Knee Arthroplasty offers inferior results and higher complication
rates compared to primary arthroplasty [33].

According to the published data the successful functional results following the treatment of
late infection of a total knee arthroplasty by a two-stage re-implantation of a new prosthesis
should be expected in about 90% of patients [34, 35, 36, 37].

In spite of its high personal and financial burden the two-stage re-implantation is recog‐
nized as the most reliable method for eradicating infection [38]. Although one-stage revision
is appealing and less technically demanding, the risk of re-infection is a deterring factor.

Two-stage revision procedures may encounter bone loss, obscure landmarks, structural
weakness and soft tissue deficiency, which may result in continued pain, decreased mobility
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prosthesis might be indicated. The cement spacer should contain antibiotics relevant against

Arthroplasty - Update544

the common bacteria. Post operative intravenous antibiotics should be administered for six
weeks. The 2nd stage is similar to those performed for the positive culture group.

The one-stage type of revision can also be considered in presence of low grade clinical ex‐
pression, such as long relentless pain, local heat, tenderness and slow rehabilitation mile‐
stones, negative preoperative aspiration cultures and intraoperative gram stains, as well as
frozen section demonstrating less than 5 polymorphonuclears per high power field. Aged
patients with positive cultures for low virulence strains, such as Staphylococcus epidermidis
and Streptococcus type A, are sometimes allocated for revision in a single stage.

5.3.3. Clinically suspected infected knee without support of laboratory data

This group of patients is presented with swollen painful knee, sometimes with synovitis and
loosening. Usually not long from the primary surgery, with no sign of polyethylene wear,
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Bone and soft tissue cultures are part of all knee revision as well as routine sonication of the
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ed, with normal blood tests, negative leukocyte bone scan and without gross intraoperative
signs of infected knee prosthesis. The finding should be carefully evaluated for contamina‐
tion. If high suspicion for masked infection exists, six weeks of parenteral antibiotic should
be administered.

6. Outcome of treatment with surgical revision

As a rule, revision Total Knee Arthroplasty offers inferior results and higher complication
rates compared to primary arthroplasty [33].

According to the published data the successful functional results following the treatment of
late infection of a total knee arthroplasty by a two-stage re-implantation of a new prosthesis
should be expected in about 90% of patients [34, 35, 36, 37].

In spite of its high personal and financial burden the two-stage re-implantation is recog‐
nized as the most reliable method for eradicating infection [38]. Although one-stage revision
is appealing and less technically demanding, the risk of re-infection is a deterring factor.

Two-stage revision procedures may encounter bone loss, obscure landmarks, structural
weakness and soft tissue deficiency, which may result in continued pain, decreased mobility
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and rarely fractures. Nevertheless, the success rate of this method was found to be in the
range of 82-93%, whereas the success rate of the one-stage procedure was of 71-81% [34].
Therefore two-stage re-implantation technique represents the procedure of choice for defini‐
tive eradication of infection and preservation of knee function.

According to the published data on one-stage revisions (Table 1) in the large series of pa‐
tients, with mid-term follow up, around 80% success rate in eradication of infection should
be expected.

Author Year No. of patients Follow-up duration Success rate*

Foerster et al39 1991 104 5-15 years 80%

Lu et al49 1997 8 20.1 months 100%

Siegel et al50 2000 31 2-15 years 71% (22/31)

Buechel et al27 2004 22 10.2 years 90.9%

Soudry et al42 2009 20 8 years 80% (16/20)

* Rates of infection eradication

Table 1. Results of one-stage knee revision arthroplasty

As early as 1983, Windsor and Insall reported a success rate of 97.4% in two-stage revision
surgery in 38 patients, with four years of follow-up, but other reports had slightly lower suc‐
cess rates, around 90% (Table 2).

Author Year No. of patients Average follow-up Success rate*

Windsor & Insall 40 1983 384 4 years 97.4%

Hannsen et al 51 1994 36 52 months 89%

Goldman et al 52 1996 64 7.5 years 97%

Gacon et al 53 1997 29 3.5 years 82.7%

Hirakawa et al 53 1998 55 61.9 months 87.2%

Siebel et al 55 2002 10 13.5 months 100%

Pietsch et al 56 2003 24 14.8 months 95.8%

Haleem et al 37 2004 96 7.2 years 91%

Soudry et al 42 2009 21 8 years 100%

* Rates of infection eradication

Table 2. Results of two-stage knee revision arthroplasty
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In our series of 43 patients with infected TKA, with characteristic 50% rate of infection with
Staphylococcal strains [7], twenty patients underwent a one-stage procedure and 21 patients
underwent a two-stage procedure. Our overall data indicate 83% postoperative satisfaction
with 87% good and excellent results after revision [41,42]. After an average follow-up of 8
years, subjective satisfaction was reported by 80% of patients without any evidence of re-
infection in the whole group of these patients. However in one-stage group a recurrent in‐
fection was noted in 20% of cases. We use a constrained design of revision prosthesis in
order to overcome the expected soft tissue insufficiency in the revised knee (Figure 5).

A:
A: 

B: 

Figure 5. A : Knee radiographs ( Anterior-Posterior and Lateral views). Radiolucency is evident around the tibial com‐
ponent indicating septic loosening. B: Knee radiographs (Anterior-Posterior and Lateral views) following revision with
a constrained type prosthesis (CCK).

7. Salvage surgical procedures

In failed treatment of revision TKA or in case of a multioperated knee and a debilitated pa‐
tient another surgical procedure might be required for limb salvage.
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In our series of 43 patients with infected TKA, with characteristic 50% rate of infection with
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underwent a two-stage procedure. Our overall data indicate 83% postoperative satisfaction
with 87% good and excellent results after revision [41,42]. After an average follow-up of 8
years, subjective satisfaction was reported by 80% of patients without any evidence of re-
infection in the whole group of these patients. However in one-stage group a recurrent in‐
fection was noted in 20% of cases. We use a constrained design of revision prosthesis in
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ponent indicating septic loosening. B: Knee radiographs (Anterior-Posterior and Lateral views) following revision with
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In failed treatment of revision TKA or in case of a multioperated knee and a debilitated pa‐
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7.1. Knee arthrodesis

Knee arthrodesis should be considered as a therapeutic option when other described above
techniques have failed, especially in young patients with high functional demands or in pa‐
tients with extensive deformities, advanced alterations of the extensor mechanism, deficient
soft tissues, immunosuppression or infections by highly virulent bacteria. Arthrodesis pro‐
vides a stable and pain-free limb. However, there is no flexion and the function of the knee
is sacrificed, causing an advanced functional impairment. This is generally an irreversible
situation. The procedure can be performed with intramedullary nail, metallic plate or exter‐
nal fixation [43, 44] (Figure 6). We have a good clinical experience using the Ilizarov external
fixator for this purpose. We used this method in twelve consecutive patients following failed
revision TKA surgery performed as treatment for infected initial knee prosthesis. Solid fu‐
sion was achieved in all patients within an average healing time of 27.6 weeks. Average
shortening of the affected lib was 3.7 cm. We concluded that the Ilizarov fixator for knee ar‐
throdesis after failed TKR produced favorable results and should be considered for the use
by surgeons who are familiar with this technique [44]. The success is dependent on the pro‐
ficiency of the surgeons in Ilizarov method and patient cooperation.

B: C: D: A: 

Figure 6. Radiographs of fused knees, following failed revision of TKA, by: A: Intramedullary nail, B: Tubular external
fixator. C: Internal fixation by plate and screws, D: Ilizarov external fixator.

7.2. Resection arthroplasty

By this salvage method a permanent removal of the implant and cement with local debride‐
ment, without re-implantation, are performed. The purpose of this technique is to create a
false joint that may allow a certain range of motion. The leg is immobilized for a period be‐
tween 3 and 6 months in order to allow the soft tissues retraction with creation of free area
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for movement with a certain degree of stability. Candidates for this type of treatment are pa‐
tients with low functional demands [45].

7.3. Limb amputation

This technique should be considered the last resort when dealing with salvage of a prosthet‐
ic infection. Its indications are as follows: an uncontrolled infection that threatens the pa‐
tient's life, large bone loss and severe soft tissue defects [46]. Functional results tend to be
extremely poor and patients often end up in a wheelchair. However a successful above knee
amputation may provide the best function for patients who otherwise would have a func‐
tionless knee joint. In the past limb amputation was required most frequently in infected
TKA with cemented stem hinges.

8. Future: Prosthetic design “tuned” to prevention of periprosthetic
infection

The best solution is to prevent infection rather than treat it. Nowadays the trend is to design
an implant that is less susceptible to infection by using surfaces that will be resistant to bac‐
terial adhesion and generation of biofilm. These designs will be appropriate to prevent in‐
fection originating via hematogeous spread. Another approach is to use local slowly
released antibacterial agents, such as antibiotics or chemical free radicals, that will keep an
efficient periprosthetic high concentration antimicrobial milieu in order to prevent biofilm
bacterial masking [47]. This is a very important factor since the effective concentration of an‐
tibiotics for penetration of biofilm masking should be 1000 times higher than can be ach‐
ieved following they usual oral or parenteral administration.

Most of the efforts for generation of anti-biofilm surfaces of the prostheses are still in devel‐
opment stage and still have not gain wide clinical use. Currently three main directions are
utilized for this purpose. The most common method is to use titanium surfaces that release
bactericidal superoxide radicals [48]. This method is especially appealing since TiO2 is has
no significant cytotoxic effect on mammalian cells. We observed that human osteoblast-like
cells in culture remain viable after exposure to high concentration of TiO2 0.1 mm granules
in culture media (10% v:v). Another metal that has bactericidal properties is silver. There are
a lot of efforts in designing prosthetic surfaces containing silver [48]. We found that it has a
bactericidal effect on different Staphylococci strains, but Pseudomonas aeruginosa remained re‐
sistant to its high concentration (10% v:v). The main problem with the use of silver for pros‐
thetic coating is its toxicity to the host cells. We observed a profound cytotoxic effect in
cultures of human osteoblast-like cells exposed to 0.1 mm granules of silver in culture media
in bactericidal concentration. For this reason the surfaces coated by TiO2 have a better bac‐
tericidal potential for clinical use.

There is also a possibility to use immobilized antibiotic coverage for prosthetic surfaces. This
method is still has not reached a proved clinical use [48].
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for movement with a certain degree of stability. Candidates for this type of treatment are pa‐
tients with low functional demands [45].

7.3. Limb amputation
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ic infection. Its indications are as follows: an uncontrolled infection that threatens the pa‐
tient's life, large bone loss and severe soft tissue defects [46]. Functional results tend to be
extremely poor and patients often end up in a wheelchair. However a successful above knee
amputation may provide the best function for patients who otherwise would have a func‐
tionless knee joint. In the past limb amputation was required most frequently in infected
TKA with cemented stem hinges.

8. Future: Prosthetic design “tuned” to prevention of periprosthetic
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The best solution is to prevent infection rather than treat it. Nowadays the trend is to design
an implant that is less susceptible to infection by using surfaces that will be resistant to bac‐
terial adhesion and generation of biofilm. These designs will be appropriate to prevent in‐
fection originating via hematogeous spread. Another approach is to use local slowly
released antibacterial agents, such as antibiotics or chemical free radicals, that will keep an
efficient periprosthetic high concentration antimicrobial milieu in order to prevent biofilm
bacterial masking [47]. This is a very important factor since the effective concentration of an‐
tibiotics for penetration of biofilm masking should be 1000 times higher than can be ach‐
ieved following they usual oral or parenteral administration.

Most of the efforts for generation of anti-biofilm surfaces of the prostheses are still in devel‐
opment stage and still have not gain wide clinical use. Currently three main directions are
utilized for this purpose. The most common method is to use titanium surfaces that release
bactericidal superoxide radicals [48]. This method is especially appealing since TiO2 is has
no significant cytotoxic effect on mammalian cells. We observed that human osteoblast-like
cells in culture remain viable after exposure to high concentration of TiO2 0.1 mm granules
in culture media (10% v:v). Another metal that has bactericidal properties is silver. There are
a lot of efforts in designing prosthetic surfaces containing silver [48]. We found that it has a
bactericidal effect on different Staphylococci strains, but Pseudomonas aeruginosa remained re‐
sistant to its high concentration (10% v:v). The main problem with the use of silver for pros‐
thetic coating is its toxicity to the host cells. We observed a profound cytotoxic effect in
cultures of human osteoblast-like cells exposed to 0.1 mm granules of silver in culture media
in bactericidal concentration. For this reason the surfaces coated by TiO2 have a better bac‐
tericidal potential for clinical use.

There is also a possibility to use immobilized antibiotic coverage for prosthetic surfaces. This
method is still has not reached a proved clinical use [48].
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Currently the widespread method of prosthetic fixation with methyl methacrylate bone ce‐
ment, containing broad spectrum antibiotics, is the only proven way to create an antimicro‐
bial periprosthetic surrounding. The uncontrolled release of the antibiotics and potential
reduced fixation characteristics of the cement containing antibiotics are the main disadvant‐
age of this method, but it is no clinical evidence that might support these concerns.

9. Conclusion

Despite  considerable  advances  in  surgical  techniques  and  preoperative  care,  a  0.5-2%
prevalence  of  infection  in  total  knee  arthroplasty  (TKA)  still  poses  a  great  challenge  in
the treatment of this devastating and costly complication. Current solutions to treat peri‐
prosthetic  infection  remain  imperfect.  Treatment  strategy  varies  from  conservative  life-
long antibiotic suppression therapy in the very high risk patient, arthroscopic or surgical
debridement, revision in one or two-stage, arthrodesis or resection arthroplasty as a sal‐
vage procedure,  and amputation in life-threatening conditions.  The decision on the best
method of treatment should be personalized to the patient’s  general  health,  the severity
of the infection and the complexity of the surgery. Currently most of the surgeons have
adopted the two-stage protocol,  where prosthetic removal,  debridement and culture-spe‐
cific  I.V.  therapy  prior  to  re-implantation  are  regarded  as  standards  of  care.  Although
one-stage  revision  procedure  is  practiced  by  some,  there  is  no  clear  evidence  to  define
when this procedure can be safely applied, because there is no sufficient reliable data on
a clinical reliability of this approach. The quest to perform one-stage revision should be
continued, as two-stage operations classify the patient in a multiple operations category,
with all  the resulting potential  complications,  such as arthrodesis and amputation.  Nev‐
ertheless,  the threat  of  re-infection after  the one-stage procedure surpasses  the potential
benefits. Judicious selection of patients is the key for successful mode of treatment. Cur‐
rently  the  two-stage  exchange  arthroplasty,  with  all  its  inherent  problems  and  draw‐
backs,  allows  only  a  partial  success  in  treatment  of  TKA  infection.  New  modalities  or
avenues for treatment of prosthetic infection are desirable.
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Currently the widespread method of prosthetic fixation with methyl methacrylate bone ce‐
ment, containing broad spectrum antibiotics, is the only proven way to create an antimicro‐
bial periprosthetic surrounding. The uncontrolled release of the antibiotics and potential
reduced fixation characteristics of the cement containing antibiotics are the main disadvant‐
age of this method, but it is no clinical evidence that might support these concerns.

9. Conclusion

Despite  considerable  advances  in  surgical  techniques  and  preoperative  care,  a  0.5-2%
prevalence  of  infection  in  total  knee  arthroplasty  (TKA)  still  poses  a  great  challenge  in
the treatment of this devastating and costly complication. Current solutions to treat peri‐
prosthetic  infection  remain  imperfect.  Treatment  strategy  varies  from  conservative  life-
long antibiotic suppression therapy in the very high risk patient, arthroscopic or surgical
debridement, revision in one or two-stage, arthrodesis or resection arthroplasty as a sal‐
vage procedure,  and amputation in life-threatening conditions.  The decision on the best
method of treatment should be personalized to the patient’s  general  health,  the severity
of the infection and the complexity of the surgery. Currently most of the surgeons have
adopted the two-stage protocol,  where prosthetic removal,  debridement and culture-spe‐
cific  I.V.  therapy  prior  to  re-implantation  are  regarded  as  standards  of  care.  Although
one-stage  revision  procedure  is  practiced  by  some,  there  is  no  clear  evidence  to  define
when this procedure can be safely applied, because there is no sufficient reliable data on
a clinical reliability of this approach. The quest to perform one-stage revision should be
continued, as two-stage operations classify the patient in a multiple operations category,
with all  the resulting potential  complications,  such as arthrodesis and amputation.  Nev‐
ertheless,  the threat  of  re-infection after  the one-stage procedure surpasses  the potential
benefits. Judicious selection of patients is the key for successful mode of treatment. Cur‐
rently  the  two-stage  exchange  arthroplasty,  with  all  its  inherent  problems  and  draw‐
backs,  allows  only  a  partial  success  in  treatment  of  TKA  infection.  New  modalities  or
avenues for treatment of prosthetic infection are desirable.
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1. Introduction

Infection is one of the most devastating complications of total knee arthroplasty. It is also the
leading cause of early revision after knee arthroplasty, ahead of instability and aseptic
loosening [1].

Treatment of an infected total knee arthroplasty requires 3 to 6 times more hospital resources
than a primary arthroplasty and 2 times more than an aseptic revision [2]. The goal of treatment
is to eradicate infection and maintain joint function.

Two-stage exchange remains the treatment of choice in cases of late infection, with good or
excellent results in 80% to 100% of cases; nevertheless, it is aggressive, costly, and long. It is
also considered the treatment of choice in cases of fungal infection, infection by virulent
organisms, inflammatory diseases, immunosuppression, and reinfection after reimplantation.

Compared with direct replacement, 2-stage revision of infected arthroplasty has several
disadvantages: longer hospital stay, higher cost, longer surgical time, tissue retraction,
instability, and functional limitation between procedures. From a technical standpoint,
surgical reimplantation may be hampered by retraction of soft tissue and loss of tissue planes.

Most authors agree that almost all of these problems can be minimized using antibiotic-loaded
articulating cement spacers, although 2-stage exchange can be used to eradicate infection both
with and without cement spacers.

The most consistent results have been published with 2-stage exchange, regardless of varia‐
tions in the type of spacer, causal microorganism, or duration of infection. In a systematic
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1. Introduction

Infection is one of the most devastating complications of total knee arthroplasty. It is also the
leading cause of early revision after knee arthroplasty, ahead of instability and aseptic
loosening [1].

Treatment of an infected total knee arthroplasty requires 3 to 6 times more hospital resources
than a primary arthroplasty and 2 times more than an aseptic revision [2]. The goal of treatment
is to eradicate infection and maintain joint function.

Two-stage exchange remains the treatment of choice in cases of late infection, with good or
excellent results in 80% to 100% of cases; nevertheless, it is aggressive, costly, and long. It is
also considered the treatment of choice in cases of fungal infection, infection by virulent
organisms, inflammatory diseases, immunosuppression, and reinfection after reimplantation.

Compared with direct replacement, 2-stage revision of infected arthroplasty has several
disadvantages: longer hospital stay, higher cost, longer surgical time, tissue retraction,
instability, and functional limitation between procedures. From a technical standpoint,
surgical reimplantation may be hampered by retraction of soft tissue and loss of tissue planes.

Most authors agree that almost all of these problems can be minimized using antibiotic-loaded
articulating cement spacers, although 2-stage exchange can be used to eradicate infection both
with and without cement spacers.

The most consistent results have been published with 2-stage exchange, regardless of varia‐
tions in the type of spacer, causal microorganism, or duration of infection. In a systematic
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review of the literature between 1980 and 2005, Jämsen et al. [3] found 31 original articles
describing the results of 154 direct exchanges and 926 2-stage exchanges. Eradication rates
were 73%-100% for 1-stage exchange and 82%-100% for 2-stage exchange. Final range of
motion and reinfection rates were lower in the series that used antibiotic-loaded articulating
spacers. No correlation was observed with the type of spacer or functional outcome between
direct revision and 2-stage exchange.

2. Spacer types: Nonarticulating and articulating

The 2-stage exchange protocol was designed by Insall in 1983. Since the first report in 1990,
long-term results have shown two-stage exchange to be the treatment of choice for infection
after total knee arthroplasty [4]. The outcome of the original procedure was poor to fair in 20%
of cases, mainly owing to functional disability and retraction of soft tissue. Atrophy, stiffness,
bone loss, and increased extensile exposure were observed at reimplantation.

The use of antibiotic-loaded articulating spacers helped to reduce these complications and
improve the possibilities of eradicating infection [5-9]. The choice of spacer depends on many
factors, including degree of bone loss, state of the soft tissue, choice of antibiotics, and financial
and technical restraints. A benefit that is common to both articulating and nonarticulating
antibiotic-loaded spacers is the fact that greater intra-articular levels of antibiotic can be
delivered than with parenteral antibiotics [10-11].

The approach aims to be above breakpoint sensitivity (ie, the level of antibiotic that sets the
boundary between bacterial susceptibility and the development of resistance) and to eradicate
infection.

Nonarticulating spacers enable local administration of a high concentration of antibiotic,
improve patient autonomy, facilitate outpatient treatment, and maintain the joint space for
future procedures.

Borden and Gearen [5], Booth and Lotke [7], and Cohen et al. [12] reported data for antibiotic-
loaded beads and cement spacers, which are molded to adapt to the defect created by removal
of the infected prosthesis. Although in some cases these authors made the spacer in 2 semi‐
blocks, thus forming a partial joint, neither the design of the blocks nor the rehabilitation
protocol included controlled mobility. Calton et al. [9] modified this approach, although
disadvantages were still observed (eg, bone loss when the spacer sank into the tibia).

Other disadvantages of this system are the minimal range of motion of the joint, which can
lead to shortening of the quadriceps, capsule, and ligaments, thus increasing the need for
extensile approaches with longer surgical time during reimplantation.

Antibiotic-loaded articulating cement spacers can improve function between operations and
facilitate the second stage.
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Although this approach remains open to debate, most authors agree that articulating spacers
provides better functional results and enable more efficacious eradication of infection than
nonarticulating spacers [3], [13-15].

The shape and features of articulating spacers vary considerably, from fully manual spacers
made in preformed molds to modular spacers, which include plastic and metal surfaces.
Spacers differ in price, complexity, and degree of constraint. The advantages of articulating
spacers are as follows: retraction of soft tissue and extensor mechanisms is prevented, high
doses of antibiotics can be added in the time between operations, bone mass is preserved better
than with nonarticulating spacers[9], [16], the need for expanded approaches at reimplantation
is reduced, and the success rate is increased. These approaches also enable greater controlled
mobility of the joint and application of a partial support brace, thus facilitating acceptable
function between procedures.

3. Historical development of articulating spacers

Use of antibiotic-loaded articulating spacers was first reported by Wilde and Ruth [6] in 1988.
This was the first attempt to reduce complications due to functional disability between
operations, as observed in the initial work by Windsor and Insall [4].

Preformed articulating systems (PROSTALAC®) first appeared in 1992. Their main advantage
was excellent tolerability and function between procedures, thanks to high joint congruence
and reduced friction [17]. Their disadvantages include high cost, presence of metal and plastic
surfaces that could facilitate bacterial growth, and size limitations. Preformed articulating
systems are not widely used because of their price and the theoretical risk that the presence of
metal and plastic components facilitates persistence of infection, although this has not been
confirmed in clinical practice. Therefore, other factors (eg, aggressiveness of the microorgan‐
ism, addition of high proportions of cement, and antibiotic treatment) may be more important
than the type of spacer used.

Hand-made cement articulating spacers, however, maintain almost all the advantages of
preformed spacers, although they also have a series of drawbacks.

Between these extremes, many authors have developed modifications to minimize the
disadvantages of hand-made spacers and PROSTALAC® spacers, by adapting them to their
technical and economic possibilities. The real impact of the theoretical advantages of the
different types of spacer is unknown.

The main forms are as follows:

1. Manual construction of a spacer with cement in the operating room by recreating the
normal anatomy of the patient [18], [19] (Figure 1 ) or more congruent systems (ball and
socket) [20] (Figure 2).

2. Construction of customized spacers in the operating room using prefabricated silicone or
aluminum molds [21], [22], or using trial components to shape the spacer [23]. Cement
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molds can be made during surgery using trial components, and the definitive spacer can
be made using these cement molds [24], [25].

3. Prefabricated spacers made of cement only [26].

4. Cement components in combination with modular components made of plastic and metal
(PROSTALAC®, DePuy, Warsaw, Indiana) [27], [28].

5. Resterilization of the prosthesis and insertion of a femoral component and a tibial
polyethylene insert with cement or a new prosthesis as a spacer (prosthesis-spacer) with
high antibiotic loads [29], [30].

6. Combinations of these approaches for moderate or massive defects [31], [32].

Figure 1. Remodeling prominent areas of a hand-made spacer with a high-speed burr.

Favorable results have been reported with each of these types of spacers. The more rudimen‐
tary a spacer is, the lower its congruence and the greater the sensation of popping, giving way,
or instability. In contrast, it is cheaper, more widely available, and versatile. The specific
advantage of spacers built manually with cement only is that the whole spacer is loaded with
antibiotics, and these can be tailored to the causative organism. The spacer does not include
plastic, metal, or resterilized parts and can be applied in any operating room with no need for
specific instruments. The main disadvantage of cement spacers is the lack of optimal congru‐
ence, instability, and the difficulty in modeling, especially with high antibiotic loads
(>10%-15%) (Figure3). In addition, cement-on-cement spacers can cause more inflammatory
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reactions as a result of particle generation; however, this has not been considered a real
problem in published series [18], [21], [24].

Figure 2. Ball and socket spacer.

Figure 3. Hand-made spacer for a segmental defect. Excellent range of motion. Due to instability or giving way the
patients usually walks with a brace.
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Customized spacers constructed completely of cement using prefabricated silicone or alumi‐
num molds are not difficult to shape with greater antibiotic loads.

By contrast, preformed spacers including metal or plastic elements or resterilized prostheses
have a limited antibiotic load, which is not tailored to the patient. These spacers involve the
insertion of foreign material into a septic environment. In these cases, only the cement fixing
the metal components, the prosthesis, or the preformed spacer takes the maximum load of
tailored antibiotics.

Also important is the degree of constriction of the spacer. All spacers made intraoperatively
with a mold design lack a tibial post and femoral bar; at most, they have a tibial post that gives
them some medial-lateral stability. The bar, or lever, which provides anteroposterior stability,
is exclusive to PROSTALAC® systems or prosthesis-spacers.

4. Characteristics of antibiotic-loaded spacers

Elution of antibiotics from bone cement depends on several factors: the type of antibiotic, the
concentration and combination of antibiotics, the porosity and type of the cement, and the
surface of the spacer [33], [34].

4.1. Cement type: Commercially available vs. custom antibiotic-loaded cement

Most commercially available antibiotic-loaded cements, have a low dose of antibiotic, which
can act as prophylaxis in patients at risk (ie, double prophylaxis in combination with parenteral
antibiotics), or during reimplantation in a 2-stage revision of an infected total knee arthro‐
plasty, but not for the treatment of infection when it is diagnosed[35].

Therefore, surgeons should add antibiotics to the cement to achieve the appropriate doses
needed for the treatment of periprosthetic joint infection and to tailor the drug to the causative
microorganism.

In comparison with commercial presentations, manually mixed cement releases less antibiotic
[33], [34].

Manual mixing of cement and antibiotics increases the porosity of the cement. In theory, this
approach weakens the cement, but increases the elution surface, since the antibiotic is released
from the surface of the spacer and from cracks in the surface. On the other hand, distribution
is not homogeneous (unlike commercially available preloaded cements), thus decreasing the
rate of elution from a given surface [36], [37]. One study showed that increasing the surface
area of bone cement by 40% yielded a 20% increase in the elution rate of vancomycin [38].

The addition of dextran increases porosity and elution rates. Kuechle et al. [39] noted that when
dextran was added at 25%, the release of antibiotics during the first 48 hours was about 4 times
greater, and the duration of elution reached 10 days instead of only 6, compared with the
routine preparation. The same effect was observed with the addition of lactose and xylitol (or
other sugars), which increase the release of daptomycin, vancomycin, and gentamicin [33].
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Vacuum mixing decreases the porosity of the cement and thus potentially decreases the elution
rate. However, this is not true for all cements, because other factors, such as hydrophilicity or
viscosity, may be more important than the area of elution.

In a recent study, Meyer et al. [34] compared the elution of 6 commercially available vacuum-
mixed and manually mixed antibiotic-loaded cements. All showed detectable antimicrobial
activity during the 5 days of the trial, with peak activity on the first day and levels above
breakpoint sensitivity. Levels decreased rapidly thereafter. Cumulative antimicrobial activity
during the trial was similar with the manually mixed Cemex Genta and the vacuum-mixed
Cobalt G-HV and Palacos RG and higher than that of VersaBond AB, Simplex P with Tobra‐
mycin, and SmartSet GMV. The cumulative antimicrobial activity of manually mixed Cemex
Genta over 5 days was significantly higher than that of Cobalt G-HV and Palacos RG, which
in turn significantly higher cumulative antimicrobial activity than VersaBond AB, Simplex P
with Tobramycin, and SmartSet GMV. Vacuum mixing increased the cumulative antimicrobial
activity of Cobalt G-HV, Palacos RG, and Simplex P with Tobramycin and decreased the
activity of Cemex Genta, SmartSet GMV, and VersaBond AB. The antimicrobial activity was
similar for Cobalt G-HV and Palacos RG and significantly higher than that of the other cements.
Furthermore, vacuum mixing also increased the number of days of elution above the break‐
point sensitivity necessary to eliminate 99% of methicillin-susceptible Staphylococcus aureus
(MSSA) and methicillin-resistant S. aureus (MRSA) and 85% of coagulase-negative staphylo‐
cocci (CNS) recorded between 2009 and 2010. For Palacos RG, the number of days of elution
increased from 2 days for manually mixed cements to 5 days for vacuum-mixed cements. For
Cobalt G-HV, this value increased from 2 to 3 days; for Simplex P with Tobramycin it increased
from 1 to 2 days. By contrast, vacuum mixing reduced the number of days’ elution above this
limit for Cemex Genta from 3 days to 1 day. The authors concluded that vacuum mixing had
adverse effects on elution with low-viscosity cement (Cemex Genta), positive effects on elution
with high-viscosity cements (Cobalt G-HV and Palacos RG), and unpredictable effects on
elution with medium-viscosity cements (Simplex P with Tobramycin, SmartSet GMV, and
VersaBond AB). Only manually mixed Cemex Genta and vacuum-mixed Palacos RG eluted
antibiotics above breakpoint sensitivity on the third day; the remainder did so only on the first
day. Although Cobalt G-HV and Palacos RG have a lower gentamicin load, they have greater
antimicrobial activity and elution rates than other cements with a higher antibiotic load.

Other studies confirm differences between cements. Stevens et al. [40] studied the in vitro
elution of antibiotics from Simplex and Palacos cements and noted that Palacos was a more
effective vehicle for local administration [41], [42].

4.2. Choice of antibiotic

Antibiotic-loaded cement spacers release high concentrations of drug and enable higher intra-
articular concentrations to be reached than parenteral antibiotics alone, with little effect on
serum or urine concentrations and therefore with minimal risk of systemic damage [29], [43],
[44]. It is essential to achieve local bactericidal concentrations that make it possible to eradicate
infection or prevent colonization of the new implant during the reimplantation phase (the "race
for the surface").
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The antibiotic used must have 2 fundamental properties:

• Thermostability: Polymerization of the cement is an exothermic reaction. The cement
increases in temperature within 10-13 minutes, and this change may alter the properties of
the antibiotic.

• Water solubility: The antibiotic is disseminated in the tissues surrounding the infected joint.
By maintaining the spacer in the joint for no less than 8 weeks, the antibiotic is released at
a constant rate. However, the bactericidal effect is concentrated in the early days. Subse‐
quently, spacers fulfill mainly a mechanical function.

The most frequently used antibiotics are tobramycin, gentamicin, vancomycin, and cephalo‐
sporins. Antibiotics can be combined to achieve broad-spectrum coverage, depending on the
nature of the causative microorganism. Aminoglycoside in powder is recommended, as it does
not weaken the cement; however, it is difficult to obtain in some countries. The surgeon’s
options are therefore limited when combining antibiotics.

Periprosthetic infections are caused mainly by gram-positive microorganisms (S. aureus and
CNS). When the pathogen and its antibiotic sensitivity profile are clearly identified, a single
antibiotic should be administered. When the pathogen is unknown, treatment is more difficult,
and a combination of antibiotics can improve the chances of eradicating infection. Vancomycin
covers MRSA, gentamicin covers Enterobacteriaceae and Pseudomonas aeruginosa, and cefo‐
taxime destroys microorganisms resistant to gentamicin.

In addition to increasing the range of coverage, some combinations of antibiotics have a
synergistic effect. Penner et al. [41] observed that the combination of vancomycin and tobra‐
mycin acted synergistically, although they discouraged the use of vancomycin in monother‐
apy. However, other authors have reported excellent results for CNS and MRSA with cement
loaded with only 5-7.5% vancomycin (Simplex P, Howmedica, Rutherford, New Jersey, USA:
2-3 g of vancomycin per bag), both in static and in articulating spacers [45].

Synergy between aminoglycosides and vancomycin and, occasionally, a cephalosporin can
make it possible to cover a broad spectrum of microorganisms. These antibiotics are usually
available in powder form; however, antibiotic-loaded cements are not commercially available.
Heraeus are working on a commercial presentation of gentamicin with vancomycin for
commercial use in Europe in 2012.

The only commercial presentation with a synergistic effect is Copal, which combines clinda‐
mycin and gentamicin. Copal enables increased release of antibiotic and greater ability to
inhibit the formation of biofilm than gentamicin alone. Ensing et al. [46] showed that the elution
rate of Copal (clindamycin + gentamicin) is much greater than that of other cements, which
are also considered excellent [47]. At 7 days, the elution rate was 65% for clindamycin and 41%
for gentamicin; for Palacos RG the value for release was 4% for preloaded gentamicin. This
increased release of antibiotic resulted in greater and more prolonged inhibition of bacterial
growth on agar plates. Gentamicin-susceptible S. aureus strains were "small colony variants"
that were resistant to gentamicin in Palacos RG and less so to the gentamicin in Copal. Elution
of gentamicin in Palacos RG ceased after 72 hours, in contrast with Copal, which maintained
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bacterial inhibition during the study period. In addition, unlike Copal, Palacos RG was unable
to inhibit bacterial growth of gentamicin-resistant CNS. The addition of clindamycin to
gentamicin-loaded cement had an additive effect on the inhibition of biofilm. Conversely,
although both cements fulfill ISO norms, the mechanical properties of Palacos RG are superior.

The study by Ensing et al. [46] has several practical implications. Synergy can enable the release
of greater amounts of antibiotic, thus making inhibition of bacterial growth more effective and
increasing the chances of winning the “race for the surface”. By achieving high rates of
antibiotic elution, even resistant bacteria can be eradicated when the dose rises sufficiently.
Finally, given its worse biomechanical properties, Copal seems ideal for articulating spacers,
which are withdrawn after a few weeks, but not as appropriate as Palacos RG for definitive
reimplantation once the infection has been cured.

Effective elution from cement has also been observed with quinolones, daptomycin, and
linezolid, although these agents are difficult to obtain in powder form or are too expensive
[48]. Anguita-Alonso et al. [48] compared quinolones, cefazolin, and linezolid and found
linezolid to be the most stable antibiotic after polymerization of PMMA. It achieved high peak
concentrations at 7.5% and 15%. All detectable concentrations of linezolid were always above
the cutoff sensitivity of Staphylococcus spp. (≤4 µg/mL).

Daptomycin has also demonstrated the ability to elute in local bactericidal concentrations for
S. aureus and CNS, with a release profile similar to that of vancomycin [39], [49], [50].

4.3. Fungal infections

In the case of fungal infections, the recommended antibiotic is amphotericin B or fluconazole
(Figure 4). 5-Flucytosine is not stable and is therefore not valid for use in cement. Amphotericin
can cause nephrotoxicity, hepatotoxicity, chills, nausea, and blood disorders, thus necessitat‐
ing lower doses and more prolonged treatment. Fortunately, the incidence of fungal infection
is low. Most infections are by Candida species, of which C. albicans accounts for 60%, C.
parapsilosis 20%, and C. tropicalis 20%. More uncommon species include Coccidioides immitis,
Sporothrix schenckii, and Blastomyces dermatitidis.

Figure 4. Preformed cement spacer with amphotericin B and fluconazole in a prosthesis with fungal infection.
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bacterial inhibition during the study period. In addition, unlike Copal, Palacos RG was unable
to inhibit bacterial growth of gentamicin-resistant CNS. The addition of clindamycin to
gentamicin-loaded cement had an additive effect on the inhibition of biofilm. Conversely,
although both cements fulfill ISO norms, the mechanical properties of Palacos RG are superior.

The study by Ensing et al. [46] has several practical implications. Synergy can enable the release
of greater amounts of antibiotic, thus making inhibition of bacterial growth more effective and
increasing the chances of winning the “race for the surface”. By achieving high rates of
antibiotic elution, even resistant bacteria can be eradicated when the dose rises sufficiently.
Finally, given its worse biomechanical properties, Copal seems ideal for articulating spacers,
which are withdrawn after a few weeks, but not as appropriate as Palacos RG for definitive
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Effective elution from cement has also been observed with quinolones, daptomycin, and
linezolid, although these agents are difficult to obtain in powder form or are too expensive
[48]. Anguita-Alonso et al. [48] compared quinolones, cefazolin, and linezolid and found
linezolid to be the most stable antibiotic after polymerization of PMMA. It achieved high peak
concentrations at 7.5% and 15%. All detectable concentrations of linezolid were always above
the cutoff sensitivity of Staphylococcus spp. (≤4 µg/mL).

Daptomycin has also demonstrated the ability to elute in local bactericidal concentrations for
S. aureus and CNS, with a release profile similar to that of vancomycin [39], [49], [50].

4.3. Fungal infections

In the case of fungal infections, the recommended antibiotic is amphotericin B or fluconazole
(Figure 4). 5-Flucytosine is not stable and is therefore not valid for use in cement. Amphotericin
can cause nephrotoxicity, hepatotoxicity, chills, nausea, and blood disorders, thus necessitat‐
ing lower doses and more prolonged treatment. Fortunately, the incidence of fungal infection
is low. Most infections are by Candida species, of which C. albicans accounts for 60%, C.
parapsilosis 20%, and C. tropicalis 20%. More uncommon species include Coccidioides immitis,
Sporothrix schenckii, and Blastomyces dermatitidis.

Figure 4. Preformed cement spacer with amphotericin B and fluconazole in a prosthesis with fungal infection.
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Immunosuppression, prolonged hospitalization, prolonged intravenous therapy, drug
dependence, and inflammatory diseases are risk factors for the development of fungal
infections; however, in most published cases the patients did not present these risk factors. A
reasonable postulate is that infection is caused by intraoperative inoculation rather than by
hematogenous spread. The symptoms are those of a subacute infection, namely, mild to
moderate pain or discomfort, effusion, and, occasionally, progressive osteolysis [51]. Publish‐
ed series are very short [52]-[54]. Phelan et al. [55] performed a 2-stage revision procedure with
systemic administration of antifungal agents to treat 4 Candida infections of total joint arthro‐
plasties. They also identified 6 other cases in the literature that had been treated with the same
regimen. In addition to resection arthroplasty, 8 patients received amphotericin B alone or in
combination with other antifungal agents, and 1 patient was treated with fluconazole in
monotherapy. Eight patients had no recurrence of infection at a mean of 50.7 months after
reimplantation.

4.4. Dose of antibiotic

Lewis [33] studied the properties of antibiotic-loaded cements. Elution typically occurs in 3
phases: an exponential phase (during the first 24 hours), a declining phase, and a final low
constant elution phase. The exponential phase depends on the diffusion area of the surface of
the spacer, although porosity and hydrophilicity of the cement also play a role. Porosity
determines the amount of liquid that comes into contact with the surface of the cement, which
in turn determines the elution rate of the antibiotic from the surface or from deeper cracks in
the cement.

The addition of high doses of antibiotic to the cement is a key element of treatment when
attempting to reach maximum intra-articular concentrations in the exponential phase,
although some authors have observed persistent effective levels of antibiotics until 4 months
after surgery [56].

The antibiotic should not exceed 20% of the total mass of cement. In addition, it should be in
powder form, since liquid forms hinder polymerization. No standard ideal dosage of each
drug to be mixed with bone cement has been established. Addition of 2 antibiotics to the cement
is superior to the addition of 1. The most frequently used doses vary from 2.4 g of tobramycin
with 1 g of vancomycin per 40 g of cement to 4 g of vancomycin with 4.6 g of tobramycin per
40 g of cement. These doses have been associated with success rates of above 90% [41], [56].

As the amount of antibiotic powder increases, the strength of the cement decreases. How‐
ever,  antibiotic load seems to be yet another factor within 2-stage exchange, and consis‐
tent  results  have  been  obtained  using  unloaded antibiotic  spacers  or  spacers  with  only
minimal loads. Fehring et al. [15] reported efficacious results with 1.2 g of tobramycin per
40 g of bone cement. Mean follow-up was 36 months for patients who received a nonarti‐
culating spacer (88% eradication) and 27 months for patients treated with an articulating
spacer (93% eradication).
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4.5. Resistance: Mechanical properties of cement

The factors affecting the mechanical properties of the cement are type of cement, proportion
and combination of antibiotics, administration in liquid or powder form, and mixing method
(manual or vacuum). Cement mixed with cloxacillin, cefazolin, gentamicin, vancomycin, and
tobramycin has been shown to maintain good resistance to tension and compression [57], [58].

However,  adding liquid antibiotic  interferes with early polymerization,  leading to a sig‐
nificant  deterioration in the properties  of  the cement,  because of  the effect  of  the water
and not the properties of the antibiotic itself. For example, addition of liquid gentamicin
instead of powder can decrease the resistance of the cement to compression by 49% and
the tensile strength by 46%. Tobramycin powder, on the other hand, had not detrimental
effects on the spacers [59], [60].

Manually adding antibiotic also weakens the cement. Vacuum-mixed antibiotic-impregnated
cement improves its mechanical properties by reducing porosity by up to 20%. It has been
estimated that manual mixing causes a 30-40% reduction in resistance and that vacuum mixing
can reduce 10-fold the rate of fracture during cyclic loading with spacers [61], [62].

Commercial antibiotic-loaded cements retain their mechanical properties, although the dose
may not be sufficient for the treatment of an infection or for the manufacture of spacers, except
for some commercial forms, such as Copal.

Duncan [17] reported that manual mixing decreased resistance by 36% with respect to
commercially available cement, while the resistance of the latter did not differ from that of
nonloaded cement.

Lewis [33] compared several cements and their biomechanical properties after combination
with different antibiotics. The composition of the cement was a major factor. The elution rate
of vancomycin and tobramycin from Palacos RG is superior to that of Simplex, and the elution
rate of Simplex is superior to that of CMW. The combination of antibiotics is also important.
Vancomycin combined with tobramycin increases elution with Palacos (the same is true of
gentamicin), but with Simplex P, elution of tobramycin decreases, not vice versa. Vacuum
mixing also affects elution. CMW variants decrease elution of gentamicin when vacuum-
mixed; however, with Palacos the opposite occurs, as confirmed by a recent study [34]. The
concentration of vancomycin did not differ significantly depending on whether the cement
was mixed manually or by vacuum. These authors also studied the effect of loading and impact
cycles, which can lead to minor porosity and cracks in the spacer, thus increasing the elution
rate. Among the cements studied, elution only increased with Palamed G, whose porosity is
higher. For the remainder, no statistically significant differences were observed between load
and lack of impact on the patient.

Also important is the way in which the mixture is made. Hanssen and Spangehl [63] proposed
a method for adding high doses of antibiotics to bone cement powder. Polymethylmethacrylate
monomer and cement powder must first be mixed to form the liquid cement, and the antibiotic
is added afterwards. It is important to leave as many large crystals as possible intact in order
to create a more porous mix that increases the elution rate of the antibiotics.
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This approach is not applicable when using antibiotic-loaded cement prophylactically, as
crystals weaken the cement. Moreover, manual mixing decreases the elution rate in some types
of cement. Therefore, commercial forms are preferred.

The method of Frommelt and Kühn [64], namely, fractional addition of antibiotic (now
generally recommended), involves the gradual addition of cement and antibiotic powder and
mixture of the two until the expected load of antibiotic is complete. The mixture can then be
made manually or by vacuum, depending on the type of cement and the availability of vacuum
systems. Once mixed, the cement has to be applied in the doughy phase or late phase of
polymerization to prevent excessive interdigitation with the bone, thus facilitating extraction
during surgery and providing the surgeon with a certain degree of freedom to shape the
articular surface of the spacer.

4.6. Safety

As with any treatment, the surgeon must be aware of the possible side effects of the antibiotics
used in spacers. Despite the large number of infected arthroplasties treated annually and the
widespread use of antibiotic-loaded cement, complications are rare.

Evans [54] used 4 g of vancomycin and 4.6 g of tobramycin in powder per batch of 40 g of
polymethylmethacrylate cement in 44 patients with a total of 54 periprosthetic joint infections.
Follow-up to a minimum of 2 years showed no renal, vestibular, or auditory effects. Springer
et al. [43] studied the systemic safety of cement loaded with high doses of antibiotic over time
and reported that an average dose of 10.5 g of vancomycin and 12.5 g of gentamicin was
clinically safe, with no signs of acute renal failure or other systemic side effects. In contrast,
Van Raaij et al. [65] reported a case of acute renal failure that affected an 83-year-old woman
after treatment with 2 g of gentamicin in a 240-g cement block combined with 7 strings of
gentamicin-loaded polymethylmethacrylate beads. Serum levels of gentamicin were high,
leading to removal of the spacer and eventual recovery of renal function. Ceffa et al. [66]
reported 2 cases of mucormycosis after treatment with antibiotic-loaded cement spacers.

The complications reported are rare events in which other factors (eg, blood volume or
intravenous antibiotics) could play a role, since the normalization profile of serum antibiotic
levels, when using antibiotic-loaded spacers, is exponential and reaches normal values in 24
hours.

5. Results

The use of a polymethylmethacrylate antibiotic-loaded spacer provides not only more effective
treatment of periprosthetic infection, with eradication rates ranging from 90% to 100% in the
literature, but also improved function, reduced pain, greater patient satisfaction, shorter
hospital stay, and lower costs. Few studies analyze developments in the medium-to-long term.
Although the results remain more or less stable, up to 30% of patients require revision for
loosening, reinfection, or other causes in the medium term [67].
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Several studies compare the results of 2-stage exchange with articulating spacers and 28 studies
compare the results with a static spacer [3].

Park et al. [68] compared 20 prosthetic knee infections treated with monoblock spacers and 16
treated with articulating spacers. The reinfection rate was 6.3% for the articulating group and
15% for the fixed group. The range of motion with the spacer was 80º and 9º, respectively (final
range, 108º and 92º). The clinical and functional score according to the HSS scale was signifi‐
cantly better with the articulating spacer, and the number of extensile exposures was lower.
In the static spacer group, 75% of patients (65% of the femurs and 50% of the tibias) had bone
loss. This complication was not observed for the articulating spacers.

Meek et al. [27] retrospectively analyzed the results of 2-stage exchange with a PROSTALAC
articulating spacer in 47 patients with infected knee prosthesis and a mean follow-up of 41
months. The eradication rate was 96%. The Western Ontario and McMaster Universities
Osteoarthritis scale and the Oxford-12 and Short Form-12 scales showed better scores for
articulating spacers.

Calton et al. [9] compared the outcomes of patients treated with articulating spacers and
patients treated with nonarticulating spacers. Among the 24 patients with a nonarticulating
spacer, 60% had an average bone loss of 6.2 mm in the tibia and 12.8 mm in the femur, often
with invagination and migration of the spacer and problems of soft tissue retraction. The
authors recommended intramedullary extension of the spacer to prevent migration and obtain
the appropriate thickness. They also recommended tightening the collateral ligaments to
prevent contracture and a block that is sufficiently wide to rest on the cortical rim and prevent
migration to cancellous bone. No differences were observed between the groups in eradication
rates, time of surgery, or functional outcome.

Fehring et al. [15] studied 25 nonarticulating spacers and 30 articulating spacers and found
that articulating spacers facilitated reimplantation and were not associated with bone loss.

Emerson et al. [13] reported that range of motion was greater with articulating knee spacers
than with nonarticulating spacers; flexion of the knee averaged 107.8° and 93.7°, respectively,
and no evidence of higher complication rates was found.

Therefore, a comprehensive review of the literature provides more arguments for articulating
spacers than for static spacers. Articulating spacers seem to be the most widespread form of
treatment. The method of making the spacer does not seem to affect eradication rates or
functional outcome.

Durbhakula et al. [21] treated 4 patients with antibiotic-loaded articulating spacers made in
vacuum-injected silicone molds designed to produce articulating femoral and tibial compo‐
nents. The final average range of motion was 104° and the HSS score was 82. The rate of
eradication of infection was 92% after an average of 33 months. A system of this type does not
require a metal-polyethylene articulation surface and reduces costs by applying reusable
molds that cost about $300 each. The authors reported no problems of dislocation, retraction,
bone loss, fracture, or fragmentation of the spacer.
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Goldstein et al. [23] formed spacers intraoperatively using cement and test components on
aluminum foil to prevent interdigitation. The femoral condyles were molded with the tibial
trial implant, and the tibial implant was used to calculate the size and thickness of the cemented
tibial component. The authors reported initial success in 5 patients.

MacAvoy and Ries [20] described an inexpensive mold-based method for manufacturing a
spherical articulating spacer (ball and socket). They used this method in cases with severe bone
deficiency and damage to the ligaments because of its high congruence. The average load was
3.6 g to 4 g of tobramycin + 1 g of vancomycin per bag of Palacos. For an average of 4 cements,
this represents a dose of more than 14 g. In 12 patients with severe comorbidities, infection
was eradicated in 9 of 13 knees with a mean follow-up of 28 months. All patients could walk
with minimal assistance. The average range of motion of the knee with the spacer was 79°,
which increased to 98° at the end of treatment. The authors rarely used hinge models, despite
serious injury to the ligaments and bone loss.

Using cement spacer molds created intraoperatively with Palacos RG loaded with 0.5 g of
gentamicin plus 3 g of vancomycin, Shen et al. [25] obtained 10 reimplantations in 17 cases
followed for 30 months. In 5 cases, the spacer was the definitive treatment, in 1 case the joint
merged, and 1 patient required amputation. The average range of motion with the spacer was
82° (97° after reimplantation).

Excellent results have been reported with the Hoffman prosthesis-spacer system. Anderson et
al. [30] reported a range of motion of 2° to 115°; Huang et al. [69] reported 97.6°, which was
smaller than in previous publications (104º to 115º). As for eradication with this type of spacer,
reinfection rates are variable: 4% according to Anderson et al. [30] (25 knees), 0%-12% accord‐
ing to Hofmann et al. [29] (22 and 50 patients; Simplex cement with 4.8 g of vancomycin per
bag), 9% according to Emerson et al. [13] (22 patients), and 2% according to Cuckler [70] (44
patients).

Ha [24] reported motion ranging from 2° to 104° with manually modeled cement spacers. The
study included 12 cases treated with spacers made using the double mold (a cement negative
is made with trial components and the definitive spacer is modeled on the negative) and using
doses of 4.8 g of tobramycin and 4 g of vancomycin per cement bag. The antibiotic load
accounted for 20% of the cement-antibiotic composite.

In addition to the type of spacer, range of motion is influenced by preoperative mobility, the
state of the soft tissues, surgical technique, implant selection, early rehabilitation, and patient
cooperation. Our group [18] found the range of motion to be 107° after reimplantation using
manual spacers and 7.5% antibiotic load.

Soft tissue damage, severe bone loss or general health status, appear to be more important than
the treatment method, and the results of 2-stage exchange, which are generally excellent, are
much worse in patients with a less favorable health status.

Macmull et al. [71] published 19 cases with the SMILES spacer, which was based on an
antibiotic-loaded hinge coated with antibiotic-loaded cement (Palacos RG, Heraeus Medical
GmbH, Wehrheim, Germany). The spacer was used in the early stages of chronic infection
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associated with severe bone loss on revision arthroplasty in 11 cases (58%), tumor endopros‐
theses in 4 (21%), primary arthroplasty in 2 (11%), and infection on fracture or osteotomy in 2.
The eradication rate at 38 months was 63% (12 cases), Four patients (21%) suffered reinfection
and 2 were amputees. Jeys et al. [72] reported an eradication rate of 72% in primary infection
of massive tumor prosthesis with a 2-stage protocol.

Reinfection after reimplantation has not been adequately studied in the literature, although
the high percentage of rescue treatments indicates that reinfection has its own prognostic
implications. Therefore, it could be classified as a separate type of infection and independently
studied in the future.

Hanssen et al. [73] published a series of 24 reinfections after infected total knee prosthesis. The
infection was eradicated in only 1 case. Another patient received suppressive therapy after a
new reimplantation, and the rest underwent arthrodesis.

Hart and Jones [74] reported 6 cases of reinfection following 2-stage revision. The infection
was eradicated in 2 cases (with another 2-stage revision), 2 patients had bone fusions, and 2
had suppressive treatments.

6. Conclusions

1. Two-stage exchange is considered the treatment of choice in the following circumstances:
late infection, unidentified causal microorganisms, fungal infections, infections by
virulent organisms, underlying inflammatory diseases, immunosuppression, and
reinfection after reimplantation.

2. Articulating spacers can minimize complications between procedures, thus enhancing
patient autonomy and mobility, preventing retraction of the soft tissues, and facilitating
reimplantation.

3. In addition, articulating spacers seem to improve eradication rates and functional
outcomes and reduce complications.

4. The way the spacer is constructed does not seem to affect eradication rates and functional
outcome. The surgeon’s choice of spacer will depend on technical and financial restraints.
Despite their advantages and disadvantages, all types of spacer have demonstrated
consistent and reproducible results.

5. Not all cements are equally suitable for the prevention and treatment of infection.

6. The antibiotic should be added as powder to avoid weakening the cement. Appropriate
use of synergies increases the spectrum of coverage and elution rate of certain antibiotics.

7. Once fractionated addition is complete, vacuum mixing increases the elution of the
antibiotic from the spacer when high-viscosity cements are used. Manual mixing is
preferred when low-viscosity cements are used.
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1. Introduction

Infection after total knee arthroplasty (TKA) is a devastating complication posing substantial
clinical and financial burden, which incidence is increasing in line with the rise of the number
of TKAs performed worldwide. The incidence of this complication rates from 1% in primary
TKAs to 5.8% after TKAs revision in long series [1]. The lowest reinfection rate after a prior
reimplantation for septic TKA has been reported near 30% [2].

The goals in the treatment of chronic infected TKA are control of the disease and restoring
knee function. Alternative techniques in the management of reinfected knee prosthesis are
another two-stage prosthesis reimplantation, arthrodesis, resection arthroplasty, and supra‐
condylar amputation [3]. Although two-stage surgery is generally believed as the most
successful decision, chronic infection forces surgeons to look for other alternatives.

Recurring infection at the site of a total knee arthroplasty should be treated by knee arthrodesis
unless control of the disease and good functional recover could be possible [4]. Arthrodesis of
the knee can provide a stable painless joint for an independent lifestyle that would not be
possible after a failed total knee replacement. Whereas reimplantation of a TKA shows better
limb function, arthrodesis achieves better pain relief, not finding significant differences in knee
scores between the two procedures (Oxford knee score) [5, 6]. Knee arthrodesis can be achieved
with a cemented or uncemented intramedullary nail, inserted from great trochanter or through
the knee, with two plates applied in two planes or using an external fixator to produce a joint
fusion [4]. Intramedullary nails provide greater stability, avoid pin-track infection, allow faster
weight bearing and generally are better accepted by the patients than external fixators [7].
Illizarov method is more desirable when soft tissues conditions are poor or after failing of
intramedullary nail [8, 9].

© 2013 Renovell et al.; licensee InTech. This is an open access article distributed under the terms of the
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There are few and short series of cemented modular nail for knee arthrodesis after TKA
infection in literature [10, 11]. The purpose of this study is to report the role of knee arthrodesis
after chronic infection of knee prostheses and show our results with the use of a modular
cemented nail inserted through the knee.

2. Material and methods

We review retrospectively twenty-one patients who have undergone knee arthrodesis with a
cemented modular nail for chronic infection of knee prosthesis, from January 2003 until
January 2011 in our Department. Three senior surgeons performed all procedures.

Endo-Model® Knee Fusion Nail (Newsplint, UK/Waldemar Link®, GmbH & Co. KG,
Hamburg, Germany) was used in all cases. Twelve of those cases received previous surgery
in our Hospital (a reference institution for knee reconstruction) but the other nine cases came
from others Hospitals. The decision to undertake knee fusion was arranged after analyzing
the different options with the patient.

The first surgical stage was exhaustive debridement and placement of a double antibiotic-
loaded (clindamycin  and gentamicin)  bone  cement  as  a  static  spacer  (Rofabacin® Revi‐
sion,  Biomet®).  Systemic  antibiotics  according  to  the  culture  results  were  given  to  the
patients for at least six weeks. When the patient was recovered from the first-stage surgery,
no signs of infection were observed and values of inflammatory markers (PCR and ESR)
were decreased, the cemented modular nail was inserted through the knee after reaming
tibial and femoral canals. Tibial and femur implants are cemented with antibiotic loaded
cement.  Nineteen cases  were performed according to  this  two-stage procedure,  but  two
cases were done in just one-stage.

Hospital records and serial radiographies of all patients were reviewed to evaluate patient
status and outcomes. We have excluded a patient lost on follow-up.

Number of previous surgeries per patient, comorbidities and microorganisms responsible for
the infection were recorded.

In  order  to  assess  functional  outcome,  the  Oxford  Knee  Score  (OKS)  [12]  was  checked
before removal of the implants and at final follow-up. Successful outcome was defined as
not or slight pain on the operated limb and able to walk with or without aids at the time
of the last follow-up.

3. Results

Twenty-one patients were treated with cemented modular nail for knee arthrodesis from 2003
to 2011 for chronic infection of the prostheses (Figure 1.). One patient was lost during follow-
up and was excluded from this series. Mean follow-up of patients was 3.2 years (range, six
months to eight years).

Arthroplasty - Update578

Figure 1. Cemented modular nail for knee arthrodesis.

The Role of Knee Arthrodesis After TKA Infection
http://dx.doi.org/10.5772/53690

579



There are few and short series of cemented modular nail for knee arthrodesis after TKA
infection in literature [10, 11]. The purpose of this study is to report the role of knee arthrodesis
after chronic infection of knee prostheses and show our results with the use of a modular
cemented nail inserted through the knee.

2. Material and methods

We review retrospectively twenty-one patients who have undergone knee arthrodesis with a
cemented modular nail for chronic infection of knee prosthesis, from January 2003 until
January 2011 in our Department. Three senior surgeons performed all procedures.

Endo-Model® Knee Fusion Nail (Newsplint, UK/Waldemar Link®, GmbH & Co. KG,
Hamburg, Germany) was used in all cases. Twelve of those cases received previous surgery
in our Hospital (a reference institution for knee reconstruction) but the other nine cases came
from others Hospitals. The decision to undertake knee fusion was arranged after analyzing
the different options with the patient.

The first surgical stage was exhaustive debridement and placement of a double antibiotic-
loaded (clindamycin  and gentamicin)  bone  cement  as  a  static  spacer  (Rofabacin® Revi‐
sion,  Biomet®).  Systemic  antibiotics  according  to  the  culture  results  were  given  to  the
patients for at least six weeks. When the patient was recovered from the first-stage surgery,
no signs of infection were observed and values of inflammatory markers (PCR and ESR)
were decreased, the cemented modular nail was inserted through the knee after reaming
tibial and femoral canals. Tibial and femur implants are cemented with antibiotic loaded
cement.  Nineteen cases  were performed according to  this  two-stage procedure,  but  two
cases were done in just one-stage.

Hospital records and serial radiographies of all patients were reviewed to evaluate patient
status and outcomes. We have excluded a patient lost on follow-up.

Number of previous surgeries per patient, comorbidities and microorganisms responsible for
the infection were recorded.

In  order  to  assess  functional  outcome,  the  Oxford  Knee  Score  (OKS)  [12]  was  checked
before removal of the implants and at final follow-up. Successful outcome was defined as
not or slight pain on the operated limb and able to walk with or without aids at the time
of the last follow-up.

3. Results

Twenty-one patients were treated with cemented modular nail for knee arthrodesis from 2003
to 2011 for chronic infection of the prostheses (Figure 1.). One patient was lost during follow-
up and was excluded from this series. Mean follow-up of patients was 3.2 years (range, six
months to eight years).

Arthroplasty - Update578

Figure 1. Cemented modular nail for knee arthrodesis.

The Role of Knee Arthrodesis After TKA Infection
http://dx.doi.org/10.5772/53690

579



Twenty patients were fully recorded. The series includes eleven women and nine men with a
mean age of seventy-six years (range 68-86 years) at the time of arthrodesis. Time since primary
knee arthroplasty until knee arthrodesis, ranged from eight months to nine years (mean 4.4
years). The number of procedures carried out before definitive arthrodesis ranged from 2 to 7
(mean 3.3 surgeries).

Most frequent comorbidities were hypertension (65%), obesity [BMI>30kg/m2] (45%) and
Diabetes Mellitus (40%). Demographics of the patients are shown in Table 1.

Number of patients fully recorded 20

Age 76.8±10.2

Sex (M/F) 11/9

Side (R/L) 12/8

Body mass index (Kg/m2) 29.8±1.4

Comorbidities

HTA 13 (65%)

Obesity 9 (45%)

DM 8 (40%)

Mean nº of knee prior surgeries 3.3(2-7)

Preoperative OKS 17.1 (9-32)

Table 1. Demographics of the study population

Intraoperative cultures were positive on 19 cases (95%). In eight of the cases (40%) only one
bacteria could be checked, but on the other hand two or more microorganisms yielded on
cultures in eleven cases (55%). The predominant microorganisms were staphylococcus epider‐
midis in 11 cases (55%) and staphylococcus aureus in 7 cases (35%), 10 of which (8 s. epidermidis
and 2 s. aureus) were methicillin-resistant staphylococcus (MRS), so we can conclude that 50% of
fused knees were positive to MRS. Other microorganism included in this series was Escherichia
coli in 4 cases (20%).

Fifteen patients (75%) healed without problems and they did not need more surgeries, four
(20%) showed inadequate control of infection so required new performances (one case one-
stage debridement, two arthrodesis with external fixators and one case supracondylar
amputation), and two cases (10%) suffered a tibial shaft fracture below the tip of the nail. One
of the fractures was resolved changing the nail for a longer one (Figure 2), and the other was
treated with immobilization. Two of the four cases (50%) with persistence of of infection were
operated in one-stage surgery.
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Figure 2. Tibia fracture and bone loosening below the nail.
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The mean Oxford knee score improved from 17.1 points (range, 9 to 32 points) before removal
of the prosthesis, to 27.4 points (range, 6 to 41 points) postoperatively. Successful outcome was
95% at the time of the last follow-up. Results of the series are shown in Table 2.

Number of cases infected by MRS 10 (50%)

Patients healed without problems 15 (75%)

Causes of reoperations

Persistent infection 4 (20%)

Fracture on tibia below the nail

(and bone loosening)
1 (5%)

Reoperations

Arthrodesis with external fixator 2

One-stage debridement 1

Supracondylar amputation 1

Change for a longer nail 1

Postoperative OKS 27.4 (6-41)

Table 2. Results of knee arthrodesis with cemented modular nail

4. Discussion

The reason to turn a TKA into arthrodesis due to a chronic infection is not clear nowadays,
and the decision-making process is sometimes difficult. When a second infection happens, the
number of surgeries performed in the knee reaches until 9.3 of average [1], so this detail must
be always present on surgeon’s mind when re-infection occurs. Infection of primary TKA has
been related with hyperglycaemia, prolonged operative time, obesity, rheumatoid arthritis
and others [1], however in TKA reinfection, the main factors related to this condition are
previous infection with tough microorganisms, poor soft tissue coverage and number of
previous surgeries [2].

Although surgeon might consider joint fusion as a poor result, comparing to other choices,
knee with a fusion is more efficient and functional [13]. Supracondylar amputation as a
consequence of a failed total knee revision arthroplasty is a salvage procedure in front of a
severe infection, uncontrolled pain or massive bone loss. This radical surgery should not be
related knee prosthesis complications but to peripheral vascular disease or recurrence of a
malignant tumor [14]. Functional outcome after supracondylar amputation carried out ought
to an infected total knee replacement is poor. Patients with a supracondylar amputation after
chronic infection of prosthesis show low functional status. Only 50% of these patients are able
to walk after the surgery [15]. The awful OKS of our amputated patients (6 points), confirms
this fact.
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The alternative of resection arthroplasty in case of recalcitrant TKA infection is only an option
when the patient previously was not able to walk, due to a medical infirmity or other limb
pathology. Results on pain and functional scores are always lower than two-stage reimplata‐
tion or arthrodesis [16].

Clinical outcomes of revision TKA after aseptic loosening are better than knee prosthesis
revision after chronic infection [17]. Wang et al [5] asserted, comparing clinical outcomes of
the different alternatives in the treatment of infected TKA, that Oxford Knee Score after
revision TKA is similar to knee arthrodesis. He reported just about mild-to-moderate knee
pain on almost 50% of the reimplanted TKAs. Knee arthrodesis shows better pain relief but
worse function than revision TKA, whereas reimplanted TKA reveals better function and
worse pain relief than knee fusion. Anyway, knee arthrodesis allows the patient an independ‐
ent lifestyle with few complications [18]. And it is important to keep in mind that re-infection
rate after TKA revision is 68.6%, lessen to 52.6% in case of resistant microorganisms [2]. The
rate can be reduced to only 18% when these microorganisms are identified and properly treated
[19]. Maheshwari et al [2] reported that supracondylar amputation was performed on 14.2%
of his cases, whereas only on 5.7% of his patients arthrodesis was the final operation. Our
results show that infection was controlled in 75% of our patients with a knee arthrodesis done
with a cemented modular nail and no more re-operations were needed. In our series, just one
case of amputation was performed (5%). We agree with others authors [13, 20] that after a
second TKA infection due to high virulence microorganisms or after multiple attempts of failed
revision arthroplasty, knee arthrodesis should be the therapeutic choice in most of the cases
or at least in those cases with low functional demanding patients in order to avoid a possible
supracondylar amputation.

The three most frequent surgical techniques used to achieved knee arthrodesis after failed TKA
are internal plate fixation, intramedullary rod fixation and external fixation [4]. Subsequent
conversion of a knee arthrodesis to a total knee arthroplasty is not advisable, as almost of the
reimplanted arthroplasties fail [21, 22].

Internal plate fixation is rarely used to achieve knee fusion due to the requirement of a
broad  soft  tissue  exposure,  long  time  weight-bearing  and  because  of  the  incidence  of
pseudoarthrosis is high.

External fixation has been the method of choice to attained knee arthrodesis following chronic
infected TKA [8, 9, 23-25]. Advantages of external fixation include the fact that produces proper
bone compression, the surgical procedure can be performed in one operative stage, and no
implants remain inside the body after the external fixator removal. These details presume less
recurrent infection rate than other arthrodesis techniques. Problems related to this treatment
are carrying the device for long periods of time, usually more than six months, the subsequent
shortening of the limb, the pin site infection or the possibility of a fracture through the
weakened bone [7]. Nowadays this alternative is used in chronic infected knees after arthrod‐
esis with bad tolerance of the nail. [4]. Two of our patients (10% of cases) needed an external
fixator (Illizarov method) to achieve a useful limb.
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Intramedullary nail is actually the most widespread option to fuse the knee [4, 20, 26-29]. Rate
of fusion near 100% has been well documented in literature, as well as the satisfactory results
in case of persistent infection that rarely forces the surgeon to take out the nail [30]. Compli‐
cations of intramedullary nail fixation include periprosthetic fracture, hardware-related pain,
bone loosening and persistent infection. Arthrodesis performed with a nail should be done
according to a two-staged protocol in order to reduce the incidence of reinfection. Two of our
four cases (50%), which showed inadequate infection control, were treated in first instance
through a one-stage surgery; this fact supports previous reports and remarks the requirement
of two stage-surgery to get a free-infected arthrodesis [4,31,32].

The preference of achieving knee fusion with an external fixator or with the aid of an intra‐
medullary rod should be based on surgeon’s experience and on the review of the advantages
and disadvantages of each techniques [7].

There are different models of knee nails used to achieve arthrodesis. In the beginning long
Küntscher nail was introduced through the great trochanter after debridement of the infected
joint [33, 34]. This double approach is rarely used nowadays, and is reserved to failures of
previous arthrodesis, fractures of the tibia or femur or cases of bone loosening that requires
extended fixation [35, 36]. One patient (5%) of our series needed this procedure.

Modular nail can be inserted through the knee and it is at the present time the most frequent
surgical technique to achieve a knee fusion; it shows fusion rates of nearly 95% of cases [37-39].
Modular nails could be cemented or uncemented but there is no literature that compares results
of these models. When an uncemented nail is used, maximum bone contact is extremely
important in order to get knee arthrodesis and usually autologous bone graft is required. After
using an uncemented device shortening of the limb is frequent, as occurs with external fixators.
Fractures around the tip of the rod or the locked screws are possible [40], as well as loosening
of the implant. Few reports and small number of cases with the use of cemented nails have
been published, so hardly any conclusions about this procedure can be obtained [10, 11]. The
technique of cementing the nail could avoid shortening of the limb, compensate bone loss and
provide an artificial joint fusion without employing bone graft. Fractures around the nail are
probably less frequent than in uncemented nails, but when cemented nails must be removed
surgery is quite tougher and bone loss bone could be a problem for the revision surgeries.
Neuerburg et al [11] have published a review with the same number of cases than us, with
similar results and conclusions, advising of clinical and radiological follow-up to allow
appropriate surgery in case of loosening.

5. Conclusion

Recurrent infection after a previously exchange arthroplasty for chronic infected TKA is a
challenging problem. This devastating complication is associated to infection due to high
virulence resistant microorganisms, poor soft tissue coverage and a high number of previous
surgeries. When this complication occurs, surgeons must always have in mind the possibility
of an above knee amputation as a final result if we insist on revising to a knee arthroplasty. In
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order to avoid this terrible result, knee arthrodesis, preferably in two-stages, could be an option
to achieve a useful and stable painless limb. Among the different alternatives to obtain knee
arthrodesis, we believe that the best procedure is inserting a cemented modular nail through
the knee, which provides a strong fixation, has a low rate of reinfection and allows to restore
the length of the limb though significant bone loss due to previous surgeries.
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1. Introduction

Hammer toe is a deformity characterized by dorsiflexion of the metatarsophalangeal (MTP)
joint, plantarflexion of the proximal interphalangeal (PIP) joint, and dorsiflexion of the distal
interphalangeal (DIP) joint. Claw toe is a similar deformity characterized by dorsiflexion of
the MTP and plantarflexion of the PIP and DIP joints. These terms are often used interchange‐
ably because both deformities involve the MTP joint. [1]

The causes of dorsiflexion of the metatarso- and interphalangeal joint have been described by
various authors. [3], [4], [5], [6] Sandeman [2] reported that when the proximal phalanx is in
the dorsal position at the expense of MTP dorsiflexion, the axis of the intrinsic musculature
shifts. This causes a loss of competence of the intrinsic musculature of the foot, and the
proximal phalanx can no longer be maintained in a plantar position. In the presence of
concurrent flexor digitorum longus (FDL) contraction, the intrinsic musculature loses its ability
to plantarflex the MTP joint. In a closed kinetic chain, this causes pathologic dorsiflexion of
the MTP joint and places the proximal phalanx in a dorsal position. The result is claw or
hammer deformity of the involved digits. Surgical correction of claw and hammer toe
deformities utilize the action of the FDL tendon transferred to transform the deforming forces
into corrective forces.

Correction of this flexible digital deformity by means of tendinous transposition of the flexor
musculature to the extensor region of the toes has been described. [7], [8], [9], [10], [11], [12],
[13] In each instance two cutaneous incisions have been utilized, one dorsal and another
plantar. Only Barbari and Brevig [9] have described FDL tendon transfer to the dorsum of the
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extensor digitorum longus (EDL) tendon through a single incision approach. In this approach
the dorso-lateral incision over the MTP joint extends about 3 cm distally from the neck of the
metatarsal bone when there is only a single involved digit. When the procedure is undertaken
in multiple digits, a transverse incision at the level of the digit crease is performed and the FDL
tendon is sutured end-to-side to the EDL tendon. The authors stated that care must be taken
to avoid injuring the neurovascular axes which are retracted laterally. The authors also
advocated, when indicated, performing plantar capsulotomies for the DIP and PIP joints as
described by Pyper [12] and Taylor. [13] The additional incision, however, increases the risk
for injuring the principal plantar vessels of the involved digits..

Thus far, it has been recommended that correction of claw and hammer toe deformities be
performed by transferring the FDL tendon to the dorsum of the proximal phalanx. Transpo‐
sition of the FDL tendon via the dorsal approach through a unique longitudinal dorsal
cutaneous incision without performing plantar incisions for capsulotomies of the DIP and PIP
joints has not been previously described. To determine the feasibility of transferring the FDL
tendon as an approach to correct claw and hammer toe deformities with this approach, it is
necessary to determine whether these fascicles are long enough to transpose to the plantar
aspect of the EDL tendon in the dorsal area of the proximal phalanx, and directly to the dorsum
of the proximal phalanx of the second and third toes. We hypothesized that the FDL tendon,
when incised at the level of the PIP joint, has adequate anatomical length to be transferred to
the dorsal aspect of the proximal phalanx via a single longitudinal dorsal cutaneous incision
and it would not be necessary to perform plantar capsulotomies at the interphalangeal joints,
thus decreasing the risk of injury to the principal plantar vessels of the digits.

2. Materials and methods

Sixty cadaveric foot specimens (Total N, 60; 30 right, 30 left) were used for study procedures,
including fourteen fresh and forty-six embalmed specimens. Transfer of the FDL tendon to the
dorsum of the proximal phalanx via dorsal approach was attempted in 120 toes (60 each second
and third toes).

The surgical technique performed in this study was a modification of a previously described
method to transfer the flexor digitorum brevis (FDB) tendon. [14] To perform the FDL transfer
a central longitudinal incision was made on the dorsal aspect of the digit, preserving the medial
and lateral vessels and nerves. The incision was along the dorsum of the proximal phalanx of
the digit from the base to the PIP joint. Once the EDL tendon was exposed, it was tenomiced
and released along with the transverse aponeurosis that shapes the digital extensor apparatus.
Proximal phalanx arthroplasty and hood ligament and MTP joint release were then performed
by means of a dorsal, medial, and lateral capsulotomy. Section of the collateral and suspensory
ligaments was performed to reduce the fixed extension deformity of the MTP joint in the
specimens with fixed claw or hammer toe deformities.

After arthroplasty of the proximal phalanx was completed the dorsal aspect of the distal tendon
sheath of the FDL and FDB tendons was exposed (Fig. 1). The vincula from the plantar aspect
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of the proximal phalanx to the dorsal aspect of the FDL and FDB tendons were released to
further expose the flexor tendon sheath (Fig. 2). The tendon sheath was then incised and split
longitudinally to the base of the middle phalanx (Fig. 3A), and the medial and lateral hemi‐
tendons of the FDB were exposed dorsally to the FDL (Fig. 3B). Plantar exposure of the FDB
tendon was performed by inserting a curved hemostat by means of a blunt technique to
identify and isolate the medial and lateral fascicles (Fig. 4 A, B). If the hemitendons of the FDB
were not split adequately to permit passage of the FDL tendon, the FDB was divided longitu‐
dinally and proximally using a #15 blade (Fig. 5). The lateral and medial FDB hemitendons
were then retracted to expose the FDL tendon (Fig. 6). Using a curved hemostat the FDL was
collected dorsally between the medial and lateral FDB hemitendons (Fig. 7). Using a mini-
osteotome, the FDL tendon was released from the plantar aspect of the distal middle phalanx
to maximize the available tendon length (Fig. 8). This technique maximizes the length of the
free distal tendinous stump to facilitate transfer to the dorsal aspect of the proximal phalanx
(Fig. 9). The free proximal end of the tendon was clamped for later transfer (Fig 10). Next, using
a #15 blade, the long flexor was split longitudinally in two portions, lateral and medial,
proximal to distal (Fig. 11). Both free proximal FDL tendons were exposed between the plantar
aspect of the proximal phalanx and the dorsal aspect of the FDB tendons (Fig 12).

Figure 1. Dorsal aspect of the second digit after arthroplasty of the proximal phalanx and release of the metatarso‐
phalangeal joint. The base of the middle phalanx is exposed. The proximal phalanx with the head resected is shown,
and plantarly is the digital segment of the distal tendon sheath of the flexor digitorum longus and brevis tendons.
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Figure 2. The plantar vincula are sectioned to release the flexor tendon sheath at the plantar aspect of the proximal
phalanx of the second digit.

(a) 

(b) 

Figure 3. (a) The tendinous sheath is cut longitudinally, proximally and distally to the base of the middle phalanx. (b)
The tendinous sheath is opened, and the flexor digitorum brevis hemitendons, lateral and medial, are exposed over
the curved hemostat.
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(a) 

(b) 

Figure 4. (a) The medial and lateral fascicles of the flexor digitorum brevis tendon are isolated using a curved hemo‐
stat. The flexor digitorum longus is localized plantarly. (b) Dorsal view of the hemitendons of flexor digitorum brevis
with inadequate separation.

Figure 5. Flexor digitorum brevis is divided longitudinally and proximally using a blade #15 to permit passage of the
flexor digitorum longus tendon.
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Figure 6. Medial and lateral hemitendon of the flexor digitorum brevis are retracted for plantar exposure of the flexor
digitorum longus tendon.

Figure 7. Using a curved hemostat and situating it plantar to the flexor digitorum longus is collocated dorsally be‐
tween the medial and lateral hemitendons of flexor digitorum brevis.
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Figure 8. Using a mini-osteotome, the flexor digitorum longus tendon is released from the plantar aspect of the mid‐
dle phalanx distally to obtain more tendon to facilitate the transfer.

Figure 9. Flexor digitorum longus tendon is cut through its insertion point as distally as possible to the middle phalanx
to maximize the length of the free distal tendinous stump.
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Figure 10. The stump of the proximal flexor digitorum longus tendon is clamped.

Figure 11. The long flexor is split longitudinally using a #15 blade.
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Figure 12. The flexor digitorum longus tendon has been split longitudinally in two portions, lateral and medial.

Once the medial and lateral fascicles of the FDL tendon had been clamped they were trans‐
ferred to the dorsal aspect of the medial and lateral proximal phalanx, respectively. During
this procedure the length of the split tendinous fascicles of the FDL tendon were evaluated to
ascertain whether the length was sufficient to permit transposition over the dorsal proximal
phalanx. If the length was not adequate, a major incision was made in the proximal flexor
tendon sheath. The medial and lateral FDL tendon stumps were sutured to itself in the dorsum
of the proximal phalanx (Fig. 13 A,B,C,D).
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Figure 13. (a and b) The medial and lateral fascicles of the flexor digitorum longus tendon are transferred to the dor‐
sal area of the proximal phalanx. The hemostat is showing the flexor digitorum brevis hemitendons. (c) Dorsal view of
the medial and lateral stumps of the flexor digitorum longus tendon transferred to the medial and lateral aspects of
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the proximal phalanx, respectively, and clamped with a pick up. The hemostat is showing the flexor digitorum brevis
hemitendons intact. (d) Dorsal view of the flexor digitorum longus transferred to the dorsal aspect of the proximal
phalanx

The toe was pinned using a double-pointed 0.54-mm Kirschner wire in a retrograde manner
driven antegrade from the PIP joint, out the tip of the toe, and then retrograde into the proximal
phalanx and the metatarsal head. The EDL stumps were sutured over the transferred FDL
tendon (Fig. 14), and cutaneous suturing was performed in a usual manner.

Figure 14. The extensor digitorum longus tendon stumps are sutured over the transferred flexor digitorum longus
tendon.

3. Results

The FDL tendon transfer by the unique longitudinal dorsal approach attempted on 120
cadaveric toes (60 second toes and 30 third toes) was successful in 100% of the cases.

4. Discussion

The results of this study indicate that transfer of the FDL tendinous fascicles between the FDB
hemitendons can be performed on second and third digits via a unique dorsal incision. Success
of the procedure is predicated, in part, on an adequate longitudinal incision of the flexor tendon
sheath that permits exposure and separation of the FDB hemitendons. We believe the indica‐
tions for FDL tendon transfer between FDB hemitendons are the same as those for the FDL
tendon transfer that other authors [28]- [36] are using for the correction of sagittal plane lesser
MTP joint instability and loss of digital purchase. We do not, however, advocate this approach
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The results of this study indicate that transfer of the FDL tendinous fascicles between the FDB
hemitendons can be performed on second and third digits via a unique dorsal incision. Success
of the procedure is predicated, in part, on an adequate longitudinal incision of the flexor tendon
sheath that permits exposure and separation of the FDB hemitendons. We believe the indica‐
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when the fifth digit is involved. In the current investigation, the FDB tendon was absent in 3
cases (7%), thus the dorsal approach was not possible. Any hammer toe or claw toe deformity
that is accompanied by a semi-rigid or rigid MTP joint requires accompanying correction. This
correction may be accomplished via PIP joint fusion or FDL tendon transfer, which moves the
lever arm to the MTP joint and holds the proximal phalanx in a plantarflexed position.

Based on the results of this investigation, we believe the surgical technique for FDL tendon
transfer should utilize a dorsal approach to minimize the risk of compromising the principal
blood supply to the involved digits. Chen et al [37] evaluated the vasculature of 20 foot
specimens focusing on the second, third, and fourth toes. Findings from the study suggest that
plantar circulation is predominant in the second, third, and fourth toes, while dorsal circulation
predominated in the first digit. Chen et al [37] further stated that the plantar digital arteries of
the lesser toes provide the predominant arterial supply of the PIP joints through a system of
transverse and longitudinal arches. Thus, when a claw or hammer toe deformity correction is
performed via FDL tendon transfer through a two-incision plantar approach, a decision must
be made regarding whether to continue or discontinue surgery when there is a risk of vascular
compromise to the digit due to two incisions. Emphasizing the potential deleterious conse‐
quences of multiple incisions, Coughlin [18] recommended that it is far better to offer a 2-stage
repair of the deformity than to incur a vascular insult with excessive surgery on a digit.

Surgical correction of hammer and claw toe deformity has been described extensively.
Transposition of the flexor tendon to the extensor musculature through a dorso-lateral cut,
with FDL tendon transfer to the dorso-lateral area of the proximal phalanx, was originally
performed by Girdlestone in 1947 and developed by Taylor. [13] In his study, Taylor included
68 patients with claw or hammer toe deformity treated with this technique and associated
procedures, such as dorsal capsulotomy of the MTP joint. Taylor also performed plantar
capsulotomy of the interphalangeal joints and stabilization of the proximal phalanx using an
external splint. Several modifications of the procedure have subsequently been reported. In
1970, Sgarlato [16] reported 53 cases of FDL tendon transfer through 3 skin incisions. Pyper
[12] performed the technique described by Taylor [13] on 45 feet in 23 patients. To correct the
digital deformity, he combined it with lengthening of the EDL tendon and dorsal capsulotomy
of the MTP joint. Subsequently, Parrish [11] modified this technique by detaching the FDL
tendon and dividing the proximal tendinous stump longitudinally and repositioning its
medial and lateral aspects in the extensor area. He performed FDL and FDB tendon transfer
on the first 5 patients in his series but not on the remaining 18 patients, stating that “the FDB
tendon had a smaller calibre and its length was insufficient for the transposition.” [11]

Marcinko et al [17] described the FDL tendon transfer using two incisions in the toe, one plantar
and another dorsal. Barbari and Brevig [9] performed 39 FDL transpositions to the extensor
area in 31 patients; 11 of the 39 procedures were performed in accordance with the technique
of Taylor, [13] with the remaining 28 following the modified technique described by Parrish.
[11] The approach was through a dorso-lateral incision over the MTP joint extending approx‐
imately 3 cm distally from the neck of the metatarsal bone. Dissection was then performed on
each side of the proximal phalanx. The sheath of the flexor tendons was located, and the long
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flexor was then isolated, drawn out using a blunt hook, and divided near its distal insertion.
It was then sutured end to end to the extensor tendon.

Coughlin [18], [19] performed an FDL tendon transfer by first making a transverse incision at
the MTP joint, and then a second incision at the dorsal aspect of the digit. Kuwada [20]
performed 81 procedures to transfer the FDL tendon via a dorsolateral incision along the digit
beginning proximally at the MTP joint and extending distally to least the proximal PIP joint.
Thompson and Deland [21] performed transfer of the FDL tendon in 13 digits following the
indications of Coughlin [18] via the plantar and dorsal approach. Gazdag and Cracchiolo [22]
in 11 feet performed an isolating tendon transfer of the FDL through the 2-cm longitudinal
midline incision on the plantar side of the base of the proximal phalanx and performed another
dorsal incision at the base of the proximal phalanx. Recently, Boyer and DeOrio [23] treated
70 toes with fixed or flexible hammer toes with a flexor-to-extensor tendon transfer making a
longitudinal incision on the plantar aspect of the proximal phalanx and at the dorsal aspect of
the toe.

The literature up to now reveals no attempts to discover why Parrish [11] found FDB tendon
transfer to be a non-viable option. His findings, however, have been accepted by the scientific
community without confirmation or challenge. Furthermore, many of the authors cited, except
Barbari and Brevig, [9] performed the double plantar and dorsal incision approach as described
by Girdlestone in 1947. [13]

In a cadaveric study we found [14] that it is possible to correct flexible claw and hammer toe
deformity by transposing the FDB tendon to the extensor, or dorsal, area of the base of the
proximal phalanx. This is a modification of the procedure used by Parrish [11] using a plantar
and dorsal incision approach of the digit. We sought to transfer the FDB tendon to the dorsal
aspect of the proximal phalanx via the dorsal approach through a unique incision, as described
by Barbari and Brevig. [9]A search of the indexed literature found no previous reports of this
procedure.

It is possible anatomical variations in the insertion of the FDB tendon may prohibit the
popularity of this transfer approach. Three variations have been described: 1) absence of the
tendon; 2) absence of the lateral and medial tendinous fascicles but presence of a single tendon
running parallel to the FDL tendon; and 3) fusion of the FDB tendon to the FDL tendon. [24]-
[27] LeDouble [24] and Nathan and Gloobe [25] found the FDB tendon to be absent in the fifth
toe in 21.5% of cases. Testut [27] found the FDB tendon to be absent in the fourth and fifth toes
in 3% of the dissections performed. In two separate studies [26], [27] Testut found that the FDB
medial and lateral fascicles are not divided. Rather, the fascicles run parallel to the FDL tendon
before inserting into a side of the intermediate phalanx of the fifth or fourth toe in 5% of
patients. Although Testut [26], [27] did not specify individual percentages for variability in
attachment for each of these digits, he established that the FDB tendon of the fifth toe is fused
to the FDL tendon in 2% of cases. Thus, the anatomical variations found occur more frequently
in the FDB tendon insertion of the fifth toe.

Anomalies or variations in the insertion of the FDB tendon in the third and second toes have
not, however, been described. We reported [14] on transposition of the FDB tendon via the
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flexor was then isolated, drawn out using a blunt hook, and divided near its distal insertion.
It was then sutured end to end to the extensor tendon.

Coughlin [18], [19] performed an FDL tendon transfer by first making a transverse incision at
the MTP joint, and then a second incision at the dorsal aspect of the digit. Kuwada [20]
performed 81 procedures to transfer the FDL tendon via a dorsolateral incision along the digit
beginning proximally at the MTP joint and extending distally to least the proximal PIP joint.
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dorsal incision at the base of the proximal phalanx. Recently, Boyer and DeOrio [23] treated
70 toes with fixed or flexible hammer toes with a flexor-to-extensor tendon transfer making a
longitudinal incision on the plantar aspect of the proximal phalanx and at the dorsal aspect of
the toe.

The literature up to now reveals no attempts to discover why Parrish [11] found FDB tendon
transfer to be a non-viable option. His findings, however, have been accepted by the scientific
community without confirmation or challenge. Furthermore, many of the authors cited, except
Barbari and Brevig, [9] performed the double plantar and dorsal incision approach as described
by Girdlestone in 1947. [13]

In a cadaveric study we found [14] that it is possible to correct flexible claw and hammer toe
deformity by transposing the FDB tendon to the extensor, or dorsal, area of the base of the
proximal phalanx. This is a modification of the procedure used by Parrish [11] using a plantar
and dorsal incision approach of the digit. We sought to transfer the FDB tendon to the dorsal
aspect of the proximal phalanx via the dorsal approach through a unique incision, as described
by Barbari and Brevig. [9]A search of the indexed literature found no previous reports of this
procedure.

It is possible anatomical variations in the insertion of the FDB tendon may prohibit the
popularity of this transfer approach. Three variations have been described: 1) absence of the
tendon; 2) absence of the lateral and medial tendinous fascicles but presence of a single tendon
running parallel to the FDL tendon; and 3) fusion of the FDB tendon to the FDL tendon. [24]-
[27] LeDouble [24] and Nathan and Gloobe [25] found the FDB tendon to be absent in the fifth
toe in 21.5% of cases. Testut [27] found the FDB tendon to be absent in the fourth and fifth toes
in 3% of the dissections performed. In two separate studies [26], [27] Testut found that the FDB
medial and lateral fascicles are not divided. Rather, the fascicles run parallel to the FDL tendon
before inserting into a side of the intermediate phalanx of the fifth or fourth toe in 5% of
patients. Although Testut [26], [27] did not specify individual percentages for variability in
attachment for each of these digits, he established that the FDB tendon of the fifth toe is fused
to the FDL tendon in 2% of cases. Thus, the anatomical variations found occur more frequently
in the FDB tendon insertion of the fifth toe.

Anomalies or variations in the insertion of the FDB tendon in the third and second toes have
not, however, been described. We reported [14] on transposition of the FDB tendon via the
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plantar approach in 180 digits of cadaveric feet, including 45 second digits, 45 third digits, 45
fourth digits, and 45 fifth digits. We found no cases of variation in the insertion of the FDB
tendon in the second, third, or fourth digits, and the FDB tendon was present in all 45 cases.
There was variability in FDB tendon presentation in the fifth digit, including FDB tendon
absence in 3 of 45 digits (7%), which is a recognized anatomical variation. Thus, we performed
the dorsal FDL tendon transfer via the dorsal approach between the FDB hemitendons in only
the second and third digits.

Another potential factor prohibiting the tendon transfer approach described in this study may
be inadequate space for FDL passage through the FDB hemitendons. After arthroplasty the
tendon sheath is exposed and opened longitudinally, and the hemitendons of the FDB are
identified just over the FDL tendon. Once the hemitendons are identified they are carefully
separated (Fig. 4). If there is not adequate room for FDL passage, the FDB hemitendons must
be incised longitudinally (Fig. 5). We believe this additional surgical step is the primary
challenge associated with this technique, and may potentially explain why this technique has
not previously been described.

Available FDL tendon length may also impact the surgical approach. Once the FDL tendon is
detached distally from the distal phalange, it must be long enough to be transposed to the
dorsal aspect of the proximal phalanx. When the MTP joint is rigidly dorsiflexed, it is necessary
to perform a dorsal capsulotomy and MTP joint release as described by Barbari and Brevig, [9]
thus relocating the proximal phalanx to its anatomical position. With this approach there is no
need for plantar capsulotomies of the interphalangeal joints.

If there is difficulty in transferring the distal stumps of the longitudinally split FDL tendon to
the dorsal aspect of the proximal phalanx of any digit, the clinician must cut the proximal flexor
tendon sheath longitudinally for better FDL tendon exposure. We were able to transfer the
FDL tendon via dorsal approach between the FDB hemitendons in100% of second and third
digits via a unique single longitudinal incision. We did find it difficult, however, to transfer
the FDL "around” the lateral aspects of the FDB hemitendons. This transfer was unsuccessful
in 83 (69,16%; N = 120) digits, including 45 (37,5%) second digits and 38 (31,66%) of the third
digits. We believe this was a consequence of inadequate proximal tendon sheath dissection.
When attempting transfer of the split FDL tendon lateral to the FDB hemitendons, it is difficult
to obtain adequate proximal exposure secondary to the depth of the anatomical structures. A
mini-osteotome may be used to release the FDL tendon from the plantar aspect of the distal
middle phalanx to obtain more tendon and facilitate the transfer.

While passing the split FDL tendons between the hemitendons of the FDB is necessary to cut
the flexor tendon sheath.

We also encountered difficulty in transposing the FDL tendon as a consequence of the
transverse aponeurotic fibers originating from the EDL tendon. These fibers surround the MTP
joint capsule and join in the plantar area with the glenoid plate, the deep MTP ligament, and
the sheath of the flexor tendons to insert distally into the plantar base of the proximal phalanx.
These aponeurotic fibers and the sheath of the flexor tendons must be cut to allow the split
FDL tendon to be repositioned and sutured to the dorsal aspect of the proximal phalanx.
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A final challenge associated with this novel surgical approach is ankle positioning while
suturing FDL tendon stumps. If the ankle is in plantarflexion the tendon has adequate length
to permit suturing to the dorsal aspect of the proximal phalanx without difficulty. When the
patient is weight-bearing or walking, however, the ankle is in dorsiflexion, which shortens the
FDL tendon and forces the MTP joint into plantarflexion. The FDL tendon should therefore be
sutured in its anatomical position to avoid inappropriate flexion or extension positioning of
any involved joint.

5. Conclusions

Transfer of the FDL tendon to the dorsum of the proximal phalanx can be performed for the
correction of claw and hammer toe deformities in the second and third digits. The meticulous
longitudinal incision of the flexor tendon sheath to expose the FDB tendon and its longitudinal
incision are essential to the success of the procedure. Furthermore, this approach preserves the
integrity of the primary plantar blood supply to the digits of interest.
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plantar approach in 180 digits of cadaveric feet, including 45 second digits, 45 third digits, 45
fourth digits, and 45 fifth digits. We found no cases of variation in the insertion of the FDB
tendon in the second, third, or fourth digits, and the FDB tendon was present in all 45 cases.
There was variability in FDB tendon presentation in the fifth digit, including FDB tendon
absence in 3 of 45 digits (7%), which is a recognized anatomical variation. Thus, we performed
the dorsal FDL tendon transfer via the dorsal approach between the FDB hemitendons in only
the second and third digits.

Another potential factor prohibiting the tendon transfer approach described in this study may
be inadequate space for FDL passage through the FDB hemitendons. After arthroplasty the
tendon sheath is exposed and opened longitudinally, and the hemitendons of the FDB are
identified just over the FDL tendon. Once the hemitendons are identified they are carefully
separated (Fig. 4). If there is not adequate room for FDL passage, the FDB hemitendons must
be incised longitudinally (Fig. 5). We believe this additional surgical step is the primary
challenge associated with this technique, and may potentially explain why this technique has
not previously been described.

Available FDL tendon length may also impact the surgical approach. Once the FDL tendon is
detached distally from the distal phalange, it must be long enough to be transposed to the
dorsal aspect of the proximal phalanx. When the MTP joint is rigidly dorsiflexed, it is necessary
to perform a dorsal capsulotomy and MTP joint release as described by Barbari and Brevig, [9]
thus relocating the proximal phalanx to its anatomical position. With this approach there is no
need for plantar capsulotomies of the interphalangeal joints.

If there is difficulty in transferring the distal stumps of the longitudinally split FDL tendon to
the dorsal aspect of the proximal phalanx of any digit, the clinician must cut the proximal flexor
tendon sheath longitudinally for better FDL tendon exposure. We were able to transfer the
FDL tendon via dorsal approach between the FDB hemitendons in100% of second and third
digits via a unique single longitudinal incision. We did find it difficult, however, to transfer
the FDL "around” the lateral aspects of the FDB hemitendons. This transfer was unsuccessful
in 83 (69,16%; N = 120) digits, including 45 (37,5%) second digits and 38 (31,66%) of the third
digits. We believe this was a consequence of inadequate proximal tendon sheath dissection.
When attempting transfer of the split FDL tendon lateral to the FDB hemitendons, it is difficult
to obtain adequate proximal exposure secondary to the depth of the anatomical structures. A
mini-osteotome may be used to release the FDL tendon from the plantar aspect of the distal
middle phalanx to obtain more tendon and facilitate the transfer.

While passing the split FDL tendons between the hemitendons of the FDB is necessary to cut
the flexor tendon sheath.

We also encountered difficulty in transposing the FDL tendon as a consequence of the
transverse aponeurotic fibers originating from the EDL tendon. These fibers surround the MTP
joint capsule and join in the plantar area with the glenoid plate, the deep MTP ligament, and
the sheath of the flexor tendons to insert distally into the plantar base of the proximal phalanx.
These aponeurotic fibers and the sheath of the flexor tendons must be cut to allow the split
FDL tendon to be repositioned and sutured to the dorsal aspect of the proximal phalanx.
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A final challenge associated with this novel surgical approach is ankle positioning while
suturing FDL tendon stumps. If the ankle is in plantarflexion the tendon has adequate length
to permit suturing to the dorsal aspect of the proximal phalanx without difficulty. When the
patient is weight-bearing or walking, however, the ankle is in dorsiflexion, which shortens the
FDL tendon and forces the MTP joint into plantarflexion. The FDL tendon should therefore be
sutured in its anatomical position to avoid inappropriate flexion or extension positioning of
any involved joint.

5. Conclusions

Transfer of the FDL tendon to the dorsum of the proximal phalanx can be performed for the
correction of claw and hammer toe deformities in the second and third digits. The meticulous
longitudinal incision of the flexor tendon sheath to expose the FDB tendon and its longitudinal
incision are essential to the success of the procedure. Furthermore, this approach preserves the
integrity of the primary plantar blood supply to the digits of interest.
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