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Osteoarthritis is the most common cause of joint pain in adults. It is a growing problem 
due to population aging and the increasing prevalence of obesity in the world. Since 
the dawn of humanity, people have suffered from pain and difficulty walking caused 
by trauma, tumors, infections, inflammatory diseases, or genetic problems. Joint 
diseases culminate in the progressive destruction of the joints, a condition known as 
secondary osteoarthritis. This leads to enormous individual and family suffering, in 
addition to social overload. Only about 50 years ago did a successful surgical solution 
called replacement arthroplasty emerge for the treatment of the most serious and 
debilitating cases. This surgery is particularly effective for osteoarthritis in the hips. 
Although arthroplasty has made it possible to approach complex cases previously 
considered as contraindications, there is still a long way to go.

In this book, renowned international authors present their experiences, research 
results, and proposals for innovative solutions for the improvement and advancement 
of hip and knee arthroplasty. Chapters discuss non-surgical treatment of osteoarthritis 
as well.
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Chapter 1

Introductory Chapter: Past, 
Present, and Future of Joint 
Reconstructive Surgery
Alessandro Rozim Zorzi and João B. Miranda

1. Introduction

By 2030, the demand for primary total hip arthroplasty in the United States 
of America is estimated to grow by 174% and the demand for primary total knee 
arthroplasty is projected to grow by 673%. Overall, total hip and total knee revisions 
are projected to grow by 137% and 601%, respectively, between 2005 and 2030 [1]. 
This estimate demonstrates that joint problems, especially those correlated with 
population aging, are an important public health problem. The queues for performing 
arthroplasties in developing countries are among the longest in the health systems 
of countries such as Brazil. Governments around the world will need to take steps to 
ensure assistance with public policies aimed at increasing patients’ access to treatment 
with surgery for joint reconstruction.

On the other hand, it is important to emphasize that arthroplasty is a very effective 
surgery, which resolves pain in most cases and restores mobility, functional indepen-
dence, and quality of life for the patient. No wonder hip arthroplasty was elected the 
most important surgery of the twentieth century [2].

2. Definition

Arthroplasty is an orthopedic surgical procedure, where the articular surfaces of 
a synovial joint are removed, remodeled, or replaced, to restore function and relief 
pain. It is indicated in cases of advanced joint destruction caused by different etiolo-
gies (osteoarthritis, inflammatory arthritis, trauma, tumors, sequelae of osteoarticu-
lar infections, neurological injuries, among others), where three factors combine: 
severe and refractory pain, functional limitation, and poor quality of life.

3. Types of arthroplasty

Although nowadays the term “arthroplasty” is strongly associated with the placement 
of a “prosthesis”, there are other forms of arthroplasty that are still practiced and need to 
be recognized by the specialist in joint reconstructions. Many of them have only historical 
value for the hip and knee joints, where the development and success of metallic pros-
theses, which follow Charnley’s “low friction” concept, have made it the gold standard 
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in the treatment of the vast majority of cases. But other joints, especially small joints and 
upper limbs can still benefit greatly from other forms of arthroplasty. Figure 1 shows a 
schematic of the types of arthroplasty.

3.1 Excisional arthroplasties

Also known as resection arthroplasty, it consists of removing part of the joint. The 
space that is left fills in with scar tissue over time. Nowadays, its use is indicated most 
often for correction of deformities in the toes (hallux rigid, hammer toe, mallet toe), 
for the treatment of rhizarthrosis in the trapezio metacarpal joint of the hand, and 
for some elbow problems. In hemophiliac patients, for example, hypertrophy of the 
radial head causes pain and limitation of pronation-supination. Radial head resection 
promotes good results in these patients.

It can also be used as a salvage procedure in difficult cases of the shoulder (Jones 
surgery) or hip (Girdlestone surgery). The functional result in the knee is very poor 
and should be avoided. It may be rarely indicated in cases of refractory infection 
of the prosthesis, in elderly patients, or in patients with no gait prognosis, in which 
comorbidities would make the performance of an arthrodesis risky.

The problem with resection arthroplasty is that it generates instability, often 
so severe as to render the limb virtually nonfunctional. Therefore, its purpose is to 
relieve pain in patients with low functional demand and without surgical conditions 
for other forms of arthroplasty.

3.2 Interpositional arthroplasties

Interpositional arthroplasty consists of the resection of damaged joint surfaces, 
with the interposition of biological tissue or synthetic materials. Although it has 
presented poor results in the past, mainly in load-bearing joints of the lower limbs, it 
currently plays a role in the treatment of some specific pathologies.

Figure 1. 
Types of arthroplasty: A) severely damaged joint, with significant reduction of joint space. The dashed line 
shows the original joint space width; B) excisional, which consists of simple resection of joint surfaces; C) 
Interpositional, when, in addition to the resection, some biological tissue or synthetic material is interposed 
between the joint surfaces; D) replacement, when a prosthesis is implanted to restore joint geometry.
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In the small joints, an interposition arthroplasty is an option for surgical treatment 
of hallux rigidus, for elderly patients with low functional capacity. Also could be used 
to manage rizarthrosis, the so-called Eaton’s arthroplasty with ligament interposi-
tion. Interpositional arthroplasty with temporalis fascia flap has been one of the most 
frequently performed procedures to treat temporomandibular joint ankylosis.

In large joints, it has been used frequently for elbow problems. It is considered a 
salvation option in young patients where conservative treatment has failed and total 
elbow arthroplasty is relatively contraindicated [3].

3.3 Replacement arthroplasties

The articular surface is partially or completely replaced by a prosthesis. The prosthe-
sis protects the subchondral bone and restores joint geometry, returning normal tension 
to the ligaments and joint capsule. This is the most successful type of arthroplasty, the 
result of a long historical development, which led to the development of the prostheses 
currently in use. In joints such as the hip and knee, the superiority of replacement 
arthroplasty is indisputable, being considered the gold standard treatment in severe 
destruction. In the shoulder and ankle, promising results are beginning to be achieved.

4. The past: a brief history of replacement arthroplasties

Knowledge of the past is important to understand how we arrived at the present 
way of performing arthroplasty, in addition to making it possible to understand the 
directions of this surgery in the future. Although today, it is strongly linked to the 
activity of the implants and medical equipment industry, in the early days the first 
arthroplasties emerged thanks to the creativity and perseverance of important names 
in orthopedic surgery.

Modern days of replacement arthroplasty date back to the 1960s, with the develop-
ment of “low friction arthroplasty,” which reduced the wear sustained by artificial 
hip joints over time and provided more predictable outcomes. From the first femoral 
head attachments fashioned from ivory to current technologies, we can take this point 
in history as a milestone for the emergence of current models manufactured by the 
modern prosthetic industry (Figure 2).

However, without the first steps in any scientific endeavor, future steps are impos-
sible. The nineteenth century brought three major technical advances that revolution-
ized surgery: Joseph Lister’s aseptic technique, the discovery of anesthesia, and the 
discovery of X-Ray. Before the nineteenth century, people with severe joint problems 
and walking difficulties were called “cripples.” There was not much to do, just the use 
of herbs to relieve pain and walking aids such as canes and crutches. In the eighteenth 
century, some surgeons dared to perform joint surgery to try to relieve the pain of 
these patients, but with poor results. Henry Park (1744–1831) in Liverpool, United 
Kingdom, was the first surgeon to report an operation with excision of the femoral 
head, basically performing an excisional arthroplasty. Later, in the 1940s, femoral 
head excision was popularized by Gathorne Robert Girdlestone (1881–1950) from 
Oxford in patients suffering from tuberculosis [4].

Later, surgeons began to consider using different types of materials or biological 
interposition tissues, developing the interposition arthroplasty without success.

It was only in the nineteenth century, with the use of aseptic surgery, anesthesia, and 
x-rays that the first attempts at joint reconstruction with prostheses began to become 
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viable. In 1891, Themistocles Gluck from Berlin developed a ball and socket joint made 
from ivory that was fixed to the bone with nickel-plated screws. French surgeon Pierre 
Delbet (1861–925) used a rubber prosthesis for replacing the femoral head in 1919. In 
1927, the British surgeon Ernest W. Hey-Groves (1872–1944) used ivory. In 1948, the 
Judet brothers, Robert (1901–1980) and Jean (1905–1995) used an acrylic prosthesis.

In 1940, Austin Moore implanted the first Vitallium prosthesis to replace the 
proximal femur. Modifications were made to preserve the proper neck angle and the 
stem was fenestrated in subsequent years. In the 1950s, Thompson developed his hemi-
arthroplasty for femoral neck fractures. Initially, it was operated without cement fixa-
tion, but with practice, it changed to a cemented procedure. This phase was marked by 
the pioneering spirit of great names in orthopedics at the time, who sought a solution 
to the problem of joint reconstruction. However, the results were still unsatisfactory. 
These were abandoned when Sir John Charnley defined modern hip arthroplasty [4, 5].

John Charnley developed the concept of “low friction arthroplasty” based on 
three principles: the idea of low friction torque arthroplasty, the use of acrylic cement 
and the introduction of high-density polyethylene as a bearing material. Low fric-
tion arthroplasty is the principle used until today, although with evolutions and 
small modifications, in all current prostheses. So we can say that Charnley’s paper 
“Anchorage of the femoral head Prosthesis to the Shaft of the Femur”, from 1960, was 
the birth of the current era of arthroplasties [4–7].

After Charnley, the realization of hip arthroplasties began to have promising clini-
cal results, which led this surgery to become a routine practice and led to production 
on an industrial scale, contributing to the birth of the current implant industry. The 
success obtained in the hip encouraged other surgeons to seek similar solutions for 
other joints in the human body.

The evolution of knee arthroplasties follows a sequence very similar to that of the 
hip, with the first attempts to perform resection or interposition arthroplasties most 
of the time unsuccessful. The history of total knee arthroplasties made great progress 

Figure 2. 
Timeline of the evolution of arthroplasties.
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with the application of the “low friction arthroplasty” principle and the launch of the 
“total Condylar” model created by John Insall in the 1970s. From then on, there were 
successful and replicable results, which made possible the flourishing of the modern 
knee implant industry [8].

In a similar way and practically at the same time, Charles Neer improved his model 
of hemiarthroplasty created in the 50s for the treatment of fractures of the proximal 
humerus and launched in the 70s a model of total prosthesis with a component for the 
glenoid, indicated for cases of shoulder osteoarthritis [9].

The ankle was the last joint in the lower limb where total joint replacement was 
attempted, and therefore, it is the least developed. The mobile bearing system for the 
ankle first used by Pappas and Buechel appears to have become widely accepted by ortho-
pedic manufacturers as an accurate solution for replicating the biomechanics of the ankle.

5. The present: current results

Arthroplasties are currently among the most practiced surgeries in the world. 
Routinely, thousands of patients undergo this type of intervention daily in almost 
every country around the world. This is possible thanks to the effective and safe 
results obtained with the technique and the great impact on the recovery of people’s 
quality of life.

The safety and effectiveness of the technique can be verified through data collected in 
large cohorts, called registries, available in many countries around the world. There are 
local, regional, and national registries. Four registries stand out as the main forces behind 
the effort to popularize the concept of evidence-based medicine: the Mayo Registry and 
the Harris registry are important institutional registries in the United States; while among 
national registries, both the Swedish Knee Registry and Hip Registry [10].

A total estimated 630,000 hip replacement procedures were performed in the 
United States in 2017. For total knee replacement, the increasing incidence of TKA is a 
universal phenomenon. In 2017, the United States had 911,000 total knee procedures 
performed [11].

6. Future perspectives

The arthroplasty surgery practiced today was developed about 50 years ago. It 
was created in the “analogical era.” The rapid transformations that occurred with the 
fourth industrial revolution, accelerated by the COVID-19 pandemic, led us to live in 
the “digital age.” In this scenario of intensive use of technology and computing in all 
sectors of human life, it is predictable that arthroplasty will undergo transformations. 
Some of them are already present, although still timidly, in clinical practice. We list 
below five technologies that are already available, although still timidly used, and that 
could lead to significant advances in the near future:

• Computer-assisted surgical navigation

Although there is still no consensus on what would be the ideal alignment of a 
limb with knee prosthesis, the traditional concept of neutral alignment have being 
questioned by concepts such as kinematic alignment, the quest for reliable and 
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reproducible achievement of the intra-operative alignment goal has been the primary 
motivator for the development of Computer assisted surgical navigation (CASN). 
There are already a significant number of clinical studies showing that the use of 
CASN increases the accuracy of the planned alignment [12]. However, there is still 
a lack of clinical studies demonstrating that the long-term clinical outcome of using 
CASN is better than traditional alignment without the use of technology. Although 
the cost of using the equipment has been progressively decreasing over time and with 
greater use, it will be necessary for the future to improve the system to further reduce 
the cost of use and enable its use on a large scale. The reader is invited to explore the 
chapter in this book called “advanced, imageless navigation in contemporary THA: 
optimizing acetabular component placement” written by Prof Andrew Kurmis.

• Robotic-assisted surgery

As a natural evolution of the use of CASN, robotic systems with mechanical arms 
associated with the navigation system emerged. Companies such as Zimmer Biomet 
(Rosa), Stryker (Mako), Smith & Nephew (Cori), for example, already offer orthopedic 
surgeons the clinical use of robot-assisted prostheses. Current systems include robotic 
arms, robotic-guided cutting jigs, or robotic milling systems, with different navigation 
strategies using active, semiactive, or passive control systems [13–15]. One problem is that 
the robots used in arthroplasties are not very versatile. There are specific systems for hip 
or knee, some more recent systems already allow using the same robot for both hip and 
knee, but not for other joints. This greatly increases the cost for the hospital, making the 
technology even restricted to places with higher purchasing power. For a deeper under-
standing of the use of robots in arthroplasties, the reader is invited to read the chapter 
entitled “active robotic total knee arthroplasty” written by Prof. Andrei Gritsyuk.

• Augmented reality

However, in parallel with the development of navigation and robots, the recent 
digital technological advance (fourth industrial revolution caused by the emergence 
of the internet) already presents another type of innovative solution to assist the 
surgeon in the implantation of the prosthesis: the use of the augmented reality (AR). 
It is stated that AR could provide a more efficient and cost-effective solution than 
robotic surgery [16].

• Patient-specific implants

The development of new 3D printing technologies made it possible to design 
patient-specific implants and single-use instruments, which have also been proposed 
as an alternative technology to improve accuracy, while also improving efficiency 
and limiting the associated cost of arthroplasties. This technology has the potential 
of reducing operating room times over reusable sets, and benefit theater personnel 
ergonomically while presenting potential cost-saving benefits in terms of reduced 
sterilization costs and surgical times [17].

• Nanotechnology

The future also promises advances not only in systems to aid prosthesis 
implantation but also in the manufacture and composition of implants. The 
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Chapter 2

Biomaterials in Total Joint 
Arthroplasty
Tiarnán Ó Doinn and James M. Broderick

Abstract

Primary total hip and knee arthroplasty (THA, TKA) are among the most common 
procedures performed in the United States. The volume of revision TKAs and THAs are 
also exponentially rising each year. Paramount to the success of total joint arthroplasty 
(TJA) is the correct choice of biomaterials which are used to reconstruct a particular 
joint. This chapter explores the history of common arthroplasty biomaterials, their 
biomechanical properties and current applications. This chapter also discusses modern 
strategies of improving biomaterial mechanical properties, survivability and sterilisa-
tion methods. The contents of this chapter will form an essential resource for practic-
ing orthopaedic surgeons, orthopaedic trainees, researchers and engineers interested 
in tribology and biomechanics of biomaterials in adult reconstruction.

Keywords: primary hip arthroplasty, primary knee arthroplasty, biomaterials, alloy, 
polymer, ceramic, sterilisation

1. Introduction

Primary total hip and knee arthroplasty (THA, TKA) are among the top 5 most 
common procedures and among the top 5 fastest growing procedures performed 
across all surgical specialties in the United States [1]. Compared to the available 2014 
National Inpatient Sampling figures, the estimated total annual United States use for 
primary TKA and THA is expected to increase in 2030 and 2040 by 182% and 401% 
for primary TKA and 129% and 285% for primary THA, respectively [2]. Similarly, 
projections for revision TKA (rTKA) and THA (rTHA) are estimated to increase 
from 2014 to 2030 by between 43% and 70% for rTHA and 78% and 182% for rTKAs 
[3]. Paramount to the success of total joint arthroplasty (TJA) is the correct choice of 
biomaterials which are used to reconstruct a particular joint.

Biomaterials are defined by the European Society for Biomaterials as “a material 
that interacts with the biological system to evaluate, treat, reinforce or replace a tis-
sue, organ or function of the organism [4].” In THA and TKA these materials should 
exhibit a yield stress greater than physiological loading of the joint, while also pre-
venting stress shielding of adjacent bone. These materials should also have an endur-
ance limit which reduces the number of revisions required over a patient’s lifetime, 
particularly as TJA procedures are increasingly being performed among younger 
patients [5]. Biomaterials can be considered as being either bioinert, biotolerant or 
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bioactive. Bioinert materials such as ceramics and titanium, do not illicit a biological 
response from surrounding tissues. Biotolerant materials, such as stainless steel, result 
in the formation of a fibrous layer due to irritation of surrounding tissues. Bioactive 
materials, such as hydroxyapatite coatings, result in direct bone on-growth, bonding 
prosthesis to bone.

The development of orthopaedic biomaterials closely follows the evolution of 
arthroplasty. Glück used ivory secured with nickel plated screws to replace femoral 
heads destroyed by tuberculosis in 1891 [6]. Ivory heads were also adapted by Hey-
Groves several years later [7]. Delbet developed rubber prosthetic femoral heads in 
1919 [8]. Smith-Petersen, in 1932 developed the first mould arthroplasty (Figure 1), 
which consisted of a hollow glass hemisphere which was fitted over the femoral head 
to provide a new articular surface [9, 10]. This design was subsequently revised to a 
Vitallium cup, a cobalt-chromium-molybdenum alloy. Subsequently, during the 1940s 
and 1950s a plethora of stemmed prosthesis were popularised in an effort to achieve 
a more anatomic design. Attempts to enhance fixation of these stemmed prostheses 
resulted in the adoption of dental acrylic cement by both McKee and Haboush in 
1953 [11, 12]. Another significant advancement in the field of THA came in the form 
of articulating prostheses. Wiles popularised the first metal-on-metal THA in 1938, 
which was among the earliest articulating designs, with both prosthetic femoral and 
acetabular components [13]. However, poor component stability led to high failure 
rates, which were later modified by McKee and Ring using varying metal-on-metal 
prostheses with more reliable fixation methods.

Ultimately, these early designs gave way to the Charnley era in the 1950’s which 
laid the foundation for modern THA design. Charnley made three major contribu-
tions to THA including 1) low friction torque arthroplasty 2) use of polymethyl-
methacrylate to reliably fix components to bone and 3) the use of high-density 
polyethylene as a bearing material [6, 14].

A core understanding of the biomaterials used in joint arthroplasty is key to select-
ing the most appropriate materials for a specific task, patient and type of prosthesis. 
This chapter provides a practical general overview of modern arthroplasty materials 
(metal alloys, ceramics, polyethylene and polymethylmethacrylate) rather than an 
exhaustive description which can be found elsewhere.

Figure 1. 
Smith- Petersen acrylic Mould arthroplasty [9].
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2. Metal alloys

The use of metal implants in orthopaedics dates as far back as 1775 with the 
use of brass wire for fracture osteosynthesis [15]. All metal alloys consist of metals 
constituted from metallic and non-metallic elements which form a highly organised 
repeating microstructure. The solvent metal determines the name of the alloy and is 
considered the base or primary metal. Non-metallic alloying components or solutes, 
such as oxygen, carbon or nitrogen are added to the base metal, which alters its prop-
erties. In their pure form metals tend to have one of three crystalline arrangements. 
This can be body-centred cubic, face-centred cubic and hexagonal close packed. In 
the FCC arrangement each atom is in contact with 8 other atoms. Whereas in the 
BCC and HCP arrangement each atom is in contact with 12 other atoms. During alloy 
formation, when a molten mixture undergoes solidification, the alloying components 
substitute for atoms of the base metal in the crystalline arrangement. The size of the 
non-metallic alloying elements relative to the size of the metallic elements determine 
the alloy crystal arrangement. If the non-metallic and metallic atoms are of similar 
size a substitutional alloy is formed, whereby non-metallic elements substitute for 
metallic elements in the crystalline arrangement, such as brass. If the non-metallic 
atoms are smaller than the metallic atoms on the other hand then an interstitial alloy 
is formed, whereby non-metallic atoms occupy spaces in the crystalline structure, 
such as stainless steel.

The above metallic alloy crystals, group together to form clusters of crystals 
termed grains. Grains are imperfectly aligned with each other creating gaps between 
adjacent grains, termed grain boundaries. Microstructure defects such as grain 
boundaries as well as dislocations and vacancies can all act to increase the propensity 
for alloy failure. Macrostructure defects, such as scratches and voids can also be 
a focus for stress and precipitating failure. Several processing methods have been 
introduced to address these defects including cold and hot working, powder metal-
lurgy techniques to reduce grain size, precipitation hardening and thermomechanical 
processing.

Metals are susceptible to chemical wear, which is typically the result of cor-
rosion from reactions with the surrounding aqueous physiologic environment 
[16]. Corrosion is the undesirable dissolution of metal in a solution. This occurs 
through the formation of an anode and cathode, resulting in metal cation ejection. 
Typically, passivity through the formation of a thin oxide film on certain metals 
serves as a kinetic protective barrier. In arthroplasty implant modularity, which 
results in relative motion between two materials can disrupt the passive oxide 
layer, resulting in dissolution of metal particles, which is termed fretting corro-
sion. This has resulted in modular components falling out of favour in primary 
THRs. Other types of mechanically assisted corrosion such as pitting and crevice 
corrosion, result in the formation of localised defects and the formation of a 
stress riser. While implant longevity is a concern, the local and systemic effects 
of corrosion must also be considered. Therefore, knowledge of the relative corro-
sion resistance of various metal alloys is essential in TJA, to ensure that they are 
employed correctly.

Metal alloys with relevance to TJA fall into three main groups 1) stainless steel 2) 
alloys based on the Cobalt-Chrome (Co-Cr) system and 3) Titanium and its alloys, 
which will be discussed in this section.
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2.1 Stainless steel

Stainless steel was first used in orthopaedic implants in 1926 [17]. Later, Charnley 
and the Exeter group employed stainless steel for their femoral stems (Figure 2). 
An iron-based alloy, the stainless steel used in orthopaedic implants is austenitic 
American Iron and Steel Institute (AISI) 316 L. The number 300 indicates that it is a 
member of the 300 series of austenitic steel. Austenite steel denotes an FCC crystal-
line arrangement, with a solid solution of carbon in a nonmagnetic form of iron, 
which is stable at high temperatures. The FFC structure increases susceptibility to 
plastic deformation. The alloy includes 3% molybdenum, which increases resistance 
to pitting and 16% nickel which stabilises the austenitic structure, improving ductil-
ity and reducing the alloy’s yield stress. The letter ‘L’ refers to the low carbon content 
of <0.03% which improves corrosion resistance by reducing sensitisation, a process 
which results in carbide formation in grain boundaries.

Furthermore, the addition of chromium to stainless steel results in the formation 
of a thin chromium oxide layer (Cr2O3), a process termed passivation which shields 
the alloy from corrosion. Despite these properties, stainless steel remains susceptible 
to stress and crevice corrosion. Stress corrosion occurs as a result of exposure to 
chloride- rich environments whereas crevice corrosion results from the disruption of 
the passive oxide layer which occurs with undulating deformation.

3. Titanium based alloys

Titanium and titanium-based alloys have been available since the 18th century and are 
widely used today as biomaterials. They were first applied as a biomaterial in the 1940s 
in dentistry. However, their mechanical properties and excellent biocompatibility led to 

Figure 2. 
Exeter V40 stainless steel femoral stem.
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them becoming a desirable orthopaedic alloy. Titanium has a low density, high tensile 
strength and is highly corrosion resistant. The presence of chromium in titanium results 
in the in vivo formation of a passive oxide layer producing good corrosion resistance. Pure 
titanium is available in various grades, with the relative oxygen content determining the 
degree of impurity. Titanium alloy exists as a biphasic structure. As it precipitates from its 
molten state, an alpha phase results in a HCP arrangement and the beta phase produces a 
BCC arrangement. This biphasic precipitate results in improved fatigue resistance.

Titanium is commonly alloyed with aluminium, vanadium, niobium, zirconium 
and tantalum. The most common titanium alloy used in orthopaedics is Ti-6AL-4 V, 
often termed Titanium 64 due to the 6% aluminium and 4% vanadium concentra-
tions. This alloy possesses a higher ultimate tensile strength than pure titanium and 
a modulus of elasticity closer to that of bone compared to stainless steel, preventing 
stress shielding. Additionally, newer generation titanium alloys (TiMoFe, TiMoNbZr 
and TiNbZrTaSiFe) demonstrate increased elasticity which may improve this capabil-
ity further [18–20]. Another, distinct advantage of titanium alloys is MRI compat-
ibility, given that it is non-dielectric and does not rise in temperature when placed in 
a magnetic field. These properties make titanium an ideal material as an orthopaedic 
implant. The main disadvantage of titanium, however, is titanium’s poor abrasion 
resistance and notch sensitivity. Accordingly, titanium is not suitable as a bearing 
material and should be handled meticulously intraoperatively.

3.1 Cobalt chrome alloy

Cobalt-Chrome (Co-Cr) alloy was introduced into total joint arthroplasty in the early 
1900s, as a modification of Vitallium, a common alloy which was in use in dentistry at 
the time [21]. Most Co-Cr orthopaedic implants contain Cobalt (62–68%), Chromium 
(27–30%), Molybdenum (5–7%), and Nickel (<2.5%). The alloy was initially used by 
Smith-Petersen in 1939 in mould arthroplasty and later in the Charnley femoral stem 
following a move from stainless- steel [9, 22]. Co-Cr possesses several properties which 
make it a highly suitable alloy for use in arthroplasty. The presence of Cr, as with other 
alloys, results in the formation of a passive oxide layer providing protection against 
corrosion, and as a result excellent biocompatibility. Co-Cr alloy has among the highest 
modulus of elasticity among all commonly used arthroplasty materials. It also possesses a 
high ultimate tensile strength and has excellent wear resistance.

Modern techniques for implant production use powder metallurgy to reduce 
the carbon content and thus limit carbide phases which negatively impacts Co-Cr 
mechanical characteristics. Previous techniques involved cast-wrought production 
which resulted in increased carbide formation. In contrast, powder metallurgy, 
involves sieving a fine powder alloy, heating it to a temperature just below melting 
point before compressing the alloy components in a die cast of the final component 
shape. Compared to cast-wrought production this method reduces grain size and 
carbide formation, improving its strength and corrosion resistance.

4. Orthopaedic polymers

4.1 Polyethylene

One of Charnley’s legacy to modern arthroplasty is the introduction of polyeth-
ylene as a bearing material for THA [14]. Polyethylene is a linear homopolymer, 
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composed of hydrogen and carbon, represented by the formula ~(CH2-CH2)~. 
Charnley originally used polytetrafluorethylene, termed Fluron G1 and Fluron G2 
manufactured by Imperial Chemical Industries (London, England) as a bearing 
material for THA due to its low coefficient of friction and biocompatibility [23]. 
However, poor abrasive characteristics lead to failure of Charnley’s polytetrafluor-
ethylene acetabular cups within 2 years, due to low resistance to creep deformation. 
Fortuitously, Charnley’s technician, Craven tested a material termed high-
molecular- weight polyethylene (HMWPE) which was given to him by a plastic gear 
salesman. This material was first implanted in 1962 by Charnley when a HMWPE 
cup was used in combination with acrylic bone cement which was compressed into a 
reamed acetabulum (Figure 3) [24].

Ultra HMWPE (UHMWPE) is composed of long chains of polymerised alkene, 
ethylene. It is a semicrystalline polymer, having both a crystalline and amorphous 
phase. UHMWPE contains a set of ordered crystalline lamellae, with tightly packed 
randomly orientated macromolecules, embedded in a disordered amorphous phase. 
UHMWPE consists of up to 200,000 monomers per molecule and a molecular weight 
ranging from 2 to 6 106 g/mol. Increased molecular weight and degree of cross-bond 

Figure 3. 
Charnley hip consisting of HMWPE cup with a Moore stem [25].
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formation between chains increases the strength and wear resistance of UHMWPE. 
These properties combined with a low coefficient of friction, resistance to abrasive 
wear and corrosion, with a high impact strength and toughness have made UHMWPE 
the arthroplasty bearing material of choice. Comparatively high-density polyethylene 
has a lower molecular weight (0.05–0.25 106 g/mol) and higher density which results 
in inferior mechanical properties.

4.1.1 UHMWPE processing

Historically there have been 3 modes of UHMWPE production for orthopaedic 
implants. Direct moulding involves placing polyethylene powder into a mould of the 
final configuration of the implant. The powder is then placed under pressure and 
heated to consolidate it into its final shape. Ram extrusion involves a similar process; 
however, the powder is fashioned into a cylindrical bar stock which is later machined 
into the desired final shape of the implant. The final method involves moulding large 
sheets of polyethylene in which implants are later machined from. A more modern 
technique has recently been pioneered by Zimmer Biomet termed Hot Isostatic press-
ing. This process uses high temperature and pressure with argon gas and compression 
moulding. The process is then completed by a machining operation. These fabrication 
methods do not significantly alter the physical, chemical or structural properties 
of the original polymer other than the crystallinity. As the original polyethylene is 
heated to above melting point, its crystallinity is irreversibly decreased, decreas-
ing fatigue strength. As a result, all polyethylene components possess their original 
properties prior to sterilisation.

4.1.2 Sterilisation

Polyethylene sterilisation presents a challenge as it cannot be carried out using 
traditional heating methods due it’s low melting point. The main sterilisation meth-
ods used today include high energy radiation (gamma irradiation or electron beam 
irradiation) or surface treatment. Gamma irradiation is emitted from the decay of 
a 60Co unstable nucleus whereas electron beam is produced by heating a tungsten 
filament. Both radiation methods have the advantage of sterilising PE but also causing 
cross-linking of polymer chains which enhances fatigue strength and wear resistance 
[26]. However, electron beam irradiation can be performed in a shorter period of time 
(seconds) and with lower doses of radiation required to achieve a similar degree of 
crosslinking.

The main disadvantage of high energy radiation is oxidative degradation of the 
implant through radiolytic bond scission and free- radical generation [27]. Irradiation 
results in scission of chemical bonds of UHMWPE resulting in free radical forma-
tion. Environmental oxygen binds with free radicals permanently breaking the 
carbon-carbon bonds, a process termed oxidative degradation. This process results 
in reduced molecular weight and a final component with inferior wear resistance and 
increased wear debris generation. Macroscopically, oxidative degradation can be seen 
in retrieved and new components as appearing as a white band or crown effect, which 
results in severe failure, through delamination and fracture.

Several methods have been employed to reduce the effect of oxidative degradation 
during irradiation. Manufactures have trialled irradiating PE components in an 
inert gas such as argon or in a vacuum. Similarly, more sophisticated packaging 
methods have also become available with particle barrier material, preventing 
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ambient oxygen exposure. Packaging has also been designed to allow the penetra-
tion of select gases when chemically sterilised. During the 1990’s, post-irradiation 
thermal stabilisation melting was also introduced as a means to reduce oxidative 
degradation by quenching residual free-radicals, allowing them to recombine, 
improving oxidative resistance. This was initially demonstrated to maintain 
mechanical property performance standards, but remelting decreased crystallinity, 
reducing PE fatigue strength.

Subsequently in 2007, UHMWPE stabilisation with antioxidant Vitamin 
E-diffusion was introduced in the United States [28]. Vitamin E diffusion, limited the 
need for post-irradiation melting, maintaining PE crystallinity. Synthetic α- tocoph-
erol, the vitamin E used during implant processing, decreases the macro alkyl radicals 
available to interact with oxygen, inhibiting the ensuing oxidative cascade. Vitamin E 
can be incorporated into UHMWPE either by post-irradiation vitamin E diffusion or 
by mixing vitamin E with UHMWPE powder prior to pressurisation. Post-irradiation 
vitamin E diffusion has the benefit of avoiding the effect of Vitamin E on reducing 
the number of alkyl radicals available for cross linking but places the cross-linked PE 
at increased risk of oxidation prior to Vitamin E stabilisation. Mixing Vitamin E with 
UHMWPE powder has the converse effect.

4.2 Polymethylmethacrylate

The earliest use of acrylic bone cement was by Glück in 1891, for use with an 
ivory hip prosthesis [6]. However, in 1901 a German chemist, Otto Röhm devel-
oped polymethylmethacrylate (PMMA), which is the earliest form of the bone 
cement which is in widespread use today in orthopaedics [29]. The Judet Brothers 
developed acrylic femoral hemiarthroplasties prosthesis as a treatment for hip 
arthritis [30]. However, it was Haboush who was the first to use PMMA as a grout 
to fix implant to bone [31]. Subsequently, Charnley pioneered to modern use of 
self-curing PMMA to achieve an implant- bone- cement construct for femoral 
and acetabular components, in the 1950s and 1960s. Charnley proposed that 
PMMA, creates an interface between prosthesis and bone to allow for distribution 
of contact forces and rigid fixation [14, 32]. PMMA acts as a grout which inter-
digitates with cancellous bone, enhancing interface shear strength. Cement may 
also act as a shock absorbing layer between elastic bone and a stiff implant with 
a Young’s modulus (2400 MPa in tension) between cortical and cancellous bone. 
Cement therefore acts as an elastic interlayer between 2 stiff layers facilitating 
a more gradual transfer of stress from implant to bone. Currently, cement has a 
number of orthopaedic applications including; prosthesis fixation, percutane-
ous vertebroplasty, antibiotic delivery and as an interpositional material for 
bone defects.

PMMA (C5H8O2) is packaged as 2 separate components; a powdered polymer and 
a liquid monomer in a 2:1 ratio [33]. The liquid component is supplied as 20mls of 
fluid, in a brown vial to avoid the deleterious effects of direct sunlight. The liquid 
monomer contains methyl methacrylate monomer, consisting of microspheres 
of variable diameter with the size of particles determining the viscosity of the 
cement. Additionally, heat stable antibiotics may also be added such as gentamicin 
or vancomycin. Other compounds contained in the liquid component include N,N 
dimethyl- p toludine (DMPT), hydroquinone, and a colouring agent (e.g green 
chlorophyl or cobalt blue). The powdered polymers is typically packaged as 40 g of 
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powder containing pre-synthesised PMMA, barium sulphate or zirconium oxide 
and benzoyl peroxide.

Addition polymerisation of PMMA occurs via an exothermic reaction when 
the liquid and powdered components are mixed together. Benzoyl peroxide, in the 
powder component, acts as a catalyst, initiating polymerisation by interacting with 
DMPT in the liquid component [33]. This interaction liberates free radicals, breaking 
carbon-carbon bonds within MMA, allowing MMA monomers to couple with the 
growing polymer chain. Hydroquinone stabilises this reaction, preventing prema-
ture polymerisation. The radio-opacifier (barium sulphate or zirconium oxide) and 
colouring agent (cobalt blue or green chlorophyl) allow for identification of cement, 
radiologically and intra-operatively.

This chemical reaction is characterised by 4 distinct phases. The mixing phase 
or sandy stage (phase 1) occurs when powder and liquid components are mixed 
together (lasting roughly 30s). The waiting phase or sticky phase (phase 2), lasts 
approximately 1 to 3 minutes (depending on cement viscosity) and ends when 
the cement will easily separate from a gloved finger. The working phase (phase 
3) occurs when the cement can be easily handled and signals when implants can 
be inserted, lasting approximately 5 minutes for high viscosity cement. The set-
ting or hardening phase (phase 4) lasts approximately 1 minute 30 seconds to 
2 minutes for high viscosity cements. These phases are influenced by a number 
of endogenous and exogenous factors. Increasing environmental temperatures 
and humidity decreases cement working time. Other factors such as a decreased 
powder liquid ratio increases setting time. The final biomechanical perfor-
mance of cement can also be influenced by a number of exogenous factors such 
as mixing technique, sterilisation methods, antibiotics additives and choice of 
radio-opacifier.

5. Ceramics

Ceramics were popularised in the 1970’s as bearing materials. Ceramics consist 
of metallic elements such as aluminium, zirconium and silicon covalently and 
or ionically bound with non-metallic elements. The main advantage of ceramic 
bearings is the reduction of wear debris in the periprosthetic space, which can 
precipitate the osteolysis cascade and aseptic loosening [34] associated with 
metal-on-metal and metal-on-PE bearing couples. Oxide ceramics used in total 
joint arthroplasty (TJA) are chemically inert after binding to oxygen, resulting in 
excellent biocompatibility. Ceramics also possess a low surface roughness and high 
hardness, possessing the highest modulus of elasticity of any other biomaterial 
used in TJA.

Unfortunately, the trade-off of high hardness is ceramic bearing brittleness and 
subsequent catastrophic failure. The first ceramic bearings used in THAs in 1971 were 
marred by catastrophic failure due to acute debonding at the implant-cement interface 
of cemented ceramic sockets resulting in aseptic loosening and implant fracture. In more 
modern systems this has been corrected with the addition of metal backed acetabular 
shells to ceramic liners [35]. The primary mode of failure, in more modern systems is 
now edge loading due to implant mispositioning, resulting in stripe wear. This process 
disrupts the oxide layer, reducing fracture toughness and increasing surface roughness. 
Microscopic flaws, introduced during the manufacturing process or machining such as 
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notches, pores and scratches can also result in stress concentration, propagation of cracks 
and subsequent abrupt failure [34].

Ceramics are fabricated by mixing fine ceramic powder and water together 
and compressing the mixture into casts of the desired final shape. The mixture 
is then sintered in a kiln to bond the particles together and to increase density 
before being polished. The resulting organised crystalline microstructure and 
mechanical characteristics are subsequently determined by the grain size, porosity, 
crystallinity and density together with the implant design. Ceramics can be clas-
sified as non-oxides, oxides and composites, with oxide ceramics the material of 
choice in THA.

With the increased uptake of ceramic-on-ceramic bearings globally, audible 
squeaking arose as a new complication, with an incidence between 0 and 24.6% [36]. 
There have been a number of purported mechanisms described accounting for this 
complication. Suggested risk factors for COC squeak have included increased stripe 
wear and disruption of film-fluid lubrication, edge loading due to malposition of the 
acetabular cup, increased body mass index and femoral stem design geometry, among 
many others [37].

5.1 Aluminium oxide

Aluminium oxide (Al2O3) was developed as a biomaterial in the 1960’s, making 
it a well characterised biomaterial. Modern alumina is processed using hot isostatic 
pressing, a process which reduces inclusions, grain size and grain boundaries, increas-
ing hardness and increasing scratch resistance. Alumina also possesses a very low 
coefficient of friction due to a low surface roughness, resulting from its low grain size. 
This excellent tribological performance is further compounded by alumina’ s high 
wettability and resulting film-fluid lubrication, which reduces in vitro wear. Retrieval 
studies have demonstrated alumina-on-alumina wear rates of a few micros per year 
[38]. Biologically the typical response to alumina wear debris is fibrocytic with no 
giant cell formation and little induction of macrophages, reducing osteolysis [35]. The 
estimated lifetime risk of catastrophic failure of alumina femoral heads is estimated to 
be 0.004% [38].

5.2 Oxidised zirconium (zirconia)

Oxidised zirconium (ZrO2) is a ceramic composite bearing which was introduced 
as a means to reduce the catastrophic failure rates associated with alumina heads, 
while still also retaining the desirable wear characteristics of smaller femoral heads 
on polyethylene [34]. Pure zirconia is not used as a bearing material as it undergoes 
phase transformation between its three crystalline arrangements (monoclinic, cubic, 
tetragonal). This can result in volume and shape changes that increase the suscepti-
bility to fracture. As a result, pure zirconia, requires stabilisation through a process 
known as transformation toughening. Zirconia can be stabilised with CaO, Y2O3 or 
MgO which controls phase transformations.

Zirconia toughened alumina (ZTA), is a composite which consists of zirconia dis-
persed in an alumina matrix (Figure 4). This modification resulted in the improved 
strength, fracture toughness and tensile strength compared to aluminium oxide [34]. 
ZTA can be strengthened further by the addition of Cr2O3 and SrO, which prevents 
crack propagation.
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6. Summary

The responsibility of choosing the correct biomaterial in TJA lies solely with the 
operating surgeon. Surgeons should have a good working knowledge of the properties 
of commonly implanted biomaterials and should regularly scrutinise joint registry 
data when determining the most suitable biomaterial according to its intended use, in 
order to optimise patient outcomes.
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Figure 4. 
BIOLOX Delta composite ceramic femoral head containing Aluminium oxide, zirconia and strontium oxide [39].
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Chapter 3

Hemiarthroplasty
Beakal Gezahegn

Abstract

Hemiarthrroplasty is a procedure in which the head and neck of femur are only 
replaced with prosthesis. Currently, almost exclusively used now for displaced 
intracapsular femur neck fracture in older adults and is the surgery of choice for hip 
fracture in patients who minimally ambulate or do not function at a very high level. 
This surgical procedure(arthroplasty) eliminates the risk of non-union, fixation 
failure, and reoperation in the treatment of femur neck fracture. There are two forms 
of HA: unipolar and bipolar, as well as conventional and dual-mobility THA. Both HA 
types have comparable results in terms of stability, but there is a danger of acetabu-
lar wear that may eventually need conversion to THA. HA is indicated in patients 
whose self-sufficiency and physical activity are limited. A unipolar implant should 
be used, as no evidence exist that bipolar implants provide additional benefits. THA 
is associated with better functional outcomes and a lower risk of revision surgery in 
self-sufficient, physically active patients. Instability is the leading complication of 
conventional THA and occurs with a higher incidence compared to HA. Because of 
the potential for instability, the posterior approach should be avoided while doing 
HA. In the hands of a skilled surgeon employing a dual-mobility cup, the posterior 
route is a solid alternative for THA. Cement fixation of the stem is advised to reduce 
the possibility of peri-prosthetic fracture.

Keywords: hemiarthroplasty, femur neck, internal fixation, total hip replacement, 
bipolar hemiarthroplasty, unipolar hemiartroplasty, cemented, uncemented 
hemiartroplasty

1. Introduction

Hip arthroplasty is a surgical procedure where the entire or part of the hip joint is 
replaced with a prosthetic implant. Hip arthroplasty comes in a wide range of varia-
tions. There are two types of procedures involving femoral head replacement: total 
hip arthroplasty and hemiarthroplasty. The femoral head is replaced with a prosthesis 
while the native acetabulum and acetabular cartilage are kept in hemiarthroplasty. 
The acetabulum, as well as the femoral head, are both replaced during total hip 
replacement.

A hip or proximal femoral fracture in an elderly patient is the most common 
reason for hemiarthroplasty. The displaced intracapsular fracture is the most common 
type of hip fracture treated with arthroplasty. The majority of extracapsular fractures 
are treated with fracture internal fixation. There is still debate about the best treat-
ment for displaced intracapsular fractures in the elderly. Internal fixation reduces 
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operative trauma, but complications such as fracture displacement, nonunion, and 
avascular necrosis may necessitate revision. Although internal fixation is still pre-
ferred in some countries, most surgeons now treat this fracture with arthroplasty.

The Moore prosthesis (1952) and the FR Thompson Hip Prosthesis (1954) are 
the most well-known early hemiarthroplasty designs (1954). Both of these implants 
are monoblocks that were designed prior to the development of poly (methyl meth-
acrylate) bone cement, so they were initially inserted as a “press fit.” The Moore 
prosthesis has a fenestrated femoral stem as well as a square stem with a shoulder to 
allow for stability within the femur and to resist rotation within the femoral canal. 
It is commonly used without cement, and bone in-growth into the fenestrations can 
occur over time. Thompson prostheses have a smaller stem with no fenestrations 
and are frequently used in conjunction with cement. There are numerous other 
designs of unipolar hemiarthroplasties that are based on stems used for total hip 
replacements [1].

In bipolar prostheses, there is an articulation in the femoral head component itself. 
In this type of prosthesis, there is a spherical inner metal head with a size of between 
22 and 36 millimeters in diameter. This fits into a polyethylene shell, which in turn 
is enclosed by a metal cap. The objective of these condjoints is to reduce acetabular 
wear by promoting movement at the interprosthetic articulation rather than with the 
native acetabulum. There are a number of different types of prostheses with different 
stem designs. Examples of bipolar prostheses are the Charnley-Hastings, Bateman, 
Giliberty, and Monk prostheses, but many other types with different stem designs 
exist [1].

The femoral stem can be fixed during hip arthroplasty using cement or by bone 
growth into a porous-coated implant, depending on the surgeon’s inclination. In 
elective total hip arthroplasty for osteoarthritis, some orthopedic surgeons now use 
uncemented femoral components, whereas some prefer cemented stems [2].

Hemiarthroplasty requires different considerations than complete hip arthro-
plasty. In the latter, clear exposure of both the femur and the acetabulum is essential, 
necessitating a very long exposure. Because patients are often older and more sensi-
tive to anesthetics and surgical procedures, hemiarthroplasty requires a quick yet 
successful surgery with the least amount of stress and physiological disruption. There 
have been several surgical methods for the hip documented [3].

2. Indication

There is little doubt, and the evidence is convincing, that arthroplasty surgery, 
instead of internal fixation, should be performed for the elderly suffering from 
displaced intracapsular hip fractures.

This decision is often influenced not only by whether one implant is superior to 
another, but as surgeons, we must also take into account patient’s medical comorbidi-
ties, functional demands, premorbid ambulatory status, and, inevitably, financial 
considerations. The debate on the choice of implant is, however, never-ending.

2.1 Arthroplasty vs internal fixation

The surgical treatment of patients with a femoral neck fracture should be based on 
the patient’s age, walking ability, comorbidities, and life expectancy. Internal fixation 
or different types of hip arthroplasties are the available treatment modalities.
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The degree of fracture displacement, the patient’s age, functional demands, 
and risk profile, such as level of cognitive function and degree of physical fitness, 
should all be considered when deciding whether to treat displaced femoral neck 
fractures in the elderly with internal hemiarthroplasty, total hip artroplasty, or 
internal fixation [4].

For elderly patients with few functional demands who have displaced intracap-
sular fractures, unipolar or bipolar hemiarthroplasty appears to be the optimum 
technique, according to the orthopedic surgeon. However, treatment for the generally 
healthy, active, and cognitively alert old patient is still debatable [4].

Internal fixation is uncontroversial in patients with undisplaced fractures (Garden 
I-II), with a reasonable incidence of fracture healing problems and a favorable 
outcome in terms of function and health-related quality of life. Internal fixation is 
also seen to be the best treatment option for young patients with displaced fractures 
(Garden III-IV) [5].

Internal fixation causes less operative stress, but sequelae such as fracture displace-
ment, non-union, and avascular necrosis may necessitate revision. Most surgeons 
now treat this fracture with arthroplasty, while internal fixation is still preferred in 
some countries.

A meta-analysis 1 of over 100 reports of displaced fractures of the neck of the 
femur reported a mean rate of nonunion of 33%, avascular necrosis of 16%, and 
a reoperation rate of 20–36% after internal fixation compared with 6–18% after 
hemiarthroplasty.

Randomized controlled trials (RCTs) have shown that a primary THR pro-
vides superior results to internal fixation in relation to the need for secondary 
surgery, hip function, and health-related quality of life for the active alert patient 
fractures(Garden III-IV) [6].

A recent multicenter randomized controlled trial shows THR should be thought 
of as the therapy of choice for the older patient in excellent condition with a displaced 
intracapsular fracture of the femoral neck when compared to internal fixation, 
bipolar hemiarthroplasty, and THR [7].

2.2 Hemiarthroplasty versus total hip arthroplasty

Hemiarthroplasty (HA) and total hip arthroplasty (THA) are still the most often 
used procedures of hip replacement following fracture. In the long term, some HA 
patients will require THA conversion owing to activity-limiting thigh discomfort 
caused by acetabulum wear. Reduced dislocation rates, less difficult surgery, shorter 
operation times, less blood loss, and cheaper initial expenditures are reported ben-
efits of HA over THA [8].

THA yields superior functional outcomes than HA in the treatment of femoral 
neck fractures [9] and is, therefore, increasingly performed, notably in physically 
active patients. Nevertheless, the outcomes of THA used to treat a fracture differ from 
those of THA for osteoarthritis; blood transfusion is more often required; both the 
operative time and the hospital stays are longer; and the risks are higher for periop-
erative complications, infection, re-admission, and mortality [10].

Instabilities are more prevalent during total hip arthroplasty than hemiarthro-
plasty. The surgeon’s competence, surgical approach, component alignment, and 
implant selection are all factors that influence hip arthroplasty outcomes [11] A 
femur neck fracture is a risk factor for instability in and of itself. Dislocation is also 
substantially more prevalent following THA to treat a fracture than in osteoarthritis 
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patients [12] As a result, choosing an implant for THA for fracture treatment requires 
extraordinary prudence. Dual-mobility cups have been found to lower dislocation 
risk, outperforming large-diameter heads and Constrained implants [13].

The most serious long-term issue with hemiarthroplasty is severe acetabular 
erosion. Acetabular erosion rates have been observed to range from 0–26% for bipolar 
designs and from 2.2–36% for unipolar designs. According to one study, acetabular 
erosion necessitated the revision of 38% of unipolar prosthetic hips. Contrarily, 
dislocation is the most frequent early complication of total hip arthroplasty, and it is 
more likely when a posterior approach is used, and the prosthetic head size is smaller. 
After a complete hip replacement for a displaced intracapsular femoral neck fracture, 
dislocation rates have ranged from 2–20% [14].

Baker’s findings suggest that for the treatment of individuals who are cognitively 
capable, independent, and active, total hip arthroplasty is preferred to hemiarthro-
plasty. After a three-year average follow-up, complete hip arthroplasty was associated 
with superior functional results, fewer problems, and fewer revisions. Both groups 
had functional decline postoperatively when compared to preoperative levels; how-
ever, individuals in the total hip arthroplasty group saw less deterioration and main-
tained their walking distances [14].

Meta-Analysis and systemic review of randomized trials comparing all forms 
of THA and hemiarthroplasty done by burger shows that total hip arthroplasty for 
displaced femoral neck fractures in the fit elderly may lead to higher patient-based 
outcomes but has higher dislocation rates compared with hemiarthroplastysty in a 
selected group of patients suffering displaced femoral neck fractures. This review, 
including the most recent evidence, shows that total hip arthroplasty may be advanta-
geous over hemiarthroplasty [8].

Hedbeck’s randomized controlled trial shows that complete hip arthroplasty 
produces superior results in terms of hip function and health-related quality of life 
than bipolar hemiarthroplasty in older, lucid patients with a displaced femoral neck 
fracture. The findings of this study and earlier research indicate that total hip arthro-
plasty should be the preferred form of treatment for this fracture in an active older 
patient with a long-life expectancy [9].

3. Types of hemiarthroplasty

3.1 Based on prosthesis head component

3.1.1 Bipolar vs unipolar hemiartroplasty

Hemiarthroplasty can be unipolar (the head is attached to the stem) or bipolar 
(in which there is an additional polyethylene bearing between the stem and the 
endoprosthetic head component). Previous systems, like the Moore, were unipolar 
arthroplasties with no modularity between the head and stem. Modularity is avail-
able in modern hip fracture arthroplasty systems for both unipolar and bipolar 
arthroplasties. In a bipolar arthroplasty, the second articulation ought to broaden 
the range of motion and reduce wear on the natural acetabulum, in principle. The 
production of particle wear debris as a result of the polyethylene might potentially 
result in osteolysis [15].

It is debatable that prosthesis should be used in hemiarthroplasty. Bipolar prosthe-
sis is preferred by certain authors over unipolar prostheses by others. The motion at 



33

Hemiarthroplasty
DOI: http://dx.doi.org/10.5772/intechopen.106400

the inner bearing of the bipolar prosthesis, in addition to the prosthesis-acetabulum 
interface, is its potential benefit. The quantity of acetabular erosion should be 
reduced as a result. According to radiological proof and clinically proven pain reduc-
tion, however, investigations have revealed that the bipolar prosthesis acts similarly 
to the unipolar prosthesis and that the inner bearing loses mobility with time. 
Additionally, the bipolar prosthesis’ two- to five-fold higher price tag than that of the 
unipolar prosthesis raises the question of whether it has an impact on older patients’ 
quality of life and functional outcomes following fractures with high death rates [16].

Less wear on the acetabular cartilage is a putative benefit of the bipolar design. 
This has led to the suggestion that it might be a better option for patients who are 
more active and have longer life expectancies. Although there is a chance that the stem 
will become looser, and synovitis will develop as a result of polyethylene wear on the 
inner surface of the bipolar head covered in polyethylene. Despite the fact that several 
RCTs have failed to produce conclusive results on differences in clinical outcomes 
between the unipolar and the bipolar designs, there are few studies that report on 
acetabular wear using a grading system [17].

The results of unipolar and bipolar hemiarthroplasty procedures following 
femoral neck fracture have also been shown to be indistinguishable in several recent 
prospective investigations. Parker et al. revealed no variations in mortality or com-
plication rates between unipolar and bipolar hemiarthroplasty treatment in a recent 
evidence-based Cochrane study [16].

3.2 Based on prostesis assembly

3.2.1 Monoblock vs modular

Monoblock and modular prostheses are the two main types of prosthesis assembly 
that can be used in hip hemiarthroplasty. The diameter of the patient’s femoral head 
affects the prosthesis size for a monoblock hemiarthroplasty. The most popular 
monoblock hemi-arthroplasty is the collared Thompson. These implants usually fail 
to correctly restore the patient’s original hip geometry because of the pre-fabricated 
design of the prosthesis, which limits its ability to be modified intra-operatively to 
accommodate for variations in femoral neck offset or leg length [18].

The stem, neck, and head components of a modular hemiarthroplasty are all 
manufactured separately. The surgeon can modify component size while assembling 
these intra-operatively, allowing for a more accurate restoration of the patient’s 
original hip.

3.3 Based on technique of femoral stem insertion

3.3.1 Cemented vs uncemented hemiarthroplasty

According to the method of implant fixation, hemiarthroplasty prosthesis can 
be divided into two different types: cemented and uncemented hemiarthroplasty. 
However, controversy still exists regarding whether cemented or uncemented implant 
fixation is preferable in this patient population [19].

During hip arthroplasty, fixation of the femoral stem can be accomplished with 
cement or via bony growth into a porous-coated implant [2].

Design-wise, hemiarthroplasty stems can be either cemented or uncemented, 
both of which have a track record of effectiveness. Comparable to the debate over 
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cement- or cementless-prostheses in primary hip arthroplasty, the controversy over 
cemented or non-cemented hemiar-throplasty is similar. Although each has advan-
tages and disadvantages of its own, it is not clear which is better. Uncemented stems, 
which operate using the press-ft approach, may offer advantages in terms of less 
invasive and shorter surgery time, but they also carry a risk of periprosthetic fractures 
and thigh discomfort from implant loosening because they perform poorly when it 
comes to osteointegration with osteoporotic bone [20]. Due to the quality of younger 
patient bone stock, cementless hip arthroplasties are generally considered to be more 
suitable for them [21].

There is insufficient evidence from randomized studies to declare one method 
of hemiarthroplasty to be better than the other in hip fracture surgery. According to 
some researchers, patients with cemented stems recover more quickly and with less 
discomfort than those who had non-cemented press fits [22] Primary cementless 
complete hip arthroplasties usually result in reports of mid-thigh discomfort.

Bone quality is crucial for non-cemented prostheses, in elderly people, it is typi-
cally subpar. Inability to create a congruent fit and interference with bone in-growth 
are two relative contraindications for non-cemented total hip prostheses, both of 
which prevent the formation of rigid initial stability [21].

The use of a cemented stem, on the other hand, results in better implant fixation 
because the cement improves the anchor-age, with fewer chances of loosening and 
thigh pain but higher risks of cardiovascular and respiratory problems because of 
cement-related toxicity and embolization of cement monomer, or “cement disease.” 
[23]. Furthermore, in cemented situations, revision procedures become quite  
challenging [24].

Cement implantation has a well-established impact on the cardiopulmonary 
system, ranging from temporary hypotension and hypoxemia to abrupt mortality 
[25]. Uncertainty surrounds the pathogenic mechanism behind this. The majority of 
experts feel that it is a direct result of fat and marrow emboli [26]; other ideas include 
cement toxicity, reflex autonomic effects, prostaglandin-induced vasodilatation, and 
thromboplast in activating the clotting cascade, lowering platelet count and oxygen 
tension [27]. No of the underlying mechanism, the small cardiopulmonary alterations 
seem to be temporary and not clinically meaningful. The prevalence of unexpected 
intraoperative death appears to be less than (0.2%) [28].

In choosing between these techniques, there is limited evidence contrasting the 
functional outcomes, morbidity, and mortality with cemented or uncemented stems 
[29]. The cemented group has been shown to be associated with greater blood loss and 
operative time, the revision rate is lower, with significantly less thigh pain and better 
mobility [29]. In some investigation, the cemented prosthesis provided stable early 
fixation with good functional outcomes at 1-year follow-up [30].

There are no differences between using current cemented and uncemented 
hemiarthroplasty for the treatment of intracapsular hip fractures in terms of 
mortality risk. The frequency of intraoperative and periprosthetic fractures is much 
lower with modern cemented hemiarthroplasty, but anesthesia and surgical time are 
prolonged [31].

4. Surgical approach

Hemiarthroplasty requires different considerations than complete hip arthro-
plasty. In the latter, clear exposure of both the femur and the acetabulum is essential, 
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necessitating a very lengthy exposure. Because patients are often older and more 
sensitive to anesthetics and surgical procedures, hemiarthroplasty requires a quick yet 
successful surgery with the least amount of stress and physiological disruption. There 
have been several surgical methods to the hip documented [3].

Surgical approaches to the hip for hip hemiarthroplasty can be divided into three 
main categories: lateral approaches (LA), posterior approaches (PA), and anterior 
approaches (AA) [18].

According to the few national registers that collect data on surgical approaches for 
hemiarthroplasty, the direct lateral approach(DLA) and posterior approach(PA) are 
commonly used internationally. Anterior and anterolateral approaches are also used, 
but less often. Internationally, it appears that the choice of approach is frequently 
based on surgeon preference, as a result of training and experience, rather than rigid 
adherence to guidelines or evidence guide [32].

Posterior approaches commonly include the Moore, the Southern, the true pos-
terior and the posterolateral approaches [18]. The division of the piriformis, and 
the short external rotators while preserving the hip abductor muscles are the major 
characteristics of this method. The approach permits the acetabulum and femur to be 
clearly visualized and exposed for as long as needed. There are advantages such as a 
lower risk of femoral shaft fracture, a shorter recovery period, a functional abductor, 
and reduced blood loss. The posterior technique can be used with or without the pos-
terior joint capsule being repaired, along with additional muscle- and tendon-sparing 
adjustments [32].

There are two types of anterior approaches used to access the anterior part of 
the hip joint: direct anterior and Smith Peterson approach l. Both of them used the 
internervous plane in superficial dissection b/n sartorious muscle inervated by the 
femoral nerve and tensor facsia lata inervated by the superior gluteal nerve and in 
deep dissection bln gluteas medius muscle inervated by the superior gluteal nerve and 
rectus femoris muscle which is inerveted by the femoral nerve [18].

The major advantage of the anterior approach is that it has a lower risk of disloca-
tion than other approaches; this advantage makes the rehabilitation program easier 
for the patient. There is also a minimal chance of sciatic nerve damage. The most com-
mon obstacle most surgeons face during an anterior approach is a restricted surgical 
field, which can result in extensive dissection of soft tissue, particularly the gluteas 
medius, as well as trouble reaming the femoral medulary cavity, which can result in 
femur fracture [32].

Lateral approaches commonly involve (partial or complete) division or retraction 
of the hip abductor muscles (gluteus medius and minimus) to enable access to the 
hip capsule. These include the Hardinge (direct lateral), the trans gluteal, and the 
Watson-Jones (anterolateral) approach [18].

There is solid evidence that the method affects the frequency and character of the 
complications. In individuals with FNF, the most commonly employed techniques are 
posterolateral and lateral or anterolateral. Data show that, as compared to the lateral 
or trans-gluteal approaches, the posterior route is linked with a significantly greater 
incidence of dislocation following both HA and conventional THA. When it comes to 
bipolar HA, the posterior approach is associated with an 8-fold increase in the risk of 
dislocation when compared to the lateral approach [12].

The risk of dislocation following traditional THA is also influenced by the surgical 
approach: documented dislocation rates are 2% for the anterolateral approach, 12% 
for the posterior approach, and 14% for the posterior technique without re-attach-
ment of the posterior capsule (p 0.001) [12].
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The combination of a dual-mobility cup with the posterior approach remains a 
reliable option, with a dislocation rate similar to that seen when conventional THA is 
performed via the antero lateral approach [12].

5. Conclusions

Hip fractures are classified according to their location: intracapsular and extra-
capsular, with intra-capsular fractures being the most common, accounting for over 
60% of all hip fractures. The patient’s age and fracture displacement are taken into 
account when determining the procedure for a specific case. Fracture displacement 
raises the probability of femoral head blood supply interruption and, as a result, is 
associated with higher rates of non-union, fracture fixation failure, delayed union, 
and AVN of the femoral head. In old age (> 65 years), there is a high risk of non-union 
and fixation failure that leads to a high reoperation rate, which is not recommended in 
geriatric patients. As a result, current hip fracture treatment recommendations state 
that “displaced intracapsular neck of femur fractures in old age patients should be 
treated with arthroplasty.”

There are two types of hip replacement procedures for the treatment of displaced 
femoral neck fractures of the intracapsular type: THA and HA. Its indication depends 
on the patient’s age and the physiological as well as the general cognitive status of the 
patient. Hemiarthroplasty is recommended for the frail, low-preoperative mobility 
patient, and total hip arthroplasty is recommended for physically active and demand-
ing patients.

Bipolar hemiarthroplasty and unipolar hemiarthroplasty showed comparable 
intraoperative blood loss, operative time, acetabular wear development, risk of insta-
bility, reoperation rates, systemic complications, mortality, and functional results. 
Given the lack of clinical data to support the superiority of either HA type, economic 
concerns should take precedence; bipolar implants are 2–5 times more expensive than 
unipolar implants; hence, unipolar implants are the preferable option when conduct-
ing HA [18].

Acronyms and abbreviations

THA Total Hip Arthroplasty
HA Hemiarthroplasty
DLA Direct Lateral Approach
PA Posterior Approach
AA Anterior Approach
FNF Femoral Neck Fracture
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Arthroplasty
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Abstract

Total hip arthroplasty (THA) is becoming one of the most frequently sought-after 
surgeries in orthopedics. As the techniques and implants continue to evolve, the stabil-
ity of the prosthesis is always at the forefront of the surgeon’s mind. Multiple factors 
contribute to implant stability and there are many intraoperative decisions that can be 
made by the surgeon to increase stability. Techniques including approaches, adjusting 
length, adjusting offset, as well as implant choices can dictate stability in THA. There 
are multiple options that exist including different liners and constraint. One non 
modifiable variable which surgeons often struggle with is the spinopelvic relationship 
which can also affect stability post operatively. These factors include lumbar arthritis, 
variable pelvic tilt, and others that can make a routine approach to a total hip unsuc-
cessful and increase the risk of post-operative complications. Ultimately there are 
many things to consider when approaching THA in patients, especially in the setting 
of abnormal pathology.

Keywords: instability, total hip arthroplasty, subluxation, dual mobility, dislocation

1. Introduction

Hip arthroplasty remains one of the most successful surgeries offered today; 
however, with a prosthetic hip component, a unique possibility of dislocation arises 
[1]. The incidence of instability within revision hip arthroplasty is estimated from 
17 to 25% with a mean cost of care at $77.851.24 [2, 3]. With rates rates of primary 
hip arthroplasty increasing, the projected financial burden on the healthcare system 
remains large [4–6]. Historically, implant designs featured smaller femoral head 
articulations, such as the 22 mm femoral heads of the Charnley hip, which were 
associated with instability rates as high as 4.8% [7, 8]. Since the landmark Morrey 
article in 1982, improved implant designs and surgical techniques have evolved lower-
ing the dislocation rate from 3.2% to less than 2% [9, 10]. Although a large percentage 
of instability can be managed nonoperatively, instability remains the most common 
indications for revision arthroplasty within the United States [4, 11]. Numerous risk 
factors exist including patient demographic variables, approach, surgeon learning 
curve, spinopelvic relationship, and indication for surgery. These factors should be 
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taken into consideration when projecting a specific patients’ potential risk of subse-
quent instability.

A stable THA relies on understanding the biomechanics of femoral head size and 
center of rotation (COR) [12]. Briefly, hip offset is defined as the linear distance 
from the femoral COR to the axis of the femoral shaft. A medial shift in the center of 
rotation decreases the moment arm of the abductors, thereby changing abductor ten-
sion and increasing potential risk of instability (Figure 1). Conversely, an increase 
in femoral offset adds to abductor tension and reduces potential instability [14]. Hip 
stability can also be achieved through modulation of femoral head size and conse-
quently jump distance. The linear distance required for the femoral head to travel 
prior to dislocation is directly proportional to the femoral head size. By increasing 
the size of the femoral head a larger displacement is required prior to dislocation 
(Figure 2). Surgical manipulation of hip anatomy through biomechanics is central 
towards optimizing patient stability.

2. Risk factors

Several modifiable and nonmodifiable risk factors should be considered prior to 
undertaking hip arthroplasty. Modifiable risk factors include tobacco, alcohol use, 
and obesity [15, 16]. Modern hip arthroplasty utilizing press fit implants relies on 

Figure 1. 
Femoral offset and subsequent abductor moment arm [13].
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immediate stability at the bone/implant interface through a variety of tapers and 
coatings. Although the exact mechanism is not understood, this stability is weakened 
from tobacco use. Several researchers have demonstrated the adverse effects of 
delayed bone healing with tobacco use and this theory has been extended to include 
delayed bone-implant ingrowth [17, 18]. Elective arthroplasty offers a unique oppor-
tunity for patients to cease smoking, and some literature demonstrates continued 
abstinence [19]. A careful history with a targeted effort at reducing modifiable risk 
factors should be considered prior to hip arthroplasty.

Tobacco and alcohol use are correlated with wound complications and potential 
instability [16, 17]. Also, patients who abuse alcohol are less likely adhere to precau-
tions and suffer more frequent falls, leading to interprosthetic instability. The immu-
nosuppression from alcohol misuse has shown an increased risk of prosthetic joint 
infections thereby impairing bony ingrowth [17].

Currently, more than two-thirds of Americans are classified as obese (body mass 
index (BMI) ≥ 30 kg/m2) [20]. Groups with the highest BMI are increasing in size at 
the fastest rate, as evidenced by the greater than 50% annual increase in prevalence 
of patients with a BMI ≥ 40 kg/m2 [21, 22]. Elevated BMI will increase the soft tissue 
envelope around the hip, thereby increasing the risk of implant malpositioning. 
This malpositioning along with soft tissue impingement are known risk factors for 
instability [23]. Patients with elevated BMI tend to be younger. Younger aged patients 
statistically place more stress on their implants and with the increased weight these 
patients may have elevated wear rates and higher risk of aseptic loosening [24].

Non modifiable risk factors include advanced age, cognitive impairment, and in 
some earlier studies, female sex [16]. Several comorbid conditions also predisposing 
patients to dislocation following THA include developmental dysplasia of the hip, 

Figure 2. 
Large diameter femoral heads have larger jump distances than smaller diameter heads [14]. Of note, due to the 
fixed radius of the acetabular component, a larger femoral head will decrease the space available for polyethylene. 
This can be seen in Figure 2A versus Figure 2B.
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neuromuscular disorders, and other connective tissue disorders. Abductor muscle 
deficiency, prior surgical revision, a history of instability, and prior spinal disease 
or surgery [25–28]. Previous instances of instability are also risk factors for future 
instability events.

3. Preoperative optimization of hip stability

Due to the numerous risk factors for instability, a thorough preoperative evalua-
tion and identification of appropriate surgical approach should be performed. Several 
hip arthroplasty approaches exist with varied evidence on the risk of subsequent 
instability. Historically, the posterior approach was associated with highest rates 
of instability [29, 30]. This was reinforced with a subsequent large volume Kaiser 
series that demonstrated improved stability with the direct anterior approach over 
traditional posterior approaches [31]. However, recent literature has brought this into 
question, largely demonstrating that with capsular repair the posterior approach is no 
superior to alternate approaches [32–34]. Critics highlight the selection bias of these 
capsular repair/posterior approach papers stating they reflect academic practices 
and do not adequately reflect the community [35]. Further controversy exists when 
analyzing large joint registry databases. Both the Australian (122,345 primary THA) 
and Dutch (166,231 primary THA) Registries demonstrate a reduced risk of instabil-
ity with the anterior approach [35, 36]. From a revision perspective, it appears that 
changing approach does not affect overall rate of instability [37]. Ultimately it is 
recommended that surgical approach be utilized at the discretion and comfort of the 
surgeon with the recognition that the anterior approach may have improved stability. 
If the posterior approach is preferred then careful capsular closure should be per-
formed [38, 39].

Preoperative optimization of body mass index (BMI) continues to be an ongoing 
debate. Multiple studies demonstrate a slight preponderance for instability in cohorts 
with heavier BMI—with 5% increased risk for each BMI unit exceeding 35 kg/m2 [40, 41]. 
Although the exact etiology of instability in heavier patients remains unknown, possibly 
resulting from combinations of deeper surgical field causing implant malposition versus 
muscular weakness; nonpharmacologic weight loss does seem to work at reducing BMI in 
some patients [42, 43]. From the perspective of instability, it remains unknown if weight 
loss causes a clinically significant risk reduction in postoperative instability; however, the 
generalized physical and mental health benefits certainly warrant an attempt at reducing 
BMI [44].

4. Intraoperative optimization of instability

4.1 Introductory statement

Surgeons should be aware of the impact their approach, implants, and implant 
positioning has on patient outcomes. When performing an arthroplasty for fracture, a 
hemiarthroplasty can be an option in a less active patient but this does not confer the 
longevity that a total hip offers. Studies note less morbidity, decreased operative time 
and decreased blood loss with a hemi versus total [45]. If the implant of choice is a 
hemiarthroplasty, a decision between a unipolar and a bipolar implant must be made. 
Proponents of a unipolar arthroplasty state that the hip stability primarily comes 
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from the larger femoral head component and the dual articulation of the bipolar com-
ponent provides negligible stability [46]. Yang et al. published a systematic review 
illustrating statistically significant decrease of cost and increased acetabular erosion 
with a unipolar arthroplasty [47].

Treatment of displaced femoral neck fractures in the elderly population contin-
ues to be a subject of controversy in recent literature. The New England Journal of 
Medicine recently published a study which included 1498 patients, ages 50 or older, 
across 80 centers, in 10 countries where patients were randomly assigned to either 
hemi or total hip arthroplasty group following a displaced femoral neck fracture. 
Despite only having a 2 year follow up, this cohort exhibited no significant difference 
in secondary procedures performed [48]. Some have critiqued this study questioning 
if a 2 year follow up was sufficient time to detect a difference. Another study noted no 
difference of revision rates at 5 years but improved quality of life favoring the THA 
cohort and reduced surgical time favoring the hemi arthroplasty cohort [49].

4.2 Femoral component: version + proper tensioning

Studies have shown large inconsistencies of the proximal femur from patient to 
patient. A patient’s proximal femur may undergo morphological changes throughout 
their lifetime due to osteoporosis and age [50, 51]. Manufactures have designed the 
femoral component with variability to accommodate the irregularity of the native 
proximal femur [52, 53]. Hip dysplasia, while relatively common, can add up to 60 
degrees variability in proximal femoral morphology and contract stress [54, 55].

Femoral anteversion is the angle between an axially projected line along the femoral 
neck and posterior condyles (Figure 3) [56]. This anteversion is essentially the extent 
the implants are “pointed “ventrally and has wide variation [57]. This angle can be 
measured preoperatively via CT scan or with a variety of different x-rays [58, 59]. 
Combined implant anteversion was popularized to improve hip stability and decrease 
intraprosthetic impingement while providing a functional range of motion for the 
patient [60]. Some surgeons have become proponents of “femur first” preparation 
since noncemented implants are constrained by the proximal femoral anatomy [61]. 
Once the femoral anteversion is measured, appropriate anteversion can then be “dialed 
into “the acetabular component as this is easier to change.

Femoral length is a measurement from the acetabular teardrop to the proximal 
femur [62]. This change is often easily noticed by patients and can often cause dis-
comfort after a total hip replacement [63, 64]. Femoral length can be changed inde-
pendently by changing the position of the implant within the femoral intermedullary 

Figure 3. 
Measurement of femoral Anteversion (FNA—Femoral neck angle) [56].
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canal or changed in conjunction with offset when the surgeon changes the femoral 
neck component.

Femoral offset is a measurement of the distance from the femoral intermedul-
lary canal to the center of rotation [12]. An increase in this measurement will allow 
the femur to sit further away from midline, thereby increasing the abductor lever 
arm [65]. Both femoral length and femoral offset will increase tension on the gluteal 
musculature and provide stability. The surgeon must take caution and balance hip 
stability with an increase in offset as excessive femoral offset will cause pain to 
the gluteal musculature, increase implant micromotion and overload the femoral 
component [66–68]. Femoral implants have different ways to increase offset. Some 
implants change offset based on a “medial shift” of the stem/neck takeoff while other 
implants change the neck shaft angle. The average neck/shaft angle in the Caucasian 
population is 130 degrees and by changing offset in different ways, the surgeon may 
restore “normal patient anatomy” and properly tension the soft tissues [52, 53]. It 
is important that the surgeon becomes familiar with how changes in the neck/shaft 
angle will change femoral neck length (Figures 4 and 5). In certain situations where 
a large femoral neck is needed a skirt may be required. This skirt is needed to prop-
erly engage the morse taper while moving the center of rotation away from the stem 
base. The “skirt” on the neck becomes necessary at differing + neck options based on 
manufacture designs and will vary based on skirt length and thickness. These femoral 
neck skirts decrease the head to neck ratio thereby possibly adding to hip impinge-
ment and instability [70].

Figure 5a shows 2 hip templates of the same implant with a change in neck shaft 
angle. Notice how the “offset” (125 degree) neck shaft angle will cause neck changes 
to primarily affect offset and little length is changed.

Figure 5b shows the “offset stem” in relation to the cup center of rotation. Notice 
the angle of the shaft is 125 degrees and changes in neck length primarily change 
offset with little change to length.

Figure 5c demonstrates a “standard offset” (131 degree) neck length. Notice how 
neck length changes will affect both length and offset more evenly.

4.3 Head size and instability

The value of larger femoral heads in THA has been increasingly recognized over 
the last 60 years. Since the 1960s, femoral head size increased from the original 
22 mm to an average size of 32 mm by the mid 2000s [71]. Although some registry 
data reports the most common head diameter to be 32 mm, the use of 36 mm heads 
has been increasing. The AJRR recently reported a 36 mm head as the most com-
monly implanted size in the United States [72, 73]. Increasing femoral head size 
improves stability in THA through two main mechanisms. First, a larger diameter 
head is more deeply seated into the acetabular cup, requiring an increase in linear 
translation (also known as “jump distance”) in order for a dislocation to occur [74]. 
Second, an increase in the femoral head diameter, while maintaining a constant neck 
diameter, increases the head to neck ratio allowing for a wider impingement-free arc 
of motion [75].

The stabilizing effect of large femoral heads is well documented in the literature. 
A randomized controlled trial of 644 patients found that 36 mm heads resulted in 
a significantly decreased rate of dislocation when compared to 28 mm heads (1.3% 
versus 5.4%, p = 0.012) at 1 year follow-up [76]. Several recent registry studies 
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Figure 4. 
A decrease in the femoral neck shaft angle will decrease the femoral height while increasing offset. This construct 
will increase the magnitude of the abductor lever arm [69].

Figure 5. 
Notice how changes in neck shaft angle will change the femoral neck length.
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have further emphasized the advantage of large femoral heads [36, 72, 77]. A study 
published from the Dutch Arthroplasty Registry reported significantly decreased 
dislocation risk with 32 mm heads when compared to those using 22–28 mm [36]. 
These authors noted further improved stability with a 36 mm head compared to 
32 mm when evaluating operations performed through the posterolateral approach. 
Another recent investigation using the Danish Hip Arthroplasty Register also favored 
36 mm heads compared to 32 mm, demonstrating a reduced dislocation risk within 
2 years of primary THA [77].

Although these studies emphasize the stabilizing advantage of a large femoral 
head, the surgeon must weigh this advantage against the concern for increased wear 
characteristics and late failure [78, 79]. Several studies have determined 36 mm and 
larger heads to exhibit increased frictional torque and volumetric wear versus heads 
of 32 mm and smaller [80, 81]. The surgeon must also be aware that with a fixed ace-
tabular component the space available for polyethylene decreases as the femoral head 
size increases. This will lead to a thinner polyethylene liner implanted if a 36 mm head 
is used (Figure 2A and B). A recently published study from the Australian Regstristy 
found that 36 mm heads had a statistically higher risk of late revision when examining 
metal on cross-linked polyethylene constructs versus ceramic head components [79]. 
Although more long-term data is needed, this study suggests that when using femoral 
heads of 36 mm or more, the surgeon may consider ceramic femoral heads for the best 
combination of stability and longevity.

Several strategies can be employed to achieve the stabilizing advantage of a large 
femoral head in total hip arthroplasty. Although some authors advise reaming up to 
achieve an acetabular component of sufficient size to accommodate a 36 mm head, 
there are concerns that this can change the center of rotation and biomechanics of the 
hip [82]. Odri et al. found that patients experienced significantly more postoperative 
pain, especially anterior iliiopsoas impingement, when the implanted cup was 6 mm or 
more larger than the native femoral head [83]. Authors have therefore advised implant-
ing a cup that is no larger than 4 mm above the measured diameter of the femoral head 
[82]. In patients whose anatomy cannot accomodate a large acetabular shell, surgeons 
can employ several strategies to achieve an increased head size. This includes the use of 
thin polyethylene liners, metal on metal bearings, and dual-mobility implants. Despite 
concerns for increased liner wear and fracture, a recent report evaluating the use of 
large femoral heads with thin polyethylene liners at average 8.5 year follow up, noted a 
100% survival rate when using liner failure as an endpoint [84]. Metal on metal bear-
ings, which allow a head size closer to that of the native femoral head. These implants 
have displayed low rates of dislocation but their utilization has waned due to concerns 
of adverse reactions to metal debris (ARMD) [85, 86]. Dual mobility constructs allow 
for large femoral head diameter in addition to an increased arc of motion, and will be 
discussed more thoroughly later in this chapter.

4.4 Acetabular component

Postoperative hip stability depends on accurate placement of the acetabular compo-
nent [87]. Factors that contribute to malpositioning may include intraoperative patient-
positioning, abnormal pelvic anatomy and body habitus [88]. Surgeons continue to aim 
for an acetabular position of 40 degrees +/− 10 degrees of abduction and 15 degrees +/− 
10 degrees of anteversion [89]. One technique includes positioning the patient in the 
center of the room with the sides of the operating table paralleling the walls of the OR. 
This allows the surgeon to base the version and inclination from the walls and the floor 
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of the operating room [90]. To perform this technique, the patient must be positioned 
in a stable lateral decubitus position with the pelvis directly perpendicular to the floor. 
However, variations in pelvic position make balancing and stabilizing the patient in this 
position difficult. Additionally, inconsistencies in the size and shape of the operating 
room may alter the surgeon’s perception of patient orientation [90]. Therefore an align-
ment rod attached to the insertion handle of the cup has proven to be more accurate 
in comparison to free hand cup placement [91]. This rod allows the surgeon to more 
appropriately align the guide to visualize anteversion and inclination based on the floor 
and longitudinal axis of the patient. However, both techniques are sensitive to patient 
positioning and orientation of the pelvis.

Moreover, use of native pelvic anatomy increases accuracy in comparison to 
referencing external factors. One landmark often referenced to establish native 
pelvic anteversion is the transverse acetabular ligament (TAL) [92]. This landmark 
is independent of pelvic positioning and pelvic tilt. When using the TAL as a refer-
ence for anteversion and depth, Archbold et al. noted a 0.6% dislocation rate in 1000 
consecutive patients [92, 93]. Other intrinsic pelvic landmarks such as the superior 
acetabulum, acetabular sulcus of the ilium and pubis have been reviewed but not 
widely adopted due to the large variability from osteophyte production [94]. Many 
are now starting to look towards intraoperative imaging and computer guidance to try 
to reduce surgeon error.

4.4.1 Acetabular Offset

Acetabular offset, defined as the distance between the COR of the femoral head 
and the center of the pelvis, can be an important contributor to the stability and over-
all forces on a total hip arthroplasty. Charnley’s traditional techniques recommended 
medialization of the acetabular component in order to reduce the joint reactive force 
(JRF) on the hip [95]. However, this reduction in acetabular offset can result in 
increased impingement, reduced ROM, loss of soft tissue tension, and an increased 
risk of dislocation [96–99].

An astute surgeon should attempt to re-establish the patient’s anatomic global off-
set (GO), the sum of femoral offset and acetabular offset. A decrease in GO after THA 
has been shown to result in loss of soft tissue tension and abductor function [100]. 
When medialization of the acetabulum is necessary, particularly in the setting of 
significant hip dysplasia, a stem with greater femoral offset is often required to restore 
the global offset and optimize stability of the hip joint [99]. Excessive medialization 
of the acetabular cup can increase the risk of impingement, a known risk factor for 
dislocation. In a computer model simulation, Kurtz et al. determined a decrease in 
acetabular offset to be the greatest risk factor for increased bony impingement [101]. 
Even restoration of global offset via increased femoral offset failed to fully restore 
range of motion before impingement. The study listed a deepened acetabular com-
ponent leading to premature impingement of the femoral neck on either bone or soft 
tissue of the pelvis. With these ideas in mind, anatomic positioning of the cup with 
preservation of acetabular offset is advised.

4.5 Robotics/fluoroscopy and navigation cup position

With increased emphasis on proper positioning of components, there is grow-
ing interest in technology that allows more accurate and reproducible placement 
of total hip arthroplasty components. Free-hand cup positioning can be inaccurate 
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and inconsistent, with one study finding that only 50% of the components were 
accurately placed in both anteversion and abduction target zones [23]. Techniques to 
improve component positioning can be separated into three categories: fluoroscopic 
guidance, computer navigation, and robotic-assisted total hip arthroplasty.

One advantage of the anterior approach is the ease of use of fluoroscopy during 
the operation. Rathod et al. found the use of fluoroscopy during an anterior approach 
significantly increased accuracy in cup placement compared to a non-guided poste-
rior approach [102]. In addition, fluoroscopic guidance using the anterior approach 
has been shown to be more accurate than the use of fluoroscopy in the posterior 
approach due to the supine position allowing for a more accurate representation of 
a standing AP pelvis compared to the lateral position [103]. A recent study found 
the fluoroscopic assisted anterior approach to be as accurate at placing the cup into a 
target safe zone as a robotic-guided operation [104].

Computer navigation, used with or without the assistance of imaging, commonly 
relies on intra-operative anatomic landmarks and surgeon guided input reference 
points to aid in component positioning [99]. Several studies have reported com-
puter navigation to result in more accurate acetabular component placement when 
compared to freehand methods [105, 106]. Robotic guidance combines computer 
navigation with the input of a robotic-assisted arm. Most contemporary designs are 
semi-active, where the robotic apparatus assists in certain actions while still requiring 
operation of the system by the surgeon [23, 104]. Similar to other technology guided 
techniques, robotic-assisted THA has shown increased accuracy of cup positioning 
versus manual techniques [107]. In addition to cup placement, these surgical technol-
ogy enhancements can assist with achieving more accurate leg lengths, global offset, 
and combined anteversion measurements [108, 109].

Despite improved accuracy of component placement, the clinical advantages of 
technology assisted total hip arthroplasty continues to be debated. In a randomized 
controlled trial comparing 62 computer navigated THAs to 63 manual THAs, Lass et al. 
found no difference in dislocation rates at a minimum of 2 year follow up [110]. In their 
cohort of 2247 patients, Shaw et al. found robotic assisted THA to result in significantly 
lower rates of dislocation (0.6%) versus manual THA (2.5%, p < 0.05) [111]. Another 
recent study compared THAs performed through the posterior approach using robotic 
assisted, computer navigated, and manual techniques [112]. The authors found robotic-
assisted posterior THA to have a statistically significant decrease in reoperation due 
to dislocation compared to the manual THA cohort (OR = 0.3,p < 0.05). Interestingly, 
this difference was not seen when comparing the computer navigated cohort to the 
manual group. The authors have proposed that the influence of robotic THA goes 
beyond improved cup positioning and warrants further study. These surgically assisted 
technology enhancements continues to increase in popularity, and continued high-level 
studies are needed to elucidate whether it provides sufficient advantages to outweigh 
the higher initial costs.

4.6 Acetabular liners: Added stability when needed

After satisfactorily implanting the acetabular component, the surgeon needs to 
make the decision on the type of liner used. Many manufacturers provide different 
acetabular liner options to allow the surgeon to recreate native anatomy and maximize 
hip stability. It is important that the surgeon become familiar with the liner options 
available when preparing for a case. Most implant manufactures allow for neutral, 
lipped, lateralized, oblique, constrained and dual mobility liners.
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A neutral liner should be used when the surgeon is satisfied with the acetabular 
position, the hip stability, and in instances where the patient has no increased risk of 
dislocation. This liner allows the patient to have the greatest range of motion since the 
implant will sit flush with the acetabular component but does not give the surgeon 
any added stability [113]. Some surgeons prefer to use a “lipped or high walled liner” 
to allow for increased stability due to a larger jump distance in a discrete quadrant 
(Figure 6). With this liner option the surgeon can position the “elevated lip” to the 
area concern. This liner may increase intraoperative stability and allow the patient 
an additional 8 degrees of internal rotation if placed in the posterior quadrant [114]. 
From a posterior approach, the elevated liner should be placed in the “4 o’clock” posi-
tion with a left hip and an “8 o’clock” position in the right hip [115]. It is important 
to note that this increased jump distance will also cause impingement in the area of 
increased elevation and may lead to dislocations.

In acetabular protrusio cases, native or iatrogenic from over reaming, or in cases 
where the patient has increased native offset, the surgeon may choose to use a lateral-
ized liner. The lateralized liner has increased polyethelene in the medial portion of 
the implant and circumferential coverage. It is important to note that the lateralized 
liner will increase offset and length based on the acetabular implant position. In cases 
where the acetabular component is horizontal then the lateralized liner will increase 
overall hip length and in contrast in a vertical acetabular component orientation 
the lateralized liner will primarily increase offset. The lateralized liner should be 
considered when the abductor soft tissues are lax and the surgeon has already used a 
high offset implant [116]. It is important to note that a lateralized acetabular liner will 
increase the body weight moment arm and has been shown to increase joint reactive 
forces and thereby increase polyethelene wear rates [117].

In cases where the surgeon wishes to maintain a mildly malpositioned acetabular 
component an oblique liner may be used. When available, this option can become 
important in both primary and revision situations. The oblique acetabular insert 
has 180 degrees of coverage and reorients the range of motion in the direction of 
the obliquity [10]. Some surgeons have found this liner option to be quite useful in 
hip dysplasia since these patients may have highly irregular bone stock. This liner 
option allows the surgeon to place the acetabular component in a position that 
maximizes bony contact while reorienting the range of motion to a more functional 
“safe zone” [118].

Constrained liners are designed to physically lock the femoral head into the 
acetabular liner with the use of a metal ring [119]. These liners allow the surgeon the 
greatest amount of hip stability with the most amount of stress at the bone/implant 

Figure 6. 
Left is a neutral liner. Right is a high walled liner.
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interface. Surgeons should be aware that these liners are not indicated in situations 
with implant malposition or hip impingement. The primary indication for these 
constraint liners is neuromuscular disorders, abductor deficiency or intraoperative 
multidirectional instability without hip impingement or implant malposition [113]. 
This increased constraint is commonly used in more difficult hips and has been 
shown to have higher revision rates from several mechanisms of failure [120]. Locking 
ring failure from polyethelene wear or repetitive impingement and aseptic loosening 
causing cup migration or pull out are known failure mechanisms [88, 121, 122].

4.7 Dual mobility

Dual Mobility (DM) articulations were first designed by Bousquet in 1974. This 
design capitalizes on the principle of low friction arthroplasty, which favors a small 
femoral head, and the improved stability given with increasing the femoral head size 
[123]. The DM articulation achieves both increased stability and decreases wear by 
featuring two articulating surfaces within a fixed acetabular shell. These shells articu-
late with a large polyethylene ball; within the polyethylene ball sits another small 
(generally 22–28 mm) metallic femoral head. The benefits of DM include reduced 
rates of instability while maintaining longevity [124].

Modern DM articulations offer modular highly polished liners that are compat-
ible within prior titanium acetabular shell designs. Prior generations—sometimes 
referred to as anatomic DM—featured monoblock cobalt chrome acetabular com-
ponents. A unique challenge of these anatomic components was implantation due to 
difficulty with verification of component seating. The primary benefit of a mono-
block component is a theoretical decrease in metal ions due to the disappearance 
of differing metal interfaces; however, short term series have not found significant 
differences to date [125–127].

Perhaps the most pertinent application for a dual mobility liner is in the setting 
of femoral neck fracture. Femoral neck fractures present within a patient cohort 
of generalized muscular insufficiency, recurrent falls, spasticity from immobility, 
neurologic disorder, and cognitive decline. Dislocation rates for total hip arthroplasty 
within femoral neck fractures have been published as high as 9% but can be lowered 
to 1.2% with the use of a dual mobility construct [124, 128–131]. New literature has 
interestingly shown lower instability rates in DM total hips constructs over traditional 
hemiarthroplasty cohorts [129, 132]. It is therefore recommended to utilize DM 
constructs in total hips for femoral neck fracture [132, 133].

Fixed Spinopelvic alignment and its implications on hip stability has become an 
increasingly studied topic. In normal anatomy, the pelvis dynamically tilts posteriorly 
to increase acetabular coverage during a seated position to allow femoral clearance. 
In contrast while the patient is in the standing position the pelvis assumes a more 
neutral orientation [134, 135]. This native motion protects against femoral dislocation 
with hip flexion; however, patients with rigid spinopelvic alignment have repeatedly 
demonstrated to be at an increased risk of instability [136]. Dual mobility articula-
tions have demonstrated significant improvement in hip stability within patients with 
fixed spinopelvic pathology [137].

Increasing data suggests that modern DM implants have longevity and appropriate 
wear characteristics; despite having two articulating surfaces which increases the risk 
of volumetric wear [138]. Limited retrieval studies demonstrate a wear rate similar 
to traditional cementless liners at 15 years [139]. Furthermore, systematic review 
suggests overall survivorship of 98% at mean followup of 8.5 years (2 to 16 years). 
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The most common cause of revision was aseptic loosening at 1.3% followed by 
intraprosthetic dislocation at 1.1% [124]. Overall, DM total hip arthroplasties are a 
viable option with a proven track record of longevity and an ideal clinical application 
for patients at increased risk of instability.

5. Soft tissue procedures

To optimize hip stability, attention should be drawn to the soft tissue integrity 
and tensioning around the hip. Approaches that utilize the lateral decubitus position 
require meticulous capsular repair. Critics have stated capsular repairs will ultimately 
fail or lead to an unnecessary increase in surgical time; however, this repair has 
demonstrated less blood loss, decreased dislocations, and better functional outcome 
scores [140, 141]. In contrast, supine approaches have not shown this increased 
benefit [142]. Schwartz et al. published a randomized controlled trial regarding 
capsular repair vs. capsulectomy utilizing the direct anterior approach noting no 
difference in outcomes [143]. The increased stability from the direct anterior muscle 
sparing approach maybe from the preservation of the short external rotators or from 
the fluoroscopic guidance of intraoperative implant positioning. Ultimately, the data 
is unclear whether capsular retention and repair is necessary for post-operative hip 
stability using the direct anterior approach.

Even when the femoral and acetabular components are appropriately oriented, 
restoration of length and offset are needed to recreate the mechanical advantage of 
the abductors [144]. Abductor tensioning is affected by the sizing and positioning 
of both the femoral and acetabular components. Poor abductor repair, failure of 
trochanter osteotomies, and destruction of the greater trochanter from fracture or 
osteolysis will adversely affect this tensioning [145]. In severe cases of abductor defi-
ciency, soft tissue transfers may be needed to increase strength and stability of the hip 
joint. A transfer of the anterior ½ of the gluteus maximus to the greater trochanter 
has been described to increase lateral stability and to assist with Trendelenburg gait 
[146]. It is also possible to perform transfers such as transferring the anterior half of 
the gluteus maximus to the greater trochanter to increase lateral stability and to assist 
with issues of Trendelenburg gait [147].

Although rarely required for a primary hip arthroplasty, a greater trochanteric 
osteotomy is indicated to remove well fixed implants for hip revisions. Robust fixation 
of this osteotomy is crucial to avoid trochanteric nonunion which can result in pain, 
hip weakness, and hip instability [148]. In cases of abductor weakness or trochanteric 
nonunion, an advancement may be considered. Dennis and Lynch describe a greater 
trochanter advancement surgery specifically in patients who have postoperative hip 
weakness and instability [146].

6. Postoperative hip instability

6.1 Hip precautions and does anterior hip need precautions

Hip precautions have often been utilized to help aid in prevention of dislocation in 
the acute postoperative period. This is often done in patients who undergo a posterior 
approach where the short external rotators and the posterior capsule is compromised. 
Many physicians use these precautions. A recent prospective randomized trial from 
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Journal of Arthroplasty 2022 examined 346 consecutive patients all via posterior 
approach to the hip with a mean follow up of 2.3 years. This study demonstrated that 
if intraoperative hip stability was obtained at 90 degrees of flexion 45 degrees internal 
rotation and 0 degrees of abduction, postoperative hip precautions are no longer 
necessary. This study, however powerful, excluded patients with previous lumbar 
fusion, scoliosis or abductor insufficiency [149]. Mounts 2022 study is in accordance 
with another recently published a systematic review that included 6900 patients. This 
study demonstrated no statistically significant decrease in dislocations with the use of 
posterior hip precautions [150].

Since anteriorly based approachs are often regarded as a more stable approach 
post operatively, surgeons have questioned the need for precautions post operatively. 
Talbot et al. studied 499 cases of primary total hip arthroplasty done through an 
anterolateral approach and documented the dislocation rate when restrictions were 
not imposed. There were 3 early dislocations (within 6 weeks of surgery) all of which 
were close reduced, and every patient subsequently achieved a stable hip without 
further intervention [151]. Restrepo et al., also demonstrated a 0.16% dislocation rate 
which is significantly lower than the 2% overall that was found to occur within the 
1st year by Maratt et al. in anterior and posterior approaches [34, 152]. The evidence 
for hip precautions after an anterior-based hip approach seems to be in favor of not 
requiring restrictions.

6.2 Recognition of postop instability from infection, poly wear, ALTR

To conclude, the surgeon must correctly identify the etiology of the instabil-
ity to direct treatment. Early postoperative instability is likely due to component 
malpositioning or acute infection [116]. In cases of late stage instability the surgeon 
should consider component subsidence, aseptic loosening, osteolysis, indolent 
infection or the development of an adverse local tissue reaction (ALTR). Acute 
infection may be challenging to diagnose if obvious wound complications are not 
present [153, 154]. Both acute and chronic infection can present with loosening 
of one or both the acetabular and femoral components which may require staged 
revision. Another important cause of instability is aseptic loosening from polyeth-
ylene debris leading to macrophage induced osteolysis. This can ultimately lead 
to movement or dislodging of the implants which should be closely evaluated and 
may require revision surgery. Osteolysis can destroy available bone stock requiring 
the surgeon to become facile with bone grafting, cages, or even custom triflange 
implants for the acetabulum [155]. In the case of femoral bone loss there may be 
a need for diaphyseal engaging implants, bone grafting or even proximal femoral 
replacement [156]. Another potential cause of instability is the development of an 
ALTR from metal on metal (MOM) bearing surfaces. Diagnosis of ALTR is made 
from clinical history, radiography and serum metal ion levels. If surgery is deemed 
necessary, additional information may be obtained from ultrasound and metal 
artifact reduction sequence magnetic resonance imaging (MARS-MRI) to evaluate 
soft tissue destruction and possible need for augments or constraint due to abductor 
deficiency. Ultimately if serum ion levels continue to rise or patient functionality 
declines the patient will require revision surgery [157]. Although post-operative hip 
instability frequently requires revision surgery it is important to identify the root 
cause. This will allow the surgeon better surgical preparation, more readily avail-
able implants and the ability to manage infection with possible staged surgery or 
prolonged IV antibiotics.
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Chapter 5

Advanced, Imageless Navigation in 
Contemporary THA: Optimising 
Acetabular Component Placement
Andrew P. Kurmis

Abstract

Total hip arthroplasty (THA) stands as a reliable and effective way to manage 
end-stage hip disease secondary to a number of aetiologic conditions. While target 
‘safe zones’ are widely quoted and endorsed, an increasingly robust body of evidence 
suggests that such idealised implantation goals have limited utility in patient-to-
patient considerations and that even with a precise goal in mind, surgeons perform 
inconsistently in achieving these targets intra-operatively. Inter-patient variability, 
the concept of ‘functional’ safe zones and the largely under-appreciated impact of 
poor patient positioning (and progressive loss of position during the case) are all 
recognised and evidence-supported opponents of conventional ‘40/15’ approaches. 
In an environment whereby accountable cost utility, maximised surgical consistency 
(i.e., outlier minimisation), improved attainment of target position, and awareness of 
the radiation exposure burden of many pre-operative templating regimes are all para-
mount, there appears to be an increasing role for the application of imageless ‘mini’ 
intra-operative navigation systems for primary (and revision) THA procedures. This 
chapter reviews the evolution of THA navigation and discusses contemporary appli-
cations, defines the challenges associated with unanticipated pelvic movement, and 
explores potential future directions in the use of this exciting technology.

Keywords: technology-assisted surgery, hip navigation, computer navigation, THA, 
total hip replacement

1. Introduction

Total hip replacement remains a tried-and-true method for managing hip pain 
and dysfunction resultant from end-stage degenerative disease and a number of 
other medical conditions [1–3]. It has a long-standing proven clinical track record 
with strong evidence to support consistent improvements in patient function and 
satisfaction—indeed primary total hip arthroplasty (THA) has been claimed as one 
of the most significant surgical advances of the 20th century [4].

In the late 1970s, Lewinnek and colleagues generated the landmark paper propos-
ing the acetabular ‘safe zone’—an idealised target orientation for component place-
ment—suggested to be associated with decreased risk of prosthetic dislocation [5]. 
Nearly 45 years later, the paper stands as one of the most cited in the orthopaedic 
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literature [6]. The ‘40/15 safe zone’ of Lewinnek (inferring a target acetabular com-
ponent insertion position of 40° of abduction and 15° of anteversion, each +/− 10°) 
(Figure 1) has largely become the ‘ideal’ cup orientation for hip replacement surgeons 
and forms the basis of most conventional implantation tools/aids. This fundamental 
premise of THA surgery has however been challenged extensively in the contem-
porary literature with many authors suggesting limited value for these targets on a 
patient-by-patient level—several larger, reputable, papers have shown large propor-
tions of post-operative dislocations occurring well within the defined ‘safe zone’ [7, 
8]. The suggestion that ‘one size does not fit all’ is gaining wider acceptance and a 
move towards ‘functional’ safe zones and/or ‘patient-specific’ acetabular component 
orientation is gaining momentum [9–12].

Acetabular prosthesis implantation angles have been shown to affect peri-articular 
muscle mechanical advantage, rates of dislocation, gait and gait efficiency, limb 
lengths, impingement, noise generation, loosening, postoperative range-of-movement, 
liner wear and overall revision rates [13–23]. Balanced biomechanical and anatomical 
reconstruction of the joint is therefore critical to achieve function, enduring longevity 
and prevention of avoidable complications following surgery [15, 16, 20]. Dislocation 
rates following primary THA are acknowledged to occur in 1–4% of cases, with 
‘instability’ accounting for approximately 23% of all revisions and remains the most 
common reason for such surgery in the United States [24, 25]. Preoperative templating 
from a plain anterior-posterior radiograph is the primary method for initial evaluation 
and forms the cornerstone of pre-operative prosthesis position planning, however the 
value of such images are subject to degradation due to uncompensated patient pelvic 
malposition. Suboptimal acetabular component position can significantly negatively 
impact the results of a hip arthroplasty, including increased risk of instability, 
impingement, dislocation and cup failure [12, 14, 16, 19, 26–30]. Correct template 
positioning influences the accuracy of acetabular cup placement planning and hence 
the long-term success of the THA.

Traditional freehand THA techniques rely heavily upon surgeon judgement to 
manually place acetabular components accurately. Computer navigation to reduce 
acetabular malpositioning has been used for more than 20 years, demonstrating 
improved attainment of target cup placement and variable reports of improvement 
in clinical outcomes, including reducing rates of revision [31–33]. By comparison, 
the prestigious Australian Orthopaedic Association National Joint Replacement 

Figure 1. 
Pelvic abduction angle (also known as ‘inclination’ or ‘opening’ angle) and anteversion angle determination.
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Registry (AOANJRR) began collecting data on the use of computer-navigated total 
knee arthroplasty (TKA) in 2003 and has previously reported on the outcomes [31] 
which show clear outcome benefit in several patient demographics [34, 35]. The use 
of computer navigation has steadily increased in that setting for TKA, from 2.4% in 
2003 to 33.2% in 2018. However, by comparison the AOANJRR shows that <2% of 
THAs recorded to date have utilised navigation-assistance [31, 36].

Historically two separate means of informing computer-assisted naviga-
tion  systems have existed—those reliant upon pre-operative imaging and ‘imageless’ 
systems. Although plain X-ray-based renditions do exist [37], most ‘image driven’ 
systems rely on images generated from pre-operatively obtained computer tomog-
raphy (CT) scans using proprietary image reconstruction and feature recognition. 
Common to ‘imageless’ systems is some method of anatomic feature recognition 
determined during the surgery itself which informs the surgical navigation plan. 
The use of CT-based navigation has been shown to be highly accurate, however it is 
burdened by the associated cost, the need for dedicated pre-operative imaging, and 
incumbent radiation exposure risk—all of which have been linked to low levels of 
clinical utilisation [38–41].

Imageless intra-operative navigation systems allow real-time, surgeon-controlled, 
determination of leg length and offset changes, and three-dimensional (3D) cup 
position [42]. The key features of these commercially-available systems are intended 
to overcome some of the recognised barriers to uptake associated with ‘imaging-
based’ navigation, and are already in widespread use [3]. This chapter aims to review 
the rationale for, evolution of, and current evidence base supporting the use of such 
‘imageless’ navigation tools and also provide understanding as to why pelvic posi-
tional variability makes such systems of high value, as well as exploring some of the 
exciting cutting-edge extensions of such technology into the foreseeable future.

2.  Recognising the importance of optimised acetabular component 
orientation

Optimal insertional orientation of the acetabular component during THA is a 
critical determinant of many tangible outcomes, including construct stability [43]. 
At its extreme, malpositioning may lead to prosthetic dislocation. With the majority 
of THAs currently still being performed in a lateral decubitus patient position [43, 
44], factors which introduce inconsistency or error in achieving the desired final cup 
position have been extensively explored. Sound previous research has confirmed 
the following: 1. there is great inconsistency and often poor reproducibility in the 
accuracy with which a true decubitus position is achieved during the ‘set up’ phase of 
a THA operation; 2. conventional positioning devices perform poorly in maintaining 
the initial set up position during the performance of a THA; 3. there is considerable 
patient loss-of-position during the operation itself (i.e. the position of the pelvis 
changes during surgery); 4. an erroneous pelvic position (from the start of the opera-
tion) and/or a loss of position during the procedure introduces a substantial potential 
for error in the ultimate insertional orientation of the cup; 5. suboptimal cup position 
has been strongly associated with a number of poor outcome measures, including 
wear, increased revision rate and dislocation.

A number of previous investigations have attempted to quantify the ‘average’ 
amount of unintended pelvic movement which occurs during the performance 
of a routine primary THA. These results are discussed in more detail later herein. 
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Interpretation of such information has however—in many instances—been clouded 
by inconsistent data collection methods or by unreliable measurement approaches.

3.   Understanding the relationship between pelvic movement 
 and resultant acetabular component position

While most surgeons agree that accurate implantation of the acetabular com-
ponent of a THA is important for patient outcomes, the ‘ideal’ position is far from 
universally agreed upon [44, 45]. While the historic reference of Lewinnek’s safe 
zone has formed the basis of most ‘target’ cup positions [46, 47], many contemporary 
authors suggest that there may be merit in a ‘patient-specific’ orientation goal and 
that ‘one size’ does not fit all [10, 11]. Indeed, many proponents advocate for indi-
vidualised patient assessment—often in the form of pre-operative functional imaging 
[48–50]—to inform intra-operative decision making. Deviation from an ‘anatomi-
cally neutral’ starting position can have considerable negative impact on resultant 
cup insertion decision making. One key determinant ‘pelvic tilt’ (or ‘roll’) reflects 
the divergent angle between the anterior pelvic plane (APP) and a vertical line in the 
anatomical (standing) position [51] (Figure 2). The large recent study of 1517 THAs 
by Pierrepont and colleagues suggested that in nearly 20% of patients the extent of 
functional sagittal pelvic rotation (reflecting pelvic tilt) identified could potentially 
lead to construct instability using historical ‘safe zone’ targets [50]. This is a stagger-
ingly high proportion.

Figure 2. 
Pelvic tilt. Measurement of the anterior tilt angle in a lateral decubitus position. Forward tilt is determined as the 
angle subtended by the difference in degrees from the true APP (i.e. the vertical starting position) to the measured 
APP as it approaches the MSP (i.e. as the pelvis rolls anteriorly) [43]. APP = anterior pelvic plane; MSP = mid-
sagittal plane; β = anterior tilt angle.
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The effects of changing pelvic position on pelvic tilt has been well studied [52–54]. 
When the pelvis tilts posteriorly during basic pre-operative functional screening, the 
respective anteversion and abduction angles of the final acetabular implant position 
increases, which may in turn lead to excessive wear due to neck impingement and 
edge loading, with an increased risk of dislocation [19]. Prediction of pelvic displace-
ment before surgery has key importance for accurate placement of the acetabular 
implant despite historically being an under-valued consideration. Objectively, 
Babisch et al. demonstrated that acetabular cup positions are affected by pelvic tilt on 
CT models, with good accuracy and reproducibility [55]. Similarly, a previous study 
by Maratt et al. using a computer-generated 3D model also demonstrated the sub-
stantial effect of pelvic tilt on resultant acetabular angles [56]. In a practical sense, the 
functional angle of the acetabular implant is directly related to the pelvic tilt angle, 
with the anteversion angle of the acetabular implant changing by approximately 0.7° 
with every degree of change in pelvic inclination [43]. Therefore, only small linear 
magnitude changes can significantly affect endpoint cup version and contribute to 
construct instability.

In contrast, until recently there has been a lack of literature describing the isolated 
effects of radiographic pelvic rotation (PR) on preoperative acetabular planning 
angulation of acetabular prostheses. The recent work of Lourens et al. used high 
resolution 3D CT pelvis models generated from healthy controls and arthroplasty 
patients to quantify the effects of pelvic rotation on acetabular cup position in various 
static planes simulating radiographic errors in basic imaging used for component 
templating [2]. They concluded that pelvic rotation can also significantly impact 
on the perceived acetabular angles observed on an AP pelvic radiograph used for 
pre-operative planning, which can in turn result in poor prosthetic placement and 
subsequent poorer long-term clinical outcomes. Supportive of the reliability of con-
ventional approaches, the presented data indicated that PR of less than 20° however 
was unlikely to have a clinical impact of preoperative measurements and therefore 
may serve as a guide for clinical application and operative planning.

4. Pre-operative assessment: setting a target position

Respecting that the optimal prosthetic position for an acetabular component is 
likely to be subtly (or not so subtly) different for each individual patient, establishing 
a clear target position for the acetabular component of a THA is of critical impor-
tance. Even once a ‘target’ is defined, attainment of this can be a challenging process. 
As discussed later herein, inaccurate patient set up, loss of pelvic position during the 
procedure (i.e. patient movement) and errors in intended implantation angles can all 
undermine the achieved outcome [2, 43]. Langston et al. [57] suggested that a change 
in pelvic tilt of 13° or more on pre-operative assessment may be deemed unfavourable 
as this will result in a change in the functional anteversion of the acetabulum of 10°. 
This has the potential to place even a well-orientated component outside of a +/−10° 
target safe zone [57]. In the same work, the authors suggested that unfavourable 
pelvic mobility was independently associated with limited lumbar flexion, a more 
posterior standing pelvic tilt and increasing age [57, 58]. Unsurprisingly, they strongly 
advocated for pre-operative functional X-ray imaging [57]. It is noteworthy that none 
of the three associated factors they determined are immediately amendable to peri-
operative correction prior to elective THA and may also thus be considered immu-
table (albeit important perhaps to recognise and consider). In extreme such cases, 
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there is already a trend for some surgeons to move towards large head and/or dual 
mobility bearings in an attempt to increase the functional safe range-of-movement 
[59] in instances whereby concerns regarding spinopelvic stiffness have been raised. 
Even with such informed pre-surgical patient data, what best to ‘do’ with this infor-
mation is less clear. Simply centring the implanted cup to the middle of the functional 
movement range has inherent risk and may not necessarily result in the perfect 
construct orientation to accommodate the rigours of daily activity. Recognising that 
final construct stability is a composite of optimised component mechanics AND the 
concurrent effect of the static and dynamic elements of the surrounding soft tissue 
envelope is a far too often under-acknowledged reality.

The process of high precision data capture with pre-operative functional imaging 
is also not without its challenges. True lateral pelvic X-rays (required for accurate 
conventional angular measurement) can be technically challenging to obtain and—
under present conditions—at best reflect a series of pre-determined static captures 
of the bony relationship between the lower lumbosacral spine, pelvis and proximal 
femur [43]. These are not dynamic measures and do not directly take into account 
the critical impact of the surrounding soft tissue envelopes. Using the more com-
monly employed proprietary functional x-ray series, the relationship of the key bony 
elements in the extremes of motion are not represented—likely the positions most 
vulnerable to permit prosthetic dislocation [43].

Undoubtedly, an awareness of spinopelvic movement parameters also allows 
informed consideration of customised/patient-specific cup implantation targets 
[50, 60–63]. Many centres now incorporate pre-operative spinopelvic movement 
assessment into routine work up pathways [64]. While it is clear that fundamental 
clinical assessment alone is insufficient to fully appreciate the linked movement 
characteristics of the human spine and pelvis on a patient-by-patient basis [64], how 
best to interpret often complex pre-operative imaging data and how to best apply this 
information to target cup planning [51] remains unclear and represents an opportu-
nity for future investigation.

Recent work has suggested potential enhanced value with pre-operative simulta-
neous biplanar imaging [37, 64], as compared to conventional plain film X-rays. The 
proprietary EOS imaging system (Euronext: EOSI; Paris, France) is touted to reduce 
the radiation dose by two thirds as compared to equivalent plain X-ray imaging [64, 
65]. Such technologies permit simultaneous capture of precisely orthogonal X-ray 
images in an upright, physiological load-bearing position and are claimed to be more 
accurate and less dependent on patient positioning [64]. Given that some have sug-
gested limited practical utility of plain film X-rays in judging sagittal pelvic tilt [66] 
consideration of EOS (or other high precision imaging modalities) may hold merit. 
However, while the current science may suggest a role for EOS (or EOS-like imaging 
means) in replacing pre-operative radiographic assessment [64], the technology is not 
universally available and carries associated expense [43].

5. Intra-operative execution of the surgical plan

During the THA operation itself, three considerations become important with 
respect to the accuracy of definitive cup placement. Firstly, is the original position of the 
patient (as a surrogate for the true pelvis position). In the lateral (i.e. decubitus) set up, 
the surgeon/surgical team endeavour to ensure the patient’s pelvic sagittal plane (PSP) 
is horizontally orientated. In most practical senses, this refers to this key alignment 
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plane being parallel to the theatre floor [67, 68]. Classically, surgeons have relied on 
palpation of key bony landmarks (i.e. ASIS and pubic symphysis) [69–71] to determine 
if the vertically-orientated APP [72] is indeed perpendicular to the flat level surface 
of the operating table (Figure 2). Direct and accurate localisation of the contralateral 
ASIS for APP determination can be challenging in the lateral position [72], especially 
with increasing BMI. Unsurprisingly, there is considerable inaccuracy in this subjective 
process [73] which assumes both landmark symmetry and an ability of the surgeon 
to accurately appreciate the location of such landmarks. An array of commonly-used 
positioning aids are employed for achieving and maintaining the true lateral orientation 
for THA. These usually involve some combination of posterior sacral block [74] and an 
anterior symphyseal bolster or ASIS post [74]—the latter of which may involve single 
or paired extensions. More proprietary universal lateral positioners [75] or peg boards 
[76] are also used with reasonable quoted effect. Interestingly, in a 2019 UK nation-
wide investigation however, Rutherford and colleagues explored surgeons’ sentiment 
towards current positioning tools [77]. More than 35% of respondents were ‘unhappy’ 
with their current supports, while less than a third (31%) felt their current positioning 
supports were rigid and reliably stable [77]. The need for better positioning tools and 
supports is almost unanimously championed [74, 76].

Previous authors have proposed customised pelvic orientation devices for use 
during initial set up claiming simplicity of use and improved accuracy and repro-
ducibility in achieving a pelvis horizontal in the sagittal plane [67]. To date, despite 
the potential value of such positioning aids, they have failed to attract mainstream 
uptake and use. Iwakiri and colleagues [78] reported a custom variation of an exist-
ing positioning device with the addition of an extra compression pad [78]. Described 
as ‘simple, minimally invasive and cost effective’ [78] the authors were able to show 
significant reductions in intra-operative sagittal pelvic tilt. Other studies have shown 
highly significant differences (p < 0.001) in the maintenance of pelvic position dur-
ing surgery when comparing the type of mechanical support used [76].

Beyond blaming the tools, multiple studies have shown significant variation in the 
ability of surgeons/surgical teams to accurately position the pelvis for THA surgery 
[76]. The 2011 work of Nishikubo and colleagues used in-theatre fluoroscopy to check 
for pelvic positioning errors prior to commencement of surgery [79]. With a pelvis 
orientated with 0° of tilt versus the horizontal sagittal plane as the target standard, 
they reported a mean positioning error of nearly 6°—this before the operation had 
even begun [79]. The later study of Lambers et al. reported a more modest error of 
closer to 3° but a wider range of recorded starting errors as high as 13° [80]. In a sub-
analysis the same authors suggest that malpositioning is indeed a common occurrence 
in everyday practice and is more likely with increasing patient body mass index (BMI) 
[80, 81]. Increased BMI is independently linked to increased rates of post-operative 
arthroplasty complications, compounded by errors in component placement resulting 
in suboptimal positioning [81].

The second critical element is the ability of the set up to maintain consistently 
the position of the patient during the operation itself. This too is a multi-factorial 
consideration. Pelvic movement affects perceived cup inclination and version and 
may lead to an unintended cup implantation error [82]. While the recommendations 
are not uniformly agreed, Otero and co-authors suggested that ‘proper’ (accept-
able) positioning could perhaps be defined whereby there was <10° of subsequent 
pelvic positional change during the THA procedure itself [83]. The initial patient 
position is maintained by positioning devices presumed to be rigid and stable—in 
many instances however this is not the case. Especially with increasing BMI [84] and 
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general patient size, the effectiveness with which these one-size-fits-all devices secure 
and maintain the position of the pelvis is poor. Further undermining this consider-
ation, Milone and colleagues suggested that rigid positioning alone was an unreliable 
way of ensuring accurate final cup placement [75]. While almost all commonly 
employed such equipment is designed to provide stable support against unyielding 
bony landmarks (ASIS etc.), simply tightening them further to increase the rigidity of 
support is also not without risk. In their recent 2020 publication, Ueno and colleagues 
demonstrated a 2.64% rate of medically-important soft tissue ulceration secondary to 
pelvic positioner use for routine primary THAs [85].

The pelvis is exposed to many discrete deforming forces during a conventional 
THA which may result in iatrogenic pelvic tilt [3, 84]. The process of mechanical cup 
reaming and implant impaction are obvious examples [84], but ‘strong’ traction from 
exposure-permitting retractors are also a recognised culprit [84, 86]. While traction 
for safe exposure may be an unavoidable evil during primary THA, authors who have 
considered this important force mechanism recommend releasing or ‘backing off ’ 
retractor tension during the critical stage of definitive cup impaction [85], which 
may permit some measure of tilt correction [84]. The 2019 work of Della Valle et al. 
however suggests that retractor removal is unlikely to facilitate complete correction of 
anterior roll which had been induced earlier during the case [82].

Thirdly, the surgeon must be able to accurately, consistently and reproduc-
ibly introduce the acetabular component with the correct intended 3D orientation 
and then impact it whilst precisely maintaining this. As a fundamental tenant of 
the assumption that surgeons can reliably perform this task Somerville et al. [86] 
explored the accuracy with which a cohort of experienced trauma and arthroplasty 
surgeons visually assessed cup anteversion and inclination insertion angles [86]. 
There was great variability amongst the group with results ranging from ‘very poor’ to 
‘very good’ with only moderate inter-observer reproducibility [86]. There have been 
many proposed methods for improving the precision and/or reproducibility of cup 
insertion. Such measures have included: following anatomical landmarks [83], the use 
of intra-operative imaging [79], manual instrumentation jigs and alignment guides 
[67] or the use of computer-assisted navigation [87]. The most commonly cited ana-
tomic landmark for cup insertion remains the transverse acetabular ligament (TAL) 
[44]. The value of this local feature has been questioned however, the earlier work 
of Epstein et al. suggesting the TAL was only appreciably present in 47% of osteoar-
thritic hips [88] and that, even when it was identified, its presence and recognition 
did not improve the attainment of target cup position [88]. They concluded that cup 
orientation using the TAL was no more accurate than an unassisted freehand insertion 
technique [88], with the subsequent work of Beverland et al. actively recommending 
against using the TAL to determine final cup inclination [44].

While the use of real-time imaging has been suggested as a potentially useful 
step to improve the accuracy of final cup position although this too is not without its 
inherent challenges. Difficulty in the physical process of introducing imaging equip-
ment into sterile fields and capturing meaningful images (i.e. accurately perpen-
dicular to the long axis of the pelvis), concerns regarding radiation exposure and 
fundamental problems with the interpretation of an image captured in a decubitus 
position (as compared to the ‘routine’ AP supine or standing states) are all notewor-
thy considerations. While some authors advocate the use of imaging routinely [89, 
90] (most often fluoroscopy [80]) as an intra-operative aid—especially in the setting 
of a high BMI patient [80]—others have suggested limited utility through such means 
citing mismatch between apparent ‘during surgery’ and post-operative radiographic 
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cup orientation [68]. Hayakawa et al. suggested mean errors of >5° in both cup 
inclination and anteversion perception using intra-operative radiographs versus the 
post-operative gold standard [91] concluding that in-theatre determinations may not 
reflect post-operative targets.

Using conventional instrumented cup implantation techniques there are many 
proprietary differences between implant systems which cloud comparability. In 
essence, the AP inclination angle (i.e. ‘lateral opening’ or ‘abduction’ angle) is 
visually-appreciated as the angle between the cup insertion handle and the sagittal 
plane [67] (Figure 3). Critically, if at the time of cup insertion the PSP is not (or is 
no longer) parallel to the floor, an error of component placement will occur [67]. 
Body axis alignment (or appreciation thereof) directly influences cup version, as can 
changes in pelvic flexion and extension.

Whilst a relatively recent addition to the arthroplasty surgeon’s armamentarium 
in many parts of the world, the use of intra-operative computer-assisted hip naviga-
tion provides another means for aiding cup insertion [75, 92]. In its two most basic 
forms, such systems use either pre-operative ‘imaging informed’ or ‘imageless’ [73, 
93] approaches. As with accepted total knee arthroplasty (TKA) applications, both 
portable (i.e. ‘mini-nav’ [94, 95]) and ‘full navigation’ systems are available for use 
during hip surgery. Whilst large volume data are still pending, early applications of 
navigated THA suggest consistent improvements in achieving the desired insertion 
orientation [93, 94, 96] with significantly less (p < 0.001) deviations from target 
[92, 97]. Most commercially-available navigation systems reference the APP which 

Figure 3. 
Cup insertion angles using instrumented alignment towers.
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provides the frame-of-reference orientation for later angular measurement [51, 73] 
although the paper by Vigdorchik and colleagues suggests that the perpendicular 
hip-shoulder-axis may actually be the more accurate and consistent registration 
plane [98]. The well-performed 2020 prospective randomised control trial by Tanino 
et al. compared the accuracy of a portable, accelerometer-based navigation system 
with that of conventional instrumented techniques [92]. While adding an average 
of 10 operative minutes to each case [92], the use of navigation was associated with 
significant improvements in attainment of target cup position [92]—a sentiment sup-
porting the landmark earlier work of Jolles et al. in 2004 [99]. One of the key benefits 
of contemporary THA navigation [75, 92] likely lies in the ability of such systems to 
track pelvic movement during surgery and provide ‘corrective’ measurements [100]. 
In many cases, the system has the ability to recognise the occurrence and magnitude 
of pelvic positional changes, even when such movement is below the threshold of 
unaided surgeon perception. While many authors (and users) feel that intra-operative 
navigation stands as the best widely available tool for accurate cup implantation [73], 
such systems do have their own inherent shortcomings including a user learning-
curve, system failures, loss of tracker position and poor reliability with increasing 
pelvic tilt [95, 101]. The integration of biplanar EOS-based imaging methods with 
existing navigation applications (NAVEOS; VA, USA) is an exciting novel pairing [69] 
which has been touted to further simplify cup placement with increased 3D accuracy 
in a lateral decubitus position [69] however, this technology needs further, rigorous, 
validation before wider adoption can be championed.

6. Discussion

Worldwide, the majority of primary THA is still performed in the lateral position 
[44] although it has been shown that this position is associated with the greatest 
degree of unintended intra-operative pelvic movement [74, 78, 92, 102]. Accurate 
acetabular cup orientation is critical in THA for good clinical results [103, 104] and 
most authors acknowledge that this can often be a difficult task [47]. Pelvic tilt alters 
apparent cup position [74] and may subsequently result in suboptimal placement 
[100]. While the operative approach itself whilst in the decubitus orientation is also 
an independent consideration for movement (more so with posterior versus antero-
lateral approaches [76]), failure to recognise changes in pelvic position introduces the 
potential for erroneous cup placement [76], compounding surgeon insertion errors. 
Poor acetabular component placement has been linked to a number of post-operative 
adverse outcomes [49, 94] including accelerated bearing wear [23, 45, 70, 91, 105, 
106] and dislocation risk [45, 70, 91, 92, 105, 107, 108] mechanical impingement 
[108], decreased functional range-of-movement [57, 70, 92, 105], component migra-
tion [91], poor joint function [106], and metal ion toxicity [106]. Regardless of the 
target orientation, the ability to reliably and predictably achieve the desired acetabu-
lar component position is crucial to successful THA [80, 83, 109].

As discussed previously herein, final cup position is substantially influenced by the 
‘on table’ patient positioning [45, 77], including the initial set up [44, 76, 80]. Despite 
the best efforts of surgeons/theatre teams, it remains the case that a pelvis will often 
move unintendedly during the performance of a THA [46, 76]—in spite of seemingly 
well applied and tensioned positioning devices. Surgeons must remain cognisant to this 
reality [84]. While several novel devices have been proposed, to date, there exists no 
mainstream, low-risk accepted method for ensuring a ‘true’ lateral position at the start 
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of each case [68]. Statistically, a pelvis is (far) more likely to roll anteriorly (p < 0.001) 
during a THA in the decubitus set up [46] and this forward tilt is likely progressive 
across the operation [82]. It has been demonstrated that the greatest source of error 
occurs when the PSP is no longer horizontal at time of cup insertion [110]. While it has 
been proposed that such sequential loss of starting position likely progresses until at 
least the point of definitive cup and liner insertion, few quantitative data support this 
at this stage—another inviting opportunity for future research. Pure anterior pelvic roll 
has been shown to influence cup anteversion to a greater extent than inclination [75]. 
It is accepted that major pelvic movement may have an effect on the final cup inser-
tion position [85] through surgeon perceptual error. Given the common anterior roll 
mechanism seen, this consequently leads to an underestimation of cup anteversion [82], 
with the degree of error directly related to the magnitude of pelvic tilt [49, 78, 107].

How far does an average pelvis move during a routine, primary, THA? Several 
previous authors have attempted to quantify ‘normal’ ranges of unintended pelvic 
movement during THA [74, 76, 82, 85] and then to propose acceptable ‘cut offs’ to 
define clinically-important variation [75]. Anterior (or posterior) pelvic tilt alters 
the position of the cup in the sagittal plane [111] which has a direct impact on version 
perception. In case series’ including 67–100 hips [74–76, 82, 85] previous works have 
reported median pelvic tilt values during surgery of >4° [46, 82], however mean val-
ues and maximum observed tilts ranged broadly between studies—often approaching 
20° for the latter [82]. Such studies show 41–57% of cases rolling anteriorly >5° [74, 
75, 80], with 21–38% by >10° [46, 75, 83]. Otero’s paper reported 15.4% of cases with 
10–20° of tilt and 2.8% with >20° [83]. In interpreting these errors, Grammatopoulos 
et al. suggested that a > 10° anteversion error had a 3.5 odds ratio of the final cup 
position falling outside of the target safe zone [46]. Using widely accepted math-
ematical conversion factors [111, 112], 1° of pelvic tilt results in a 0.7–0.8° change in 
final anteversion. Given the longstanding surgical goal of achieving target anteversion 
+/− 10° (see Lewinnek and others [113]), an unappreciated intra-operative pelvic tilt 
of just 13° would therefore be enough to see an otherwise perfectly centred cup fall 
outside of the ‘safe’ anteversion range.

Inconsistency in initial patient set up [76] (i.e. with non-perpendicular ‘true’ 
lateral decubitus positioning) linked with a subsequent change in the pelvic posi-
tion during the operative process (i.e. movement) likely contributes a substantial 
burden of the variation seen in final cup position [76] despite otherwise technically 
sound surgical technique. Uniaxial pelvic tilt has been specifically associated with 
unintended errors in cup version [112]. A high correlation between direct pelvic tilt 
and version angle (R2 = 0.995, p < 0.001) [112] has been confirmed and is intrinsically 
linked to the fact that the negative impact of pelvic tilt can be corrected with relative 
ease using simple (validated) mathematical algorithms with very high precision [112]. 
Until recently, the challenge however has remained the ability to recognise intra-oper-
ative pelvic tilt and to accurately quantify its magnitude. While the most common 
historical methods for determining implantation parameters for acetabular compo-
nents have included mechanical alignment guides and reference against the TAL [77], 
both methods have been shown to be unreliable [103] and hinge on precise judgement 
‘as per the surgeons eye’ [114]. Accurate determination of anteversion during con-
ventional hip replacement surgery can be difficult [90], even in experienced hands. 
Technology-assisted surgical options—such as computer-navigation—however may 
provide a solution to the limitations of visual human assessment.

Using standard navigation, it is possible to determine pelvic inclination and tilt 
by calculating the angular difference between the anatomic frontal plane and true 
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horizontal (i.e. floor) [87]. Modern navigation systems—especially those using 
accelerometer-based technologies—provide the valuable added benefit of measuring 
the relative change in the pelvic position independently from data captured from the 
fixed pelvic tracker(s). Measurement of pelvic tilt during THA allows corrective algo-
rithms to re-calculate the cup insertion angles to correct for the error introduced by 
pelvic movement and have been shown to improve the accuracy of component place-
ment as per the intended target [42, 111]. The large 2010 study by Zhu and colleagues 
explored the quantitative value of navigation during THA in a cohort approaching 
500 hips [111]. While these authors reported a mean intra-operative tilt of just under 
5°, the observed range was from 25° of posterior tilt through to 20° of anterior (i.e. a 
45° unintended error range) [111]. Over 25% of patients rolled 6–9°, while over 16% 
moved more than 10°. It has not yet been definitively established what the perceptual 
tolerances of visual assessment of pelvic tilt may be by surgeons (or varying levels 
of experience) although it seems clear that deficiencies in this key skill likely have a 
negative influence on intended cup implantation position [57].

While much research, attention and interest has centred around pelvic tilt during 
surgery, the important role of pelvic adduction is rarely assessed or considered [82, 
115]. Given that the acetabular cup is a 3D element, inserted with intended orienta-
tion goals in 3D, it is conceivable that unintended pelvic movement in any direction 
may have negative consequence on final cup position [86]. Mathematically, unap-
preciated pelvic adduction can increase radiographic inclination [114] which may 
have consequences for final bearing stability [115]. In a routine posterior approach 
to the hip (in a lateral decubitus position) the relatively wider pelvis as compared to 
the lower limbs tends to see the uppermost hemipelvis drift into adduction [114]. The 
previous work of O’Neill and colleagues (2018) assessed the pelvic movement in 270 
consecutive primary THAs suggesting that none of their cases showed pelvic abduc-
tion with a mean adduction change of 4.4° [115]. This finding was similar to other 
authors who reported average adduction angles of 2.5–6.7° [82, 84]. It is generally 
felt that these smaller magnitude changes have a lesser impact on inclination than do 
comparable movements involving pelvic tilt.

Current research would support the notion that anterior pelvic roll occurs incre-
mentally across the case from set up to definitive implant insertion. The descriptive 
work of Grammatopoulos et al. suggested a mean angular movement from set up 
to implant insertion of 9° (sd 6) [76]. Others have suggested similar changes [85]. 
The later work of Schloemann and colleagues suggested that more than just 5° of 
change may be ‘clinically significant’ [89] supporting the suggestion that such unac-
counted for angular change may facilitate introduction of critical errors in target cup 
placement [75, 89]. Several authors have recommended that the highest (and most 
consistent) level of attainment of target cup position may perhaps be achieved using 
the combination of an assistive anatomical plane (pelvic) positioner and navigation 
[100, 103]. Iwakiri and colleagues suggested such an approach was reliably simple, 
consistent, economical and non-invasive [103].

Despite the focus of hip navigation on radiographic outcomes and intra-operative 
changes, the critical consideration of patient body habitus must be considered. Most 
authors agree that increasing patient BMI influences the likelihood of unintended 
pelvic positional change during surgery itself [84] and strongly correlates with 
subsequent errors in target cup orientation attainment [80, 85]. The extended size 
of bariatric tissue retractors for surgical exposure [84, 85] (and sometimes the force 
applied to them) and direct soft tissue impingement can worsen the magnitude 
of positional movement [116]. However, high BMI alone cannot be blamed for all 
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of the issues noted with unintended pelvic positional change—the 2019 work of 
Schloemann et al. showed clinically-relevant anterior pelvic roll in a cohort with a 
mean BMI of just 20 [89]. Similarly, other authors have suggested no clear associa-
tion between BMI and pelvic movement [75, 82, 117]. Regardless, obesity is just one 
factor so far linked to pelvic movement during THA surgery—with evidence to show 
that low volume surgeons and the surgical approach employed are also recognised 
cofactors [30, 118].

7. Looking to the future …

The future for hip arthroplasty appears exciting, especially as appropriately-
employed technologies facilitate further improvements in planning, precision and 
intra-operative execution. Historical two dimensional (2D) templating and planning 
has already been shown to be far less accurate than modern 3D equivalents [119–121]. 
The evolution to more universal 3D standards is likely to incrementally improve surgi-
cal planning [122–124] as such technologies become more mainstream. The cutting 
edge integration of artificial intelligence algorithms into the pre-operative decision 
making pathways may represent further advancement still [124]. Similarly, as real-
time computer navigation is taken up more broadly many anticipate improved attain-
ment of target cup placement [87] (in a similar fashion to accuracy improvements 
that were seen during the evolution of TKA navigation). Despite great enthusiasm in 
some spheres, navigated arthroplasty is not without its inherent problems and limita-
tions. Tracker pin site placement and loosening [102] continue to undermine case-by-
case precision with only small positional changes resulting in magnified degradation 
in accuracy. As with other bony-mounted navigation applications in other parts of the 
body, site fractures, wound and pin site issues post-operatively also plague use and 
present technique-specific challenges [101].

Some supporters of technology have suggested that formal (‘full’) hip naviga-
tion may be unnecessary, suggesting that less invasive and less time consuming 
alternatives are already available to improve operative precision. Using a simple 
off-the-self smartphone with basic accelerometer capability, Peters et al. in 2012 
reported a series of 50 THAs suggesting their novel technique was simple, ‘quick and 
accurate’, reporting that ‘all’ cases were able to achieve less than 5% deviation from 
the intended pre-operative plan [47]. Similar work by O’Neill et al. using a simple 
digital inclinometer reported achieving target cup position within 2.5° in 88% of 
cases [110] and showed positive statistically-significant differences as compared to 
conventional instrumented approaches. Contrasting CT-based full navigation with 
‘imageless’ accelerometer (mini) navigation however, the recent work by Testsunaga 
et al. suggested the latter lacked the accuracy of image-based techniques [102] but it 
was unclear whether the precision-versus-target cup position translated to meaning-
ful clinical benefit. Equally, the potential improvement in accuracy must be weighed 
against the time, expense and radiation exposure associated with CT-based pre-op 
imaging. As point-of-care image registration approaches continue to improve with 
software and algorithm refinement, ease of use and reliable user accuracy will likely 
improve in parallel.

Regardless of the fundamental imaging method employed (i.e. plain X-ray, aug-
mented X-ray, CT or MRI based), the concept of ‘fusing’ advanced or even 3D pre-
operative templating with highly-precise intra-operative navigation means poses an 
exciting state-of-the-art possibility. Such novel approaches—already in clinical use in 
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some domains—exploit the optimal elements of contemporary planning and surgical 
case execution. Some authors feel this may represent the best of both considerations [43].

Opponents of navigation frequently cite the ‘is the extra angular precision actually 
worth it’ argument. The now standard use of larger heads, and with increasingly-com-
mon selection of dual mobility bearings [59], has arguably improved the stability and 
mechanical characteristics in many instances perhaps negating the need for such high 
levels of cup orientation accuracy. Indeed, in their 2013 paper Eilander and colleagues 
suggested that hip navigation may be an ‘unnecessary’ technical burden, claiming 
that 82% of the hips included within their comprehensive study had cups within 
radiographic safe zones using conventional free hand techniques [105]. So far however, 
this has not been the sentiment shared by most. Finally, the progression to robot-
assisted THA surgery [75]—arguably an evolutionary extension of computer-based 
navigation—may offer further clinical advantages with early science suggesting value, 
especially in complex cases [125]. This area too requires further research to ensure the 
evidence base underpinning wider uptake stays ahead of the enthusiastic hype.

8. Conclusions

This comprehensive review of the current literature highlights the following: 1. 
current techniques and equipment for patient set up in the lateral decubitus position 
are deficient and, if used poorly, have the potential to cause patient harm. As a result, 
sagittal plane movement during THAs (i.e. anterior pelvic roll) is currently an accepted 
shortcoming. Common patterns of sequential pelvic movement during surgery have 
not been well determined and represent an opportunity for future investigation; 2. 
the ability of surgeons/surgical teams to visually appreciate (often large) changes in 
pelvic position with any degree of quantitative precision—in a patient under exclusion 
draping—is universally unreliable. This is increasingly so in the setting of obesity/high 
BMI; 3. failure to appreciate such pelvic movement has a direct and tangible effect upon 
the ability to insert the definitive acetabular component accurately with the intended 
target position in mind; 4. such unintended component positioning errors likely have 
a subsequent negative effect on the mechanical parameters of the THA construct and 
previous evidence would suggest this may lead to increased risk of wear, instability 
and possibly dislocation (all key determinants of later revision surgery); 5. while the 
conventional/historical standard for cup insertion has been ‘per the surgeon’s eye’ or 
using manual alignment jigs, both fail to reliably and accurately appreciate unintended 
patient movement during the operation itself. Evidence would suggest that—when used 
correctly—contemporary navigation systems can improve the precision of implant 
insertion versus target orientations by narrowing outlier ranges and by calculation 
of corrective parameters to compensate for computer-appreciated pelvic positional 
change; 6. while used widely in some international settings, intra-operative hip naviga-
tion (image informed or imageless) has not yet achieved widespread adoption and still 
requires rigorous scientific validation to confirm its utility in more general settings and 
to further refine optimised indications for use. The role of robot-assisted approaches in 
this context show promise but require more generalised validation.
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Abstract

Total knee arthroplasty in valgus knee deformities continues to be a challenge. It 
comprises only 10% of patients who undergo total knee arthroplasty. The surgeon 
should be aware of the technical aspects that differentiate it from the varus deformity: 
surgical exposure, bone cuts, ligament balancing, gap balancing, joint line obliquity, 
patellar tracking, preserving fibular nerve function, and selection of the implant. 
The aim of this chapter is to provide step-by-step comprehensive knowledge about 
different surgical techniques for the correction of severe valgus deformity in total 
knee arthroplasty.

Keywords: knee, arthroplasty, deformity, valgus, prosthesis

1. Introduction

Valgus deformity of the knee occurs in the presence of a valgus alignment of 
the anatomical axes of the femur and tibia in the frontal plane greater than 10° [1]. 
Although osteoarthritis is the most common pathology related to this deformity in 
adults, other events and diseases, such as post-traumatic deformities, rickets, renal 
osteodystrophy, inflammatory pathologies such as rheumatoid arthritis, systemic 
lupus erythematous, psoriatic arthritis, or even hemophilic arthropathy are com-
monly associated [2].

Valgus deformity accounts for approximately 20% of the patients undergoing total 
knee arthroplasty (TKA) and can impose some challenges for the knee surgeon [1]. 
Proper coronal deformity correction is widely accepted as crucial for the success of a 
TKA [3]. It is recognized that the correction of a valgus deformity has technical par-
ticularities that need to be recognized by the knee surgeon when performing a TKA. It 
comprises surgical approach, bone cuts, and mostly ligament balance [1, 2, 4].

2. Preoperative evaluation

Patients diagnosed with end-stage primary or secondary osteoarthritis or other 
inflammatory arthritis, with refractory pain and loss of function that impair daily 
live activities, having failed conservative therapy, are elected to undergo TKA. It is 
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important to emphasize that only a bad radiograph does not constitute an indication 
for arthroplasty.

A complete medical history, associated with a general medical examination, 
should be performed to rule out conditions and comorbidities that may contraindicate 
the procedure.

Every candidate should be clinically evaluated for weight-bearing alignment, 
flexion contracture, and ligamentous instability. Preoperative radiological assessment 
includes:

• weight-bearing anteroposterior view;

• stress radiographs in valgus and varus;

• lateral view;

• axial patellar view;

• limb axis deviation with long-standing views of the knee for overall coronal 
mechanical axis alignment;

• Nowadays, with the increase in the number of robotic surgeries and customized 
prostheses, especially in the knee, CT scans of the hip, knee, and ankle are also 
needed.

3. Classification

Many authors have proposed ways of classifying valgus deformities of the knee 
for the purpose of surgical correction with TKA. The idea is to stratify the patients in 
order to improve the surgical planning and the choice of the degree of constriction of 
the implants.

The Krakow classification [5] proposed in 1991 is one of the most famous clas-
sifications. It categorizes valgus knees based on the integrity of the medial soft tissues 
and on prior surgeries. Type 1 deformity has an intact medial collateral ligament 
(MCL). Type 2 has an insufficiency of the MCL with positive valgus stress test. Type 
3 is a secondary valgus deformity created by an overcorrected high tibial osteotomy 
(HTO) in a previously varus-aligned limb.

The SOO classification, presented in 2003 (Societe d’Orthopedie de l’Ouest - 
Western France Orthopedics Society), recognizes four types of valgus knee, with 
increasing surgical difficulty. Type I can be completely reduced, without medial lax-
ity. Type II is totally or partially irreducible, but without medial laxity. Lateral release 
is required, whereas Type III is reducible, but with medial distension laxity, and may 
require management of the medial laxity. Lastly, Type IV is irreducible, with medial 
distension laxity, combining the problems of types II and III [6].

Lombardi et al. in 2004 [7] proposed a slight modification of the Krakow clas-
sification, taking into account the degree of deformity, the status of the MCL, and 
the amount of release that must be performed. Variant I is characterized by mild 
deficiencies of the lateral femoral condyle and tibial plateau, with stable MCL and 
correction of the deformity with varus stress. In variant-II, the MCLs are intact, but 
they do not correct to neutral alignment with varus stress. Variant-III is distinguished 
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by attenuation of the medial capsular ligament complex with opening of the medial 
joint line on valgus stress test.

Ranawat et al. in 2005 [1] added one more small modification, merging the 
previous classifications, adding the measure of the magnitude of the deformity to the 
Krakow classification. A type-I deformity has minimal valgus and medial soft-tissue 
stretching. A typical type-II fixed valgus deformity has a more substantial deformity 
(>10°) with medial soft-tissue stretching. A type-III deformity is a severe osseous 
deformity after a prior osteotomy with an incompetent medial soft-tissue sleeve.

Despite being widely used, the Krakow and the Ranawat classifications were 
designed with patients from developed countries, where most cases have minor defor-
mities. In poorer countries, where the population has greater difficulty in accessing 
surgical treatment, there is a greater prevalence of severe cases and complex deformi-
ties. Therefore, new classifications have been proposed to better stratify severe cases.

In 2014, Mulaji et al. [8] proposed a classification into six types: type 1 reducible 
valgus, type 2 irreducible valgus, type 3 valgus associated with recurvatum, type 4 
valgus associated with flexion contracture, type 5 valgus with MCL insufficiency, and 
type 6 extra-articular valgus.

Based on full-leg weight-bearing radiographs of 233 knees, the study of Mulaji 
et al. [9] identified four broad groups of valgus arthritic knees with nine phenotypes 
based on coronal plane variations in femoral and tibial morphology. Type 1 Neutral 
knees (12.5%) had almost normal values. Type 2 “Intra-articular valgus” (22.7%) 
showed lateral compartment bone loss. Type 3 “Extra-articular valgus” (35.2%) had 
extra-articular deformity: 3a showed valgus femoral bowing; 3b showed tibial valgus 
bowing; 3c showed tibial valgus bowing with lateral femoral condyle wear. Type 4 
“Varus” type (29.6%) had features of varus knees: 4a had varus femoral bowing; 
distal femur in 4b was akin to varus knees with lateral tibial bone loss. 4c had varus 
tibial bowing and deficient lateral femoral condyle. 4d had varus tibial bowing and 
lateral tibial bone loss.

Yang et al. in 2021 [10] made deformity analysis on standing long-film radiographs 
and computed tomography (CT). Valgus deformities could be classified into five 
subtypes: the distal lateral femoral condyle (F1a), both distal and posterior lateral 
femoral condyle (F1b), the supracondylar region of the femur (F2), the tibial plateau 
(T1), or the metaphyseal segment of the tibia (T2). F2 and T1 (40.0% and 28.6%, 
respectively) were the most common two subtypes.

4. Surgical technique

4.1 Surgical approach

4.1.1 Anteromedial approach

As 90% of knee arthroplasties are associated with varus deformity, the antero-
medial approach is more frequently practiced by surgeons. Therefore, even in valgus 
deformities, most surgeons opt for the anteromedial approach.

The advantage of this approach is that it allows a wide view of the joint cavity and 
does not require any additional training by the surgeon.

The disadvantage of this approach is that it does not directly address the lateral 
contracture structures. In cases of mild deformity, Ranawat grade 1, small surgical 
gestures such as releasing the iliotibial band (ITB) and pie crusting the lateral capsule 
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may be sufficient. In developed countries in Europe and North America, this is 
perhaps the majority of cases. But in Latin American, African, and Asian countries, 
severe cases classified as Ranawat grade 2 or 3 are frequent. To correct these major 
deformities, the medial approach can cause problems not only with ligament balance, 
but mainly with patellar tracking.

To compare the clinical and radiological outcomes of anteromedial and antero-
lateral approaches for valgus TKA, a pilot randomized clinical trial evaluated the 
radiographic patellar tilt, the visual analog scale of pain, postoperative levels of 
hemoglobin, and clinical aspect of the operative wound. Mean lateral tilt of the patella 
was 3.1° (SD ± 5.3) in the lateral approach group and 18° (SD ± 10.2) in the medial 
approach group (p = 0.02). There were no differences regarding other outcomes [4].

In severe deformities, release of lateral patellar retinaclum is necessary in most 
cases in order to prevent patellar instability. Lateral release in combination with 
medial capsulotomy results in significant impairment of the extensor mechanism 
blood supply and could cause avascular necrosis of the patela [11].

4.1.2 Anterolateral approach

The anterolateral approach proposed by Keblish in 1991 allows for a better expo-
sure of the lateral and posterolateral structures, which are contracted in valgus defor-
mities and should be released for proper ligament balance; it also has the advantage of 
including the release of lateral patellar retinaculum, which is necessary in most cases 
with valgus deformity [12].

After proper preparation and placement of drapes and with the knee positioned 
at 90°, the technique begins with the skin incision, which must follow the direction 
of the deformity (so that at the end of the procedure and consequent correction of 
the deformity, the incision is straight). An incision between 15 and 20 centimeters is 
usually sufficient, starting over the superior pole of the patella, going to the anterior 
tibial tuberosity (ATT) (laterally). Skin and subcutaneous tissue should be detached 
together and to a sufficient extent just to access the lateral border of the patella, 
avoiding unnecessary tissue damage. The arthrotomy is performed starting at the 
center of the quadriceps tendon, going down the lateral border of the patella, to the 
lateral border of the ATT. It is essential to maintain Hoffa’s fat connected by its pedicle 
to the lateral portion of the capsule, as this tissue will be necessary for its closure. 
Nikolopoulos et al. in 2015 provided a detailed description of the lateral approach 
technique, along with its advantages and disadvantages [6].

As in the classic medial arthrotomy, in which the deep medial collateral is released 
as part of the approach, we recommend, in the lateral approach, desperiostization 
of the lateral portion of the tibia, thus detaching the distal insertion of the iliotibial 
tract from the tubercle of Gerdy. This step already releases one of the three major soft 
tissue structures involved in valgus deformity (the other two being the lateral col-
lateral ligament and the popliteal tendon). In cases of mild and reducible deformity, 
this already resolves the ligament balance. For this reason, we strongly believe that the 
indication of the lateral approach is advantageous even in milder cases, solving at the 
same time the ligament balance and patellar tracking.

Exposing the tibia is actually a little more difficult with this access. This is mainly 
due to the fact that the TAT is lateralized, which opens a smaller window of vision 
(the space between the TAT and the lateral collateral is much smaller than the space 
between the TAT and the medial collateral). For the same reason, patellar eversion is 
a more difficult maneuver to perform, which makes the exposure of the tibia more 
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difficult. We recommend spending a little more time on this step for adequate expo-
sure of the tibia and consequent correct understanding of the structures and their 
relationships.

Keblish’s original description includes an anterior tibial tubercle osteotomy (ATT) 
for further exposure. We do not believe it to be necessary in the vast majority of cases. 
However, in certain situations such as in severe valgus knees or after a previous tibial 
osteotomy, patella’s eversion may be compromised and the patellar ligament may be 
particularly prone to spontaneous avulsion by forceful retraction, especially if patella 
cannot be everted with the knee flexed at 90°. In these situations, the surgeon should 
not hesitate to perform an ATT. This is a safe and effective procedure. It also may 
simplify proper positioning of the tibial component in severe valgus knees, avoiding 
internal rotation of the tibial component. However, careful fixation of the tuberosity 
is mandatory [11].

4.2 Soft tissue balancing

The goal of ligament balance is to achieve symmetrical rectangular extension and 
flexion gaps. This can be achieved through several techniques, summarized in just 
two main philosophies: “Mesaured ressection” and “Gap balancing.” Gap balancing 
relies on ligament releases prior to bone cuts. There are basically two gap balancing 
sequences. One relies on balancing the flex gap first, and the other technique initially 
balances the knee in extension. On the other hand, bony landmarks such as the 
transepicondylar axis and the posterior condylar axis are used to set femoral compo-
nent rotation when using a measured resection technique. Bone cuts are initially made 
independent of soft tissue tension.

Regardless of the philosophy used, gap balancing, or measured resection or a com-
bination of both, in general we can say that the ligament balance of valgus deformity 
depends on the release of tense lateral structures and the tensioning of attenuated 
medial structures. Unfortunately, many authors have described several sequences 
for the serial release of these structures, and there is still no consensus on the best 
technique.

4.2.1 Release of lateral structures

Ligaments can be released through pie-crusting, subperiosteal release, transverse 
section, or osteotomy. Unfortunately, there is no consensus among the authors on a 
sequence for carrying out the releases. The releases should be performed in full exten-
sion, by using spreaders to check the tension of the medial and lateral compartments. 
After each release, the surgeon should evaluate the alignment and the stability of the 
knee, in order to achieve a symmetrical rectangular extension and flexion gaps [6].

Krackow et al. [5] advocate the release of the ilio tibial band (ITB), followed by the 
lateral colateral ligament (LCL), next by the posterolateral corner structures (PLC) 
and the gastrocnemius muscle lateral head (LHG).

Buechel [13] presented a sequential three-step lateral release, which included 
elevation: (1) the ITB from Gerdy’s tubercle; (2) the LCL and popliteous tendon 
(POP); and (3) the entire periosteum of the fibular head.

Ranawat et al. [1] described a stepwise technique in which the first structure to be 
released is the posterior cruciate ligament (PCL). When necessary, the ITB and the 
LCL are released with multiple stab incisions, the so-called “pie-crusting” technique. 
The POP is normally preserved.
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Favorito et al. [14] proposed that LCL is the first structure to be released. The next 
sequential release follows the POP (an important structure for rotational and valgus 
stability in flexion), the PLC, the femoral insertion of the LHG, and finally, the ITB.

Whiteside [15] described a release sequence based on the tension of ligaments in 
flexion and extension: For tight knees both in flexion and extension, the LCL and POP 
tendon are released. For those knees, tightness remains in extension and only ITB is 
released. Posterior capsular release is performed only when necessary for persistent 
lateral tightness.

An alternative technique for lateral structure release was described by Brilhault 
et al. [16]. A sliding osteotomy of the lateral epicondyle contains LCL and POP 
insertions.

4.2.2 Tensioning of medial structures

As described by Krackow et al. [17], when the MCL is attenuated and there is a 
residual medial laxity, the authors suggest tightening of the medial structures. The 
advancement of the MCL from the epicondyle or a division and imbrication in order 
to tighten, it can be performed.

4.2.3 The fibular nerve dilemma

Fibular nerve palsy (FNP) is a feared complication after valgus TKA. The reported 
incidence of FNP after valgus TKA in the literature ranges between 0.3% and 9.5%. 
Injury of the Fibular nerve can be caused by indirect damage due to stretch or ischemia 
after correction, or by direct injury due to laceration during lateral soft tissue release. 
As FNP has serious consequences, some orthopedic surgeons advocate to prevent this 
complication by a concomitant fibular nerve release (FNR). Due to the limited number 
of studies investigating FNR, no consensus has yet been reached on the value and 
indication of the procedure. A systematic review demonstrated no significant differ-
ences in FNP rate between valgus TKA with and without FNR (2.4% vs 2.1%) [18]. 
Therefore, the authors of this chapter do not recommend the routine use of FNR.

4.3 Bone resection

Valgus deformity has particularities that need to be recognized so that bone cuts 
can be made properly. In most cases, the origin of the deformity is located in the distal 
femur, as opposed to the varus deformity. Lateral condyle hypoplasia is frequently 
present and needs to be recognized, as it directly interferes with several parameters of 
femoral bone cuts. A smaller number of cases may have lateral tibial plateau sinking, 
either due to fracture sequelae or in very advanced cases with deformity > 20° and 
MCL insufficiency.

Extra-articular deformities such as external torsion of the tibia and remodeling 
with valgus deviation of the femoral and tibial shafts may also coexist [19].

4.3.1 Tibial resection

We recommend that the first bone cut is the tibial one, parallel to the ground. The 
main reason is that we can use the tibia as a parameter for the posterior cut of the 
femur through the gap balancing technique, in which the cut is performed parallel 
to the tibial cut with the knee at 90° under symmetrical soft tissue tension. This is 
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important because, due to hypoplasia of the lateral condyle, we cannot rely on the 
classic parameter of 3° of external rotation in relation to the posterior condyles, which 
will be discussed later.

A marked valgus deformity of the tibial diaphysis is frequently observed in valgus 
knee, which makes it impossible to use an intramedullary guide for the tibia in most 
cases. Therefore, we recommend the use of the extramedullary guide for all cases. In 
addition, tibial cutting guides are usually sided (left or right). In these cases, it will be 
necessary to use the guide on the opposite side. Another important detail of this step 
is the amount of bone to be cut. Traditionally, in varus knee prosthesis, 9–10 mm of 
bone can be removed using the healthy plateau as a parameter. However, the healthy 
tibial plateau in valgus knee is the medial plateau. It turns out that the medial plateau 
is 3 mm more distal than the lateral plateau. Therefore, we must discount this 3 mm 
when making the cut, otherwise we will inadvertenltly cut more tibia than ideal. 
Therefore, make the tibial cut 6 or 7 mm from the medial plateau.

4.3.2 Femural resection

Next, we will make the distal cut of the femur. Instead of the 7° of valgus tradi-
tionally used in varus knees, we used 5° in the distal cut of the femur, in order not to 
under-correct the deformity. The surgeon may also choose to use the exact difference 

Figure 1. 
Tips and tricks for appropriate bone resection in valgus TKA. (A) Weight-bearing knee radiography demonstrating 
lateral condyle hypoplasia and the adjusted entry point for IM guide at the medial condyle (red arrow), in the 
prolongation of the anatomical axis of the femur; (B) determination of the rotation of the femoral component by 
the Whiteside line (yellow), parallel to the transepicondylar axis. Do not use the support guide on the posterior 
condyles; (C) When determining the rotation of the tibial component, 1 centimeter medial to the TTA, the less 
experienced surgeon with the Keblish approach must be careful because the tibia is being viewed “in a mirror.”
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measured between the anatomical and mechanical axis of the femur in the preopera-
tive panoramic X-ray. Caution should be taken with the entry point of the intramedu-
lar guide. Because of hypoplasia of the lateral femoral condyle, the entry point must 
be medialized, sometimes not above the intercondylar notch as usually done in varus 
cases, but in the medial femural condyle.

Regarding the adjustment of the femoral rotation, one more point of attention: 
The existence of hypoplasia of the lateral femoral condyle is very common. Therefore, 
the use of a guide based on the posterior condylar line will incur in excessive internal 
rotation of the femoral component. If the technique used is measured resection that 
considers the anatomical points, the correct way is to base it on the trans-epicondylar 
axis or on the Whiteside line. An alternative, as already described, is to use the gap 
balancing technique in this step.

Figure 1 brings some tips and tricks to keep in mind as they are common causes  
of errors.

4.4 Implant choice

Some surgeons consider it inappropriate or almost impossible to preserve the 
posterior cruciate ligament (PCL) in severe valgus deformities. The use of intramed-
ullary nails and implants with revision concepts is also frequently indicated by some 
surgeons whenever they are faced with a severe valgus deformity [19]. But what is the 
logical reasoning that should guide the choice of implant? Figure 2 shows the algo-
rithm for implant choice in valgus TKAs.

Figure 2. 
Algorithm for implant choice in valgus TKAs.
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The choice of implant must be based on the degree of joint instability and the 
presence of bone defects. Taking into account the Ranawat classification, for Grade 
I valgus knees (<10° deformity and intact MCL), Cruciate Retaining (CR) implants 
can be used, with proper bony resections and adequate soft tissue balancing for TKA 
long-term survival. The advantage of CR implants is the preservation of bone stock 
and improvement in knee proprioception [5, 6, 20–22].

For grade I or II valgus knees, mild-to-moderate coronal deformity is mild (<20°), 
and the MCL tension is inadequate, posterior stabilized (PS) implant can be used. In 
young patients, it is possible to preserve bone stock through the use of ultracongruent 
polyethylene insert, thus avoiding the resection of a box in the distal femur [7, 23–25].

In the presence of MCL insufficiency or >20° deformity (grade III), a greater con-
straint implant such as condylar constrained knee (CCK) or hinged implants should 
be used. CCK implants show good results at 10 years of follow-up, with a survival rate 
of around 97% [23, 26, 27]. Caution should be taken in younger patients, because it is 
necessary to remove a larger portion of distal femoral bone to accommodate the femo-
ral box, which decreases the remaining bone stock available for revisions. In the case 
of elderly patients with severe ligamentous insufficiency and multiplanar instability 
or major bone defects, a hinged implant should be the choice [19].

5. New technologies

5.1 Computer-assisted navigation in valgus knee

Computer-assisted navigation (CAN) was developed to improve the position of 
the implants, achieving more accurate postoperative alignment through more precise 
and reproducible bony resection and ligament balancing [28].

Regarding the use of CAN in valgus TKAs, there are some published case series. 
Hadjicostas et al. [29] described the results of 15 knees with a mean valgus deformity 
of 21° (17–27°) and a mean follow-up of 28 months (24–60). All the knees were cor-
rected to a mean of 0.5° of valgus (0–2 degrees).

Shao et al. [30] presented the results of six cases of CAN-assisted valgus TKA, in 
which ideal mechanical and prosthetic alignment was achieved with an image-free, 
computer-assisted navigation system. A primary, posterior-stabilized prosthesis was 
utilized in all cases. The average preoperative overall mechanical axis of the seven 
knees was 19.6° ± 4.6° of valgus, and the average postoperative mechanical axis was 
0.4° ± 0.7°.

Between 2002 and 2009, Huang et al. [31] reported in a retrospective study, the 
results of 62 patients (70 knees) with Ranawat type-II valgus deformity who under-
went primary TKA with or without CAN. At a mean follow-up of 6.2 years, both 
groups had significant postoperative improvements in clinical performance.

Unfortunately, there are still no good-quality randomized clinical trials that dem-
onstrate evidence for the routine use of CAN in valgus TKAs. The decision remains 
based on the surgeon’s common sense and experience.

5.2 Robotics and 3D printed implants in valgus knee

In recent years, the launch of new robotic platforms has caused great interest on 
the part of orthopedic surgeons. The use of robotic surgery in TKA improves the 
accuracy of knee alignment, implant positioning, and ligament balance, although 
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it does not demonstrate superiority in clinical-functional outcome [32]. However, 
surgeons new to the robotics technique have been advised by more experienced ones 
to avoid valgus deformities at the beginning of the learning curve. The opinion of 
experts is that this is a challenge that requires more experience with the technique.

Marchant et al. [33] analyzed a series of cases with complex deformities under-
going knee arthroplasties and noted that robotic devices can help correct severe 
deformities, both in valgus with varus and in cases of flexion contracture. New 
studies should be carried out to analyze the clinical superiority of the use of robots 
in cases of valgus deformity. It was observed in another study that in seven knees 
with valgus deformity, all were corrected for alignment in neutral and without 
overcorrection [34].

Another recent technology is the manufacture of personalized implants. The 
use of 3D modeling techniques based on computed tomography in challenging 
cases of valgus deformity allows components to be placed in positioning according 
to the patient’s anatomy in the coronal, sagittal, and transverse planes. This type 
of technology allows surgeons to make intraoperative adjustments and can place 
components outside of preoperative planning guidelines based on each patient’s 
clinical need [35].

6. Rehabilitation

Rehabilitation of patients undergoing total valgus knee arthroplasty should follow 
common rehabilitation protocols. They should be focused on strength recovery, 
proprioception, and range of motion. Exercise therapy techniques, balance training, 
aquatic therapy, cryopneumatic therapy, and neuromuscular and transcutaneous 
electrical stimulation can be used [36].

The contact of the surgical and physical therapy team should be close. 
Consideration should be given to the surgical technique, implant design and constric-
tion, release technique (osteotomy or soft tissue), and care in the possible neurologi-
cal injury of the peroneal nerve.

7. Conclusion

Surgical treatment of the valgus arthritic knee presents a number of specific 
challenges. Multiple techniques have been described to treat this dysfunction with 
satisfactory clinical results. However, it is important for the surgeon to recognize the 
particularities and different techniques and practice a systematic approach to defor-
mity correction.
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Chapter 7

Primary Total Arthroplasty  
in Stiff Knees
Rogério Teixeira de Carvalho

Abstract

Knee with less than a 50° arc of motion can be considered “stiff.” The surgical 
exposure in total knee arthroplasty (TKA) is technically challenging in the stiff knees. 
Other problems like longer operative time, patellar maltracking, rupture or avulsion 
of patellar tendon, difficulty in flexion-extension gap balancing, bone avulsion, or 
fracture in the distal femur can occur during TKA. It is not uncommon, and the sur-
geon needs an extensile surgical approach as early quadriceps release or tibial tubercle 
osteotomy for adequate exposure. The TKA postoperative outcome is suboptimal 
with less arc of motion, superficial wound problems, deep infection, and higher late 
revision surgeries. The rehabilitation protocol should take into account improvements 
in the range of motion in comparison with the preoperative status, and the patient 
expectations must be realistic.

Keywords: total knee arthroplasty, stiffness, knee osteoarthritis

1. Introduction

The stiff knee (SKN) is considered as a clinical situation that the range of motion 
(ROM) is less than a 50° arc of movement [1, 2]. SKN causes a variable level of 
functional disability, painful discomfort during scarce knee mobility, limp in the 
gait cycle, and hamper with activities of daily living [3]. Normal walking requires 
70°–80° of ROM, stairs require 80°–90° of ROM, and squatting requires at least 130° 
of ROM [4].

The main causes of SKN are previous surgery on the knee, advanced primary 
knee ostearthritis, secondary posttraumatic ostearthrosis, reflex sympathetic 
dystrophy (RSD), neuromuscular disorder, sequelae of previous infection, inflam-
matory diseases (rheumatoid and psoriatic arthritis), arthrofibrosis, and hemofilic 
arthropathy. Ankylosis is more common in patients who had their knee immobilized 
or who are wheelchair bound. The common clinical characteristics in patients with 
SKN are patela baja, quadriceps contracture, intra-articular adhesions, posterior 
capsule contracture, poor patellar gliding, and heterotopic ossification [5, 6]. Total 
knee arthroplasty (TKA) in SKN is a challenging procedure. One of the goals of TKA 
is to improve knee mobility, including ambulatory ability in the gait [7, 8]. Other goals 
of TKA in patients with SKN are to relieve pain, improve the alignment to correct the 
knee deformity, and provide knee stability.
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The most relevant factor that predicts knee mobility after TKA is preoperative 
range of motion [9, 10]. Young age, female sex, and obese patients are more suscep-
tible to achieve less mobility after TKA [11, 12]. In patients with SKNs, the predomi-
nant symptom is not mechanical pain. Functional disabilities like impairments in stair 
climbing, unable to sit on a chair, and inability to walk a long distance are common 
complaints. Psychological and cosmetic harms are associated with decline in the qual-
ity life. TKA is considered a valuable option to improve functional capacity and obtain 
a mobile knee.

2. Classification

The SKN can be presented clinically in loss of extension (LOE), loss of flexion 
(LOF), mixed or ankylosed. The major troubles in LOE are adhesions in suprapatellar 
pouch and in medial and lateral gutters, contracture of extensor mechanism, patello-
femoral joint fusion, and loss of tibiofemoral joint space. The SKN in LOF, the exten-
sor mechanism that is elongated with posterior capsule, posterior cruciate ligament 
(PCL), and collaterals ligaments are contractured. The posterior osteophytes causes a 
mechanical barrier to achieve complete ROM. Ankylosed knee can be associated with 
knee arthrodesis, infection, reconstruction after tumor ressection, after severe trauma 
with distal femur, and tibial plateau fractures. The classification proposed by Sharma 
[13] is based on the degree of loss of ROM in the knee joint, as shown in Table 1.

This classification provides a guidance for surgeons related to surgical approach, 
type of prosthetic implants, and helps to presume functional outcome after TKA.

3. Indications

• Advanced primary knee osteoarthritis (Kellgren-Lawrence 3 or 4);

• Posttraumatic knee osteoarthitis and/or previous knee surgery;

• After knee osteotomy (distal femur and/or proximal tibia);

Type 1: Stiffness/fibrous ankylosis in flexion

• 1a: Stiffness/fibrous ankylosis in 30°–60°

• 1b: Stiffness/fibrous ankylosis in 60°–90°

Type 2: Stiffness/fibrous ankylosis in extension

• 2a: Stiffness/fibrous ankylosis in 0°–15°

• 2b: Stiffness/fibrous ankylosis in 15°–30°

Type 3: Bony ankylosis/arthrodesis

• 3a: Bony ankylosis in flexion >30°

• 3b: Bony ankylosis in extension (flexion <30°)

Table 1. 
Classification for stiff/ankylosed knees proposed by Sharmal [13].
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• Arthrofibrosis (post-surgery and/or prolonged immobilization);

• Inflammatory osteoarthritis (rheumatoid arthritis and psoriasis);

• Hemophilic arthropathy;

• Ankylosis (after knee arthrodesis);

• Heterotopic ossification (HO);

• Reflex sympathetic dystrophy (RSD);

• Neurologic arthropathy;

• Postinfection arthropathy.

4. Contra indications

• Neuromuscular disease (s) with RSD;

• Paralysis after brain vascular stroke;

• Patient inability to follow the postoperative rehabilitation protocol;

• Active infection without clinical control.

5. Preoperative evaluation

A through clinical history must include questions about previous conservative 
treatment and surgeries, period of time that stiffness started, comorbidities, medica-
tions, and psychological profile. The physical examination must comprise the preop-
erative passive and active ROM (flexion and extension), patellar gliding, the amount 
of flexion contracture, scars, type and flexibility of the angular deformity, gait 
pattern, and extensor mechanism status (elongated or contractured). Osteoporosis 
is frequent in SKNs. Complete motor, sensory, and vascular assessment should be 
performed. Ankle/brachial index and Doppler ultrasound can be useful to estimate 
the function of blood circulation in the legs.

The imaging exams of the knee should include radiographic evaluation in antero-
posterior (AP) and lateral at 30° of flexion (Figures 1 and 2). Special views with 
maximal and minimal flexion in the sagittal plane should be documented. Long-axis 
anteroposterior (AP) view can be useful to determine the mechanical and anatomical 
axis of the lower limbs. The sunrise patellar view at 45° of flexion can demonstrate 
a severe arthritic involvement, where the patella usually is fused with the anterior 
femur [2, 5]. A stress view in the coronal plane can be helpful to determine if the 
angular deformity is rigid or correctable. Presence of hardware is not uncommon in 
STK patients. Computed tomography (CT) scan may be used to assess bone stock and 
rule out infections [3].
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The surgeon must select which type of knee prosthesis will be required. A broad 
assortment of modular systems are disposable according to each patient. More 
constrained implants can be considered in cases with bone loss, ligamentous insuffi-
ciency, or after extensive soft tissues releases. A custom prosthesis must be fabricated 
for a particular situation as a very small or large knees and ankylosed knees in rheu-
matoid patients. In a previous infected STK, a staged procedure can be recommended 
to decrease the risk of serious complications [14, 15].

6. Surgical technique

The type of anesthesia should emphasize the muscle relaxation and minimize 
blood loss. Usually, the epidural anesthesia associated with peripheral nerve block 
as adductor canal provide decrease of narcotic usage and postoperative pain. The 
tranexamic acid (20–60 mg/kg) can be administrated intravenous during the 
anesthetic induction in attempt to reduce the blood loss. The use of tourniquet is 

Figure 1. 
Radiography in anteroposterior view with stiff knee.
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questionable and can be avoidable in STK patients [16, 17]. The use of sterile drape 
is recommended, and the leg should be free to move during the TKA. The range of 
motion (ROM) and ligamentous stability should be addressed prior the incision 
and documented.

A straight midline incision should be used, if there is not prior surgical scar. If 
an anterior longitudinal knee scar is found, the skin incision starts more proximally. 
Usually, the skin is adherent to the subcutaneous tissue and careful dissection may 
be required to mobilize the skin. This step assists the deep subfascial dissection and 
facilitates the dermis and epidermis closure. A medial parapatellar arthrotomy is 
performed with capsule opening and releases the adhesions in the suprapatellar pouch 
and plane between anterior distal femur underneath the quadriceps tendon. After 
this step, cleaning the medial and lateral gutters may be required to gain adequate 
exposure. All the fibrotic tissues should be removed. The patellar tendon is identified 
and protected during the TKA, and the space posterior to the tendon freed by sharp 
dissection with the scalpel or eletrocautery.

The next step is the patellar eversion. The difficulty to dislocate the patella later-
ally, in SKN, remains a problem. The lateral retinacular release can be performed, if 

Figure 2. 
Radiography in lateral view with 30° of flexion.
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the knee remains stiff with flexion less than 40° and the lateral patellofemoral liga-
ment is cut to assist the patellar eversion. An extensive transquadricipital approach, 
the rectus snip, can be performed to improve and provide good exposure with low 
risk related to the extensor mechanism damage. The rectus tendon is transected in 
an oblique fashion, around 45°, in a superior and lateral direction [18]. Orienting the 
rectus snip distally allows for conversion to a V-Y quadricepsplasty that the surgeon 
incises the rectus tendon and vastus lateralis, but not the lateral retinaculum [19, 20]. 
This approach preserves the superior lateral geniculate artery, which provides the 
major blood supply to the patella, when a medial arthrotomy has been performed. 
However, this technique is not recommended in the presence of subluxated or dis-
located patella laterally. In this scenario, an extensive lateral retinacular release can 
be performed and the patella is everted and knee is flexed gently. It is recommended 
to be cautious during this maneuver to avoid patellar tendon avulsion from the tibia 
tubercle, bone avulsion, and medial collateral ligament (MCL) tear in the progression 
for the knee flexion [21]. The placement of a metallic pin through the tibial tubercle 
can decrease the stress over the patellar tendon and hinder the avulsion. The com-
bination of a quadriceps snip and lateral release provides an adequate exposure for 
most SKNs. The rectus tendon and vastus lateralis muscle are repaired, but the lateral 
retinacular incision is left open. This approach has the advantage of not requiring 
modification of postoperative rehabilitation [22].

In the varus deformity, the subperiosteal medial release is then continued, with a 
sharp scalpel, an electrocautery or an osteotome, as the knee is further flexed and the 
tibia externally rotated. Dissection should begin in extension on the bone surfaces in 
attempt to mobilize the soft tissues. Then, skeletonization of the tibia and femur has 
been performed to allow knee flexion for adequate exposure. For severe varus SKNs, a 
medial transepicondylar femoral osteotomy may be required. In the valgus deformity 
with SKNs, a decision must be made to choose an anterior longitudinal traditional 
incision or lateral approach described by Keblish [23].

The tibial tubercle osteotomy (TTO) can be performed to extend the incision 
distally for the most difficult SKNs. The osteotomy should encompass at least 8 
centimeters (cm) distal to the top of the tibial tubercle. The bone cut is made with 
an oscillating saw from medial to lateral, and then the lateral cortex is transected 
with an osteotome. Muscle attachments to the lateral tibial crest with a periosteal 
soft tissues hinge are left preserved. Two or three wires are passed to encompass 
the tubercle during closure [24]. Furthermore, two or three screws can be used to 
stabilize the TTO, in patients with good bone quality. In osteoporotic bone, TTO 
is not recommended. Before wound closure, the knee was taken through a passive 
ROM to assure osteotomy fixation and patellofemoral tracking. Postoperatively, 
the patients wore a protective knee immobilizer while up and walking for the first 
6 weeks.

For the ligament balancing, sequential soft tissue release can be performed to 
correct the angular deformity; if posterior cruciate ligament (PCL) appears to be 
functional and balanced, cruciate retaining (CR) prosthesis can be used, but this is an 
uncommon scenario. For a rigid or severe flexion, contracture may be necessary to cut 
more distal femur (2 mm) to achieve a straight knee in extension. It is not a feasible 
solution to cut more distal femur than 2 mm due to the high risk to raise the joint 
line. Then, the tibial and femoral bone cuts are recommended to place the laminar 
spreaders in extension and flexion in 90°. A curved osteotome is used to remove the 
posterior osteophytes and release the posterior capsule (Figure 3). This maneuver is 
essential to open the flexion gap [25](Figures 4 and 5).
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Moreover, more constrained implants as posterior stabilized (PS) models with 
an elevated polyethylene post are considered as the implant of choice due to the PCL 
contracture in SKNs. If during insertion of trial components, the knee is unstable 
in both coronal and sagittal plane, and a more constrained modular component with 
augments and stems or hinged prosthesis can be chosen. It is recommended to place the 
femoral component more posterior to decrease the flexion gap, mainly in PS implants. 
The level of constriction will depend the extent of the ligamentous releases and the 
amount of bone loss encountered during the TKA. A tumor prosthesis or custom 

Figure 3. 
Removal of posterior osteophytes in the femoral condyles.

Figure 4. 
Narrow flexion gap prior the posterior release.
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implants may be needed in extremely SKNs, especially in extension. The prosthesis 
chosen should have options available for femoral and tibial implants in attempt to 
re-establish the anatomic joint line with available metallic augments (Figures 6 and 7). 
Care should be taken to avoid overstuff in the patellofemoral articulation that can 
lead to a flexion contracture and anterior knee pain.

In ankylosed and after knee arthrodesis, the patellar and proximal tibial cut 
can be performed in the beginning to obtain more space and promote a better 
exposure during the TKA. A posterior capsule release with the electrocautery and 
the laminar spreaders positioned in extension can help after the bone cuts to achieve 
zero degrees. For a more severe contracture above 30°, the quadricepsplasty may be 
needed in attempt to elongate the extensor mechanism and to re-establish the joint 
line. In patients with MCL insufficiency and bone loss in the metaphysis, a hinge 
TKA can be considered.

The closure of the quadriceps tendon should be performed between 30° and 60° of 
knee flexion, depending on the preoperative gravity of the SKN. The type of quadri-
ceps release or TTO performed should be taken into account to consider the angula-
tion of knee flexion during the closure. The intraoperative ROM after this surgical 
step should be documented with a photograph to demonstrate for the patient and the 
physiotherapist [26].

7. Postoperative management

A light pressure dressing is applied, and cryotherapy can be used to reduce 
swelling and knee pain. The effectiveness of rehabilitation on functional outcomes 

Figure 5. 
Opening of the flexion gap with laminar spreaders.



117

Primary Total Arthroplasty in Stiff Knees
DOI: http://dx.doi.org/10.5772/intechopen.106225

depends on the appropriate timing, intensity, and progression of the ROM, account-
ing for the patient’s ability and level of pain. The use of the removable knee orthosis 
is debatable. It can be used in static or dynamic manner in attempt to avoid loss of 
motion after TKA [27]. The patient is immediately placed in a continuous passive 
motion (CPM) machine from 0° to 30° of flexion in the recovery room. The flexion 
is increased 10° a day or as tolerated. The physical therapy can be prescribed in the 
early stage of the postoperative rehabilitation protocol intercalated with the CPM 
to optimize the gain of knee motion [28]. The pain control is crucial to achieve the 
progressive ROM. The use of spinal or epidural catheters with analgesic infusion can 

Figure 6. 
Postoperative radiography in anteroposterior view after TKA in stiff knee.
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be helpful after TKA in SKNs. The early quadriceps activation is recommended with 
physical methods (sensory transcutaneous electrical stimulation), active isometric 
contraction, and early deambulation with walker or crutches. After TTO and V-Y 
quadricepsplasty, the rehabilitation protocol is delayed to preserve bone and soft 
tissue healing, mainly between 4 to 6 weeks. A long orthosis is recommended in the 
lower limb to keep the gait secure. The recovery of quadriceps function is essential 
to achieve a satisfactory outcome during the day life activities, improve ROM, and 
obtain a stable gait [29].

8. Clinical results and complications

The clinical results of TKA in SKNs are inferior in comparison with non-stiff 
knees with higher complication rates [21, 30]. The rate of complications ranges 
from 21–35% [31, 32]. The common complications are patellar tendon avulsion, 
partial or complete tear of MCL, bone fracture or avulsion (epicondyle (s), 
patella), stiffness after TKA, wound dehiscence, ligamentous imbalance between 
extension, and flexion gap. Gentle knee flexion and progressive subperiosteal soft 
tissue releases with the electrocautery can prevent intraoperative bone fracture. 
It is not uncommon a painful TKA in SKNs that can be a challenging situation to 
achieve a better functional outcome. Extension lag is associated with V-Y quad-
ricepsplasty [32]. Aseptic loosening in the tibial component has been described 
in some SKNs [32, 33]. Osteoporotic bone can be considered as a risk factor for 
fractures around the knee.

Figure 7. 
Postoperative radiography in lateral view after TKA in stiff knee.
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The functional scores applied after TKA like Hospital for Special Surgery (HSS), 
Knee Society Score (KSS), Knee Society Functional Score (FS) have improved due to 
gain in postoperative ROM in comparison with preoperative status [11, 30–33]. The 
range of improvement in ROM after TKA in SKNs is around 50°–70°. The range of 
improvement in KSS after TKA is between 30 and 45 points [30–33]. In spite of the 
enhancement in motion, some residual flexion contracture is predictable in type 2 
and 3 SKNs and can affect the pattern of the gait. A limp with overload in the lumbar 
spine can be expected in this scenario.

The TKA in SKNs is technically demanding with a time-consuming rehabilitation 
protocol. Patient expectation should be realistic according to the level of SKNs. The 
complication rate is greater than conventional TKA. A good preoperative evaluation is 
mandatory to avoid unexpected intra- and postoperative hassle.

© 2022 The Author(s). Licensee IntechOpen. 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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Chapter 8

Complications after Total 
Knee Arthroplasty: Stiffness, 
Periprosthetic Joint Infection,  
and Periprosthetic Fracture
Atthakorn Jarusriwanna and Chaturong Pornrattanamaneewong

Abstract

Total knee arthroplasty (TKA) is one of the most successful surgical procedures with 
effective treatment in patients suffering from end-stage knee osteoarthritis. The goal of 
the operation is to improve pain, correct the deformity, and increase function. However, 
complications after surgery are the important factors related to dissatisfied TKA. 
Stiffness, periprosthetic joint infection (PJI), and periprosthetic fracture are among the 
most common complications following TKA and usually raise issues as concern points for 
both patients and the surgeons. Each complication needs precise assessment and specific 
care to prevent further serious issues. In this chapter, the authors will focus and describe 
all of these three frequent complications in details from their definition to management.

Keywords: total knee arthroplasty, complications, stiffness, periprosthetic joint 
infection, periprosthetic fracture

1. Introduction

There is approximately 20 percent of the patients with dissatisfaction following 
TKA whether pain or having postoperative problems [1, 2]. In the previous litera-
tures, reporting of complications and adverse events after TKA was not standard-
ized with several definitions being proposed. Healy et al. published a list of 22 TKA 
complications and their standardized definitions including these three common 
problems, which were endorsed by The Knee Society to improve quality measurement 
and consistent with ICD-9 codes [3]. Stiff TKA could produce pain and diminish 
functional ability, whereas PJI and periprosthetic fracture might cause severe morbid-
ity. Early detection and appropriate management are the key success to resolve these 
problems which would enhance patient’s outcome and improve satisfaction.

2. Stiffness

Normal knee range of motion (ROM) ranges from 0 to 140 degrees, while 
achievement of postoperative ROM from 0 to 110 degrees can be defined as success 
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TKA [4]. In general, a minimum of 90 degrees of knee flexion is required for 
functional recovery in daily activities, as 83 degrees of knee flexion is required for 
going up and down stairs and 93 degrees for sitting, which were demonstrated by 
a biomechanical study [5, 6]. Stiffness after TKA has variable incidence, ranging 
from 1.3 to 5.3 percent, but some literature proposed up to 60 percent of patients 
who suffered from stiff TKA [7]. These variables may cause by a variety of defini-
tions as there was  absolutely no consensus on degrees of knee flexion limitation 
defined as stiff TKA. The standardized definition by the TKA Complications 
Workgroup of The Knee Society described that limitation of ROM as reported by 
the patient with physical examination showed extension restriction to 15 degrees 
short of full extension or flexion less than 90 degrees were defined as stiffness. 
However, this definition could not be applicable if the preoperative arc of motion is 
less than 75 degrees [3].

2.1 Factors

The factors or etiologies related to stiff TKA could be categorized into three 
phases: preoperative, intraoperative, and postoperative periods [8]. Each period also 
has its specified causes and different management. Surgeons should evaluate the 
patients carefully for the proper treatment.

2.1.1 Preoperative period

Preoperative ROM limitation is the most important risk factor for postoperative 
stiffness [4, 9]. Patients with a greater degree of preoperative ROM had superior 
postoperative ROM and functional scores, with less complications. Only 71.4 percent 
of patients with preoperative ROM less than 90 degrees would achieve postoperative 
ROM at least 90 degrees, while more than 90 percent of patients with preoperative 
ROM greater than 90 degrees could perform ROM more than 90 degrees postop-
eratively [10]. Lee et al. demonstrated that 33 percent of patients with preoperative 
ROM less than 50 degrees developed either superficial or deep infection, as well as 
skin necrosis after the operation, whereas only 13 percent of patients with preopera-
tive ROM between 50 and 90 degrees suffered from these complications [11]. The 
cause of stiffness before surgery is also one of the considerable factors for postop-
erative stiffness. The same study by Lee et al. showed patients with osteoarthritis 
or rheumatoid arthritis had greater postoperative ROM than patients with prior 
infectious arthritis or traumatic arthritis significantly [11]. Patients with younger 
age, absence of diabetes mellitus, and lower preoperative walking limitations were 
found to be the additional predictors with better postoperative ROM [12]. Moreover, 
obesity might be another factor influencing postoperative ROM. Järvenpää et al. 
proposed patients with body mass index (BMI) greater than 30 kg/m2 had poorer 
postoperative ROM at 1-year follow-up approximately 6 degrees than patients with 
less BMI [13].

2.1.2 Intraoperative period

At the time of surgery, technical errors during the bone cut, soft tissue procedure, 
and implantation, which relate to an imbalance in flexion and extension gaps, are the 
most frequent causes of postoperative stiffness. All of these conditions may result in 
limitation of motion both flexion and extension after TKA (Table 1) [4, 9].
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2.1.3 Postoperative period

There are several factors causing stiffness following TKA in this period, including 
inadequate rehabilitation and poor patient motivation, deep infection, arthrofibrosis, 
complex regional pain syndrome (CRPS), associated stiffness or pain derived from the 
adjacent joints or spine that alters knee motion, and heterotropic ossification (HO) [14]. 
Adequate postoperative pain management is essential in improving functional recovery 
and achieving rehabilitation protocol, especially knee motion enhancement [15]. Deep 
infection or PJI is one of the conditions leading to difficulty in ROM with chronic dull 
pain. It should be considered, especially in patients who developed stiffness after achiev-
ing adequate ROM [4, 14]. The details of this condition are described later in this chapter.

Arthrofibrosis after TKA is the most common cause of stiffness with an incidence 
ranging from 1.2 to 17 percent [9]. The etiology is multifactorial and the exact patho-
physiology is unclear. Patients with poor preoperative ROM, higher complexity surgery, 
and a history of previous knee surgery increase the risk of excessive fibrous tissue 
formation after TKA. The theory of developing arthrofibrosis is disruption of cytokines 
and growth factors signaling cell growth, differentiation, and death, resulting in uncon-
trolled proliferation of fibroconnective tissue [16]. The histology is characterized by 
metaplasia of calcified tissue, myofibroblasts, and excessive fibrosis, with the increasing 
number of macrophages and lymphocytes in the periarticular tissue [17, 18]. The clinical 
manifestation is broad spectrum, from a localized lesion to a generalized involvement of 
the entire joint, and results in the formation of extensive extra-articular fibrous tissue.

Recently, there is no gold standard for diagnosis of arthrofibrosis, and also no 
effective method to prevent the idiopathic arthrofibrosis after TKA, apart from 
patient education and early mobilization [4].

2.2 Treatment

Initial evaluation of stiff TKA to assess the causes is necessary before management. 
A correct diagnosis leads to correct treatment. The evaluation should review back to 
the preoperative status of the patient, especially the risk factors mentioned above. 
The radiological examination should perform in case of suspicious mechanical 
problems from surgical errors of bone cut and implantation. Do not hesitate to work 
up for PJI if infection or wound-related complications that predispose the patient to 
infection are suspected [4, 9].

Bone cut Soft tissue procedure Implantation

• Insufficient posterior tibial slope 
or creation of anterior tibial slope

• Inaccurate joint line level which 
alters the joint line and the patella, 
either patella alta or patella baja

• Inadequate osteophytes resection

• Insufficient bone cut, either 
proximal tibia or distal femur, 
especially the posterior condyle

• Inappropriate tension of 
posterior cruciate ligament 
(in case of cruciate-retaining 
prosthesis)

• Inadequate soft tissue release, 
especially deep medial 
collateral ligament (MCL) for 
varus knee and iliotibial band 
for valgus knee

• Improper size of the prosthe-
sis, especially incorrect choice 
of larger tibial insert

• Malposition of the femoral 
component, either exces-
sive hyperflexion or 
hyperextension

• Malrotation of the prosthesis 
may also cause the problem of 
patellofemoral kinematics

Table 1. 
The intraoperative conditions which result in stiff TKA.
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There are various treatment options for stiff TKA: manipulation under anesthesia 
(MUA), arthroscopic arthrolysis, open arthrolysis, and revision surgery [4].

2.2.1 Manipulation under anesthesia (MUA)

The purpose of MUA is to break immature adhesions within the knee in patients 
who disadvantage of self-training or regular rehabilitation programs and accelerate 
the initial rehabilitation process [19]. This procedure should be performed within 
6–8 weeks after initial TKA before the development of mature adhesions which 
increases the likelihood of complications after MUA, especially periprosthetic frac-
tures or rupture of the extensor mechanism [20]. Aggressive rehabilitation is neces-
sary to prevent further and recurrent stiffness. A systematic review by Fitzsimmons 
et al. showed a mean gain in knee motion from 30 to 47 degrees after MUA [7].

2.2.2 Arthroscopic arthrolysis

Arthroscopic arthrolysis is a minimal invasive surgery that resects fibrosis directly 
in the suprapatellar pouch, medial and lateral gutters, and also in the intercondylar 
groove [4]. The indication of this operative procedure is painless, stiff TKA after 
non-progression of conservative treatment for 3 months. Disadvantage is inadequate 
arthrolysis because of poor access to the posterior structure and the area above the 
suprapatellar pouch [9]. A systematic review demonstrated improvement of overall 
ROM between 18.5 and 60 degrees, which also achieved 30.8–42 degrees even per-
forming arthroscopic arthrolysis after 1 year of index TKA [7].

2.2.3 Open arthrolysis

Open lysis of adhesions is recommended in case of severe ROM limitation which 
impedes the use of arthroscope without component malposition and after the failure 
of conservative treatment. This operative procedure can provide a broad assessment 
of the knee joint and fibrosis resection should be performed meticulously. However, 
exposure to the joint may be difficult from adhesions and need further operative 
technique, for example, tibial tubercle osteotomy, quadriceps snip, or VY-plasty 
[4, 9]. A systematic review by Fitzsimmons et al. showed an average increasing of 
ROM between 19 and 31 degrees after open arthrolysis [7].

2.2.4 Revision surgery

This is the final treatment option reserved for stiffness from surgical errors that 
need to be corrected. Accurate analysis of the errors is required for planning the revi-
sion correctly to meet the patient’s satisfaction [4].

3. Periprosthetic joint infection (PJI)

PJI is a serious complication and is considered one of the most common causes of 
revision surgery following the failure of primary TKA [21]. The incidence of PJI after 
primary knee replacement is ranging from 0.85 to 2.2 percent [22], with a higher rate 
up to 9 percent in revision cases [23]. Despite a small incidence of infection following 
TKA, the trend of revision due to PJI was rising by 2.5-fold in the past decade [22]. 
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This problem illustrates an increasing and substantial treatment burden to both 
orthopedic surgeons and the patients, as well as the health service system.

A systematic review and meta-analysis by Kunutsor et al. showed patients with 
smoking, BMI >30 kg/m2, diabetes, depression, steroid use, previous joint surgery, 
and frailty were the significant risk factors associated with the long-term developing 
PJI [24]. A study by Rosteius et al. demonstrated the most common pathogen found 
in PJI after TKA was methicillin-susceptible Staphylococcus aureus (MSSA) which 
occurred in 28.2 percent of patients, followed by coagulase-negative Staphylococcus 
(CoNS), methicillin-resistant Staphylococcus epidermidis (MRSE), Streptococcus, 
ampicillin-susceptible Enterococcus faecalis, and methicillin-resistant Staphylococcus 
aureus (MRSA) with the frequency of 16.4, 13.2, 9.1, 7.1, and 6.6 percent, respectively. 
However, up to 17.8 percent of patients could not identify any pathogens [25].

3.1 Diagnosis

Recently, there is no gold standard for the diagnosis of PJI [21]. The 
Musculoskeletal Infection Society (MSIS) and the Infectious Diseases Society of 
America (IDSA) have previously developed criteria to standardize the definition of 
PJI in 2011 and 2013 [26, 27], together with an International Consensus Meeting on 
PJI in 2013 [28]. The latest consensus in 2018 proposed a new scoring-based defini-
tion for PJI after emerging of new diagnostic tests. Two positive cultures of the same 
organism or the presence of a sinus tract were considered as major criteria and a 
definite diagnosis of PJI. The minor criteria consisted of laboratory tests either serum 
or synovial fluid which were weighted differently. An elevated serum C-reactive 
protein (CRP) or D-dimer received 2 points, whereas an elevation of erythrocyte 
sedimentation rate (ESR) weighted 1 point. Furthermore, an elevated synovial white 
blood cell (WBC) count or leukocyte esterase (LE) was considered 3 points. The 
other diagnostic tests for synovial fluid were a positive alpha-defensin, an elevated 
synovial polymorphonuclear (PMN) percentage, and synovial CRP which took 3, 2, 
and 1 point, respectively. Patients with a total score of equal or greater than 6 were 
suggested infected, while a score between 2 and 5 was classified as inconclusive and 
required further intraoperative diagnostic score to fulfill the definition, and a score of 
0 to 1 was defined as no infection.

The intraoperative diagnostic score consisted of positive histology, purulence, and 
a single positive culture which scored 3, 3, and 2 points, respectively. In combination 
with the inconclusive preoperative diagnostic score, patients with an overall score of 
equal or greater than 6 were considered infected, whereas a score between 4 and 5 was 
inconclusive and need further molecular findings, and a score of 3 or less was defined 
as aseptic (Table 2). The threshold of each laboratory test is detailed in Table 3. 
The sensitivity and specificity of this new scoring system are 97.7 and 99.5 percent, 
respectively, which is higher sensitivity than the previous diagnostic criteria [29].

3.2 Treatment

Management of PJI includes surgical intervention and medical treatment, espe-
cially antibiotics therapy, with the goals of eradicating the infection, minimizing pain 
by restoring the function of the infected joint before performing the revision arthro-
plasty, as well as reducing morbidity and mortality of the patients [30]. Tsukayama 
et al. classified characteristics of infection after TKA into four types with the guid-
ance of surgical options among these scenarios (Table 4) [31].
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4. Periprosthetic fracture

Periprosthetic fracture after TKA is found increasingly in recent years due to a 
large number of performed TKAs and growing of geriatric population. This serious 
complication is impact to the quality of life and functional recovery of the patients, 
which is recognized to develop high morbidity and mortality [32]. The incidence 

Laboratory test Acute (<90 days) Chronic (>90 days)

1. Serum CRP (mg/L)

2. Serum D-dimer (ng/mL)

3. Serum ESR (mm/h)

4. Synovial WBC count (cells/μL)

5. Synovial alpha-defensin (signal-to-
cutoff ratio)

6. Synovial PMN (%)

7. Synovial CRP (mg/L)

100

860

—

10,000

1

90

6.9

10

860

30

3,000

1

80

6.9

Modified from Parvizi et al. The 2018 Definition of Periprosthetic Hip and Knee Infection: An Evidence-Based and 
Validated Criteria. J Arthroplasty. 2018;33(5):1309–14.e2.

Table 3. 
The threshold of laboratory test of the minor criteria.

Major criteria (at least one of the following) Decision

1. Two positive cultures of the same organism

2. Sinus tract with evidence of communication to the joint or visualization 
of the prosthesis

Infected

Minor criteria (Preoperative diagnosis) Score Decision

Serum

1. Elevated CRP or D-dimer

2. Elevated ESR

2

1
≥6 Infected

2–5 Inconclusive (possibly 
infected)*

0–1 Not infected

Synovial

1. Elevated synovial WBC count or LE

2. Positive alpha-defensin

3. Elevated synovial PMN percentage

4. Elevated synovial CRP

3

3

2

1

Intraoperative diagnosis Score Decision

Inconclusive preoperative score* or dry tap with

1. Positive histology

2. Positive purulence

3. Single positive culture

3

3

2

≥6 Infected
4–5 Inconclusive
≤3 Not infected

Modified from Parvizi et al. The 2018 Definition of Periprosthetic Hip and Knee Infection: An Evidence-Based and 
Validated Criteria. J Arthroplasty. 2018;33(5):1309–14.e2.

Table 2. 
The 2018 International Consensus Meeting on Musculoskeletal Infection scoring-based definition for PJI.
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of fracture following TKA varies from 0.3 to 5.5 percent in primary knee replace-
ment and has been reported as high as 30 percent in revision knee surgery [33, 34]. 
The most common site of fracture is a supracondylar area of the distal femur which 
occurs ranging from 0.3 to 2.5 percent [32, 35], followed by patellar periprosthetic 
fracture, especially in the resurfaced patella, with an incidence around 0.68 percent. 
However, the true incidence of this type of fracture may be obscured from unde-
tected and asymptomatic patients [36]. The least common pattern is a proximal 
tibial fracture which affected approximately 0.3 to 0.5 percent [37]. Most frequently, 
periprosthetic fracture results from low-energy trauma, and osteoporosis is con-
sidered a significant predictor of fracture risk [38]. The other predisposing factors 
are any causes that affected bone quality, for example, prolonged corticosteroid 

Type and definition Characteristics Treatment options

I: Positive 
intraoperative 
culture

• A positive culture of an intraop-
erative specimen during a revision 
arthroplasty for aseptic loosening

• Antibiotics alone, without further 
operation

II: Early 
postoperative 
infection

• Superficial • Occurs within 1 month after joint 
replacement

• Local inflammation of acute onset

• No sinus tract

• No extension through capsule

• Cultures of the tissues or drainage fluid

• Débridement of the soft tissue

• Wound closure/antibiotic beads 
(remove after 2 weeks)

• 2–6 weeks of antibiotic therapy

• Deep • Occurs within 1 month after joint 
replacement

• Local inflammation of acute onset

• No sinus tract

• Extension through capsule

• Cultures of the tissues or drainage fluid

• Arthrotomy, synovectomy, and 
débridement of all infected soft tissue

• Exchange of polyethylene insert

• Wound closure/antibiotic beads 
(remove after 2 weeks)

• 4–6 weeks of antibiotic therapy

III: Acute 
hematogenous

• Occurs more than 1 month after joint 
replacement

• Local inflammation of acute onset

• No sinus tract

• Extension through capsule

• Represents hematogenous seeding of 
the joint from another primary site 
of infection

• Cultures of the tissues or drainage fluid

• Arthrotomy, synovectomy, and 
débridement of all infected soft tissue

• Exchange of polyethylene insert

• Wound closure/antibiotic beads 
(remove after 2 weeks)

• 6 weeks of antibiotic therapy

IV: Late chronic • Occurs more than 1 month after joint 
replacement

• Insidious onset, usually no fever or 
leukocytosis

• Sinus tract may be observed

• Extension through capsule

• Cultures of the tissues or drainage fluid

• Débridement and removal of all pros-
thetic components and bone cement

• Applying an antibiotic cement spacer

• 6 weeks of antibiotic therapy

Table 4. 
Tsukayama classification and treatment options.
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use, inflammatory joint diseases, especially rheumatoid arthritis, and patients with 
neurological and musculoskeletal problems, which have a high risk of falls [32, 35]. 
Iatrogenic causes from surgical procedure including anterior femoral notching, 
or alteration of anterior femoral cortex during bone preparation of distal femur is 
theorized to be an association of supracondylar femoral fracture after TKA [35]. A 
biomechanical study by Lesh et al. revealed a reduction of torsional strength and 
bending strength of the distal femur by 39.2 and 18 percent, respectively, after the 
full-thickness cortical defect was created [39]. However, the clinical outcome is still 
controversial [32, 40, 41]. The risk factors of periprosthetic tibial fractures in TKA 
are the use of long tibial stems, cementless press-fit fixation, malalignment of tibial 
component, and previous osteotomy of the tibia [37]. All other predisposing factors 
are detailed in Table 5 [42].

4.1 Classification

4.1.1 Femur

There were several classification systems described for supracondylar peri-
prosthetic fracture of femur. Rorabeck et al. developed a classification that 
described fracture configuration and integrity of prosthesis to guide appropriate 
management of each fracture pattern. The key factors considered in the clas-
sification were the fracture displacement and the prosthesis stability [43, 44]. 
This classification later was widely known as “Lewis and Rorabeck classification” 
(Table 6).

The Lewis and Rorabeck classification recommended nonoperative treatment 
for type I classification [44]. However, Su et al. suggested surgical management in 
any type of fracture because of the high complication rate and further displacement 
in case of conservative treatment. An alternative classification was developed and 
proposed to characterize the fracture line in relation to the component for help in 
choosing among surgical options (Figure 1; Table 7) [45].

Medical factors Surgical factors

Femur Tibia Patella

• Osteoporosis

• Prolonged corticoste-
roid use

• Inflammatory joint 
diseases e.g., rheu-
matoid arthritis

• Neurological and 
musculoskel-
etal problems e.g., 
epilepsy, parkinson-
ism, myasthenia 
gravis, poliomyelitis, 
cerebral palsy

• Anterior femoral 
notching

• Component 
malposition

• Poorly reamed bone

• Stress shielding

• Box cut for posterior 
stabilized (PS) 
implants

• Use of long tibial stems

• Cementless press-fit 
fixation

• Intramedullary 
referencing

• Malalignment

• Osteolysis

• Sclerosing subchondral 
bone

• Tibial tubercle 
osteotomy

• Excessive bony 
resection

• Central peg

• Press-fit implants

• Lateral release

• Fat pad excision

• Maltracking

• Cement heat 
necrosis

Table 5. 
Predisposing factors associated with periprosthetic fractures after TKA.
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4.1.2 Tibia

The Mayo classification described by Felix et al. (also known as Felix classifica-
tion) is widely recognized to assess periprosthetic tibial fractures following TKA [46]. 
Fractures are classified into four types based on location and proximity to the pros-
thesis and each type is subcategorized by stability and whether the fracture occurred 
intraoperatively or postoperatively. The details are described in Table 8.

4.1.3 Patella

The widely used classification for periprosthetic patellar fractures is the classifica-
tion proposed by Goldberg et al. which is characterized by fracture configuration, 
stability of patellar component, and integrity of extensor mechanism [47]. The newer 
classification described by Ortiguera and Berry focused similarly on the stability of 
patellar components and integrity of extensor mechanism but differently on the qual-
ity of residual bone stock (Tables 9 and 10) [36].

Type Characteristics

I Undisplaced fracture; prosthesis intact

II Displaced fracture; prosthesis intact

III Displaced or undisplaced fracture; prosthesis loosening or failing e.g., significant instability or 
polyethylene wear

Table 6. 
Lewis and Rorabeck classification.

Type Characteristics

I Fractures are proximal to the femoral component

II Fractures originate at the proximal end of the component and extend proximally

III Any part of the fracture line is distal to the upper edge of the component’s anterior flange

Table 7. 
Su classification.

Figure 1. 
Anteroposterior and lateral radiographs showing periprosthetic fracture of TKA (A) Su classification type I; 
Lewis and Rorabeck classification type II (B) Su classification type II; Lewis and Rorabeck classification type II 
(C) Su classification type III; Lewis and Rorabeck classification type III.
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4.2 Treatment

Fracture treatment options in each component are related on their classified 
types. For supracondylar femoral fracture, Lewis and Rorabeck classification 
recommended nonsurgical treatment in type I, whereas treatment options either 
closed reduction and fixation with an intramedullary nail or open reduction and 
internal fixation with a plate could be performed in type II. Type III fracture 
requires revision of the prosthesis using a long stem or structural allograft [44]. 
Su et al. suggested reduction with antegrade or retrograde intramedullary nail, or 
sometimes a fixed-angle device for Su classification type I fracture. Su classification 

Type Characteristics

I Fractures are located at the tibial plateau

II Fractures occur inferior to the tibial plateau adjacent to the prosthetic stem

III Fractures occur distal to the tibial stem

IV Fractures involve the tibial tubercle

Additional subtype Characteristics

A A fracture with a stable prosthesis on radiographs

B Fractures with radiographic evidence of component loosening

C Intraoperative fractures

Table 8. 
Mayo (Felix) classification.

Type Characteristics

I Fractures are located in the periphery of the patella and do not involve the patellar component 
and the extensor mechanism

II Fractures disrupt the implant-bone composite or the extensor mechanism

III

• IIIA

• IIIB

Fractures involve the inferior pole of the patella

• With ruptured patellar ligament

• Intact patellar ligament

IV Patellar fractures accompanied by patellofemoral dislocation

Table 9. 
Goldberg classification.

Type Characteristics

I A stable implant and intact extensor mechanism

II A stable implant with disruption of the extensor mechanism

III

• IIIA

• IIIB

Loose patellar component

• With reasonable bone stock

• With poor bone stock (<10 mm thickness or marked comminution)

Table 10. 
Ortiguera and Berry classification.
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type II requires management with either a fixed-angle device or retrograde supra-
condylar nail, and type III fracture may be managed with either a fixed-angle device 
or revision arthroplasty with a stemmed femoral component. However, if loosening 
is identified in any classification types, revision TKA with a femoral stem is recom-
mended [45].

Felix et al. proposed a treatment algorithm for periprosthetic tibial fractures 
related to their classification. For type IA, nondisplaced IIA, and IIIA fracture, 
nonoperative treatment with protected weight-bearing is required. If displacement 
is observed in type IIA and IIIA fracture, closed reduction with casting or open 
reduction with internal fixation is recommended. Any loosening types (IB, IIB, and 
IIIB) should be treated with revision arthroplasty. In case of intraoperative fracture 
(subcategory C), bracing with protected weight-bearing can be treated in any type 
if the fracture is stable and nondisplaced. However, in unstable fracture pattern or 
displaced fracture, further surgical management is required. Type IC fracture may 
be treated by screw fixation and/or a long-stemmed tibial prosthesis to bypass the 
fracture site. Type IIC fracture can be managed with bone grafting at the cortical 
defect and bypassing the fracture site with a long tibial stem. Type IIIC fracture can 
be treated with either closed reduction and casting or open reduction with internal 
fixation [46].

For treatment of patellar periprosthetic fracture, Ortiguera and Berry suggested 
nonoperative treatment for type I fracture. If patients developed extensor mechanism 
disruption with a well-fixed implant (type II), open reduction with internal fixation 
of the displaced fragment, or alternatively, patellectomy with advancement and 
repair of the extensor mechanism is recommended. Operative treatment for type IIIA 
fracture required revision of the patellar component or component resection with 
patelloplasty, whereas implant removal with patellectomy is recommended for type 
IIIB fracture [36].

In the elderly, physiologic changes of bone, especially a high rate of bone resorp-
tion, result in diminishing bone mass and strength [48]. Osteoporosis workup and 
treatment are necessary in addition to fracture management in patients with peripros-
thetic fracture after TKA.

5. Conclusions

This chapter concludes with the principle, classification, and management of 
three typical conditions, which are considered serious and unsatisfied results after 
TKA. Causes of stiff TKA divide into three different periods and each period needs 
specific management, but the most important risk factor for postoperative stiffness 
is the limitation of preoperative ROM. Patient education and motivation either 
before or after surgery are necessary to prevent further problems and meet the 
patient’s satisfaction. An exploration of new diagnostic tests enhances the accuracy 
of PJI diagnosis and the latest scoring-based definition achieved more sensitivity 
than the previous criteria. Major criteria of two positive cultures of a similar patho-
gen or the presence of a sinus tract to the knee joint can diagnose PJI. If a diagnosis 
has not been made, the further investigation of minor criteria, including serum and 
synovial laboratory tests, would have been collected preoperatively. An inconclusive 
diagnosis from the minor criteria needs furthermore investigation from intraopera-
tive findings. Periprosthetic fractures are principally classified from the anatomy of 
fracture site. The most common is a femoral supracondylar fracture and the surgical 
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Abstract

All metal implants in human bodies corrode, which results in metal ion release. 
This is not necessarily a problem and represents for most patients no hazard. 
However, both local and systemic effects are possible, including hypersensitivity. To 
avoid this, coatings on standard implants (mono- or multi-layer) and surface modi-
fications have been developed and are in use. This chapter explains the background 
of metal ion release, biological reactions, coating technologies, biotribological and 
biomechanical properties, as well as the clinical results of modern knee arthroplasty 
implant coatings. There is no general concern about metal ion release from CoCrMo 
standard implants for most patients. If patients present with a confirmed metal 
allergy, a multilayer-coated or oxidized zirconium implant is currently the best option 
for these patients.

Keywords: metal ion release, hypersensitivity, coating, multilayer, biological effects

1. Introduction

Total knee arthroplasty (TKA) is a very effective treatment option for advanced 
osteoarthritis of the knee with overall low revision rates [1]. However, not all patients 
benefit from the surgery and not all problems have been solved. One issue is the bio-
logical reaction to implanted materials. Knee arthroplasty implants are usually made 
of cobalt-chromium alloys. Material from implants is always released after implanta-
tion, either as a result of mechanical (wear) or electrochemical processes (corrosion). 
Biological reactions in patients, caused by the release of metal particles and metal 
ions, have been reported (allergy, inflammatory response). Furthermore, cobalt, a 
relevant part of the implant alloy, has recently been listed as a potentially carcino-
genic and mutagenic category 1B hazard by the European Commission. To overcome 
these potential issues, the surface of knee arthroplasty implants has been coated or 
ceramised. Besides a reduction in the release of metal ions and metallo-organic com-
plexes, this results additionally in better wear performance. Unfortunately, there have 
been reports about less favorable results with such hypoallergenic materials [2–4]. In 
a retrieval study, 21% of the TKAs demonstrated coating delamination, which might 
affect the performance of the coating [4].
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This chapter explains the background of metal ion release, current coating 
technologies being used in modern knee arthroplasty implants, their biomechanical 
properties, biological reactions and clinical results.

2. Biological reactions

2.1 Metal ion release

All metal implants in human bodies corrode which results in metal ion release. 
This represents for most patients no problem. However, if a critical metal ion 
concentration is exceeded, local or rarely systemic problems can occur. The 
released metal particles may accumulate in and around affected joints as well as 
in body fluids, lymph nodes, bone marrow and internal organs. As a result, both 
local and systemic reactions are possible. Local tissue reactions to metal particles 
around joint arthroplasties have been described in the past by the generic term 
“metallosis”. Natu et al. [5] introduced the term “adverse reactions to metal 
debris” (ARMD) which is the most widely used description for local tissue 
reactions.

Potential systemic adverse effects of metal particles include toxicity-related 
organ damage, mutagenic effects (carcinogenesis) and teratogenicity. Discussions 
have primarily focused on the potential damage of cobalt and chromium. While 
chromium particles may be significant in terms of their mutagenic potential, cobalt 
has been described to cause organ toxicity. In a review, Leyssens et al. [6] described 
the potential damage from cobalt exposure with special reference to different routes 
of exposure (including metallic bearings). The highest concentrations of cobalt in 
the body were seen in oral uptake and failed metal implants. The clinically possible 
sequelae of cobalt intoxication include mainly neurological effects (particularly 
impaired hearing and eyesight) as well as cardiovascular and endocrine effects. In 
general, it is assumed that such cobalt-related effects on organs require concentra-
tions higher than 300 μg/l, which have not been described in patients with standard 
knee arthroplasty implants [7, 8].

Another potential effect of metal ions may be chromosomal aberrations. 
Therefore, the potential carcinogenic effects of metal implants have been discussed. 
However, in two extensive meta-analysis, no evidence of an increase in systemic 
tumor incidence was found. Considering the available clinical data including large 
registry studies, there is no evidence that metal-containing arthroplasty implants 
increase the risk of cancer or mortality in patient [9]. The same applies to potential 
teratogenic effects, which have not been reported.

Both, local and systemic effects are mostly a problem of metal-on-metal (MoM) 
hip arthroplasties or dual taper modular hip stems [10–14] but rarely seen in knee 
arthroplasties. Only large knee arthroplasty implants (tumor implants, hinged TKA, 
MoM) have the potential to cause relevant metal ion release and therefore local or 
systemic effects [15]. In standard TKA implants, this is not a matter of concern. Several 
studies have investigated metal ion concentrations in standard and coated TKA [16]. 
Although a relevant reduction of metal ion release has been reported in-vitro [17], 
there have been no relevant differences in-vivo. However, there are reports about the 
relevant increase in large hinged TKA which is a matter of concern [15] and needs to be 
observed.
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2.2 Hypersensitivity and immunological reactions

There is a debate if patients with skin allergies to implant materials may react to 
metal implants, resulting in incompatibility reactions including persistent swelling, 
pain and early loosening. Moreover, there is still a controversy if hypoallergenic 
implants may be advantageous for these patients [18–22]. Despite these controver-
sies, the prevalence of contact allergies against implant materials is high (especially 
nickel), and affected patients usually ask for hypoallergenic implants [23].

It has been demonstrated that patients with metal implants have more often skin 
allergies against implant materials than patients without such implants [24]. It has 
been discussed that the long contact time to the metal implant may result in a hyper-
sensitization. However, only very few patients present with symptoms. There are 
reports about the improvement of symptoms after the revision of standard TKA to 
coated TKA implants [25]. On the contrary, it has also been reported that there is no 
increased risk of failure when implanting a standard TKA in skin-sensitive patients 
[19, 26]. However, functional outcome after TKA is worse in patients with reported 
metal allergies [27], which might be explained by psychological aspects [28]. Even 
if there is to date no clear evidence that patients with reported metal allergies need 
hypoallergenic implants, this psychological advantage might be helpful for patient 
satisfaction.

Several proinflammatory cytokines have been reported to play a role in healing 
and pain after TKA [29, 30]. It has been demonstrated that an increased inflammatory 
reaction after TKA results in less favorable results [31] and that cytokines were lower 
after being coated compared to standard TKA [32]. Surface modification of TKA may 
therefore result in less inflammation and better results.

3. Coating technologies in total knee arthroplasty

Coating of metallic components, mostly applied by the physical vaporing deposi-
tion (PVD) process, was first conceived as a solution for patients with hypersen-
sitivity reactions to cobalt and nickel, as it prevented the release of such ions from 
the substrate material. There are currently different coating technologies for TKA 
implants in use. Historically, single-layer coatings, also known as monolayer coat-
ings, came first in clinical application. Monolayers are in clinical use in two versions: 
composed of titanium nitride (TiN) and titanium niobium nitride (TiNbN). TiN and 
TiNbN monolayer coatings are in clinical use for hip, knee, and ankle arthroplasty 
since the early 1990s. They are applied by means of PVD on typical orthopedic 
implant materials such as titanium alloy (Ti6Al4V) or cobalt chromium molybdenum 
alloy (CoCrMo).

Another option is the oxidized zirconium (OxZr), which is not considered as a 
coating technology but more a surface modification of a ZrNb2 base material [28] 
driven by thermal oxidation at 500°C [33]. The resulting zirconium oxide (ZrO2) is a 
ceramic surface with good wear characteristics and reduced release of metal ions. This 
material has been in clinical use for knee arthroplasty since the 1980s [34].

Further development is represented by a zirconium nitride multilayer coating, 
which is composed of seven layers applied via PVD and has been in clinical use since 
2006. The ceramic surface is composed of zirconium nitride as the top layer, chro-
mium nitride and chromium carbon nitride as transition layers and a bonding layer of 
chromium, which integrates with the base material of the implant.
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4. Biocompatibility, biotribology and biomechanics

TKA was originally conceived as a procedure for elderly patients with low to mod-
erate activity levels. As the survival rates increased to more than 90% after 10 years 
due to advances in the bearing materials [35–37], this procedure was expanded to 
younger and more active patients. However, register data has shown a decrease in the 
survival rate during the second and third decades of clinical performance [38–40], 
particularly in younger patients [38].

The most common causes for revision surgery in TKA are aseptic loosening 
including wear-induced osteolysis and periprosthetic infection. Aseptic loosening 
is a direct consequence of wear particles (metallic and polyethylene) released by 
the articulating surfaces, which are phagocytized by macrophages and giant cells 
that induce the liberation of proinflammatory cytokines (interleukins IL-1ß, IL-6, 
and the TNF-α), which, in turn, stimulate the osteoclasts and reduce the activity 
of the osteoblasts. As a result, an osteolytic activity at the implant-bone interface 
occurs, resulting in a loosening of the implant components. This inflammatory 
response is dependent on the amount of wear particles, as well as their type, size 
and shape [16, 22, 41–45]. For this reason, younger and more active patients that 
generate more wear particles during a longer period of time, are at a higher risk of 
revision due to aseptic loosening and wear [46].

One important requirement for the coatings is that they should be able to generate 
the same amount of wear or less as their uncoated versions and the coating should be 
able to withstand the whole clinical lifespan of the implant. In order to evaluate and 
compare the wear behavior of different knee implants, the standardized wear test 
ISO 14243 is performed. During this test, the knee implants are subjected to a serum-
based test medium at 37°C to the motion and loading profiles of the level walking 
activity of a 75 kg person for a total of 5 million cycles.

Another important aspect regarding the wear behavior of the coated implants 
is the analysis of the metal ion and particle release, as a relationship between 
cobalt and chromium blood levels and failure of implants has been demonstrated 
[47–50]. Retrieval and in vitro studies have shown that the CoCrMo femoral 
components develop scratches through their articulation with the ultra-high 
molecular weight polyethylene (UHMWPE) gliding surface and thus release 
metal ions [17, 51–55].

4.1 Biocompatibility

Zirconium material and Titanium-based coatings are considered as very biocom-
patible surfaces [56]. Several cell-culture and animal laboratory studies have shown 
that TiN coatings do not increase cell activity, show no difference to Ti6Al4V and 
have lower adhesion and proliferation over 24 hours of bacteria cultures than other 
uncoated metals [3]. Furthermore, in biocompatibility tests, TiN-coated test speci-
mens made out of cobalt-chromium and titanium alloys did not cause any biotoxic 
damage [57].

Regarding ZrN multilayer coating Thomas et al. [48] performed patch tests on 
patients with and without metal ion hypersensitivity and showed no allergic reaction 
to the ZrN multilayer coated probes. Moreover, implanted multilayer-coated sticks in 
rabbits showed no adverse reactions to bone or tissues. Finally, a laboratory test with 
bacterial contamination showed 45% less biofilm formation on the ZrN multilayer 
coated surface in comparison to CoCrMo [58].
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4.2 Biotribology and biomechanics of OxZr and TiN/TiNbN monolayers

One of the main goals of the oxidized zirconium is wear reduction, which has been 
tested in several wear simulation tests. The wear reduction compared to a standard 
CoCrMo femur against UHMWPE inserts ranges between 42% and 89%, depending 
on the wear simulation method, implant design and measurement protocol [59]. It 
also shows better scratch resistance than CoCrMo [60], as the nano-hardness of the 
zirconia layer ranges from 12 to 14 GPa, which is significantly harder compared to 
the 2–4 GPa from the CoCrMo standard material [56]. This has been demonstrated in 
three out of six OxZr retrieval studies from 1 to 5 years in-situ, which showed signifi-
cantly less roughness of the femur component or less damage in the UHMWPE insert 
compared to CoCrMo implants. However, the other three retrieval studies showed no 
difference in the component analysis for femur and polyethylene insert damage [59].

A review of the literature on the effects of TiN coatings showed that TiN coatings 
have a positive effect on the biocompatibility and tribological properties of implant 
surfaces. TiN-coated implants showed also a high scratch resistance and less polyeth-
ylene wear. Nevertheless, several reports of third body wear due to delamination and 
cohesive failure also show negative effects of the TiN-coating [3]. The hardness of 
TiN and TiNbN coatings are with 24 GPa much higher than oxidized zirconium and 
supports the findings for lower polyethylene wear and high scratch resistance.

The metal ion release analysis of TiN and TiNbN coatings during an immersion 
study showed a reduction of cobalt ions of 80% and 76%, respectively, compared 
to an uncoated CoCrMo implant [61]. Similarly, another immersion study found a 
reduction of 80% for cobalt, 63% for chromium and 48% for molybdenum ion using 
a TiNbN coated implant in comparison to its uncoated CoCrMo version [62].

4.3 Biotribology and biomechanics of the ZrN multilayer coating

4.3.1 Wear articulating against UHMWPE

Studies have shown a UHMWPE wear reduction of more than 50% (Figure 1) 
by using the ZrN multilayer coated femur and tibial components in comparison to 
their uncoated versions [17, 63]. A limitation of the standardized ISO 14243 test is 
that it only simulates the short-term performance of an implant, as it reproduces only 
about 3 years of in vivo service [64]. Based on in vivo measurements performed on 
eight patients with instrumented implants [65], a new highly demanding activities 
(HDA) knee wear simulation protocol was developed, which reproduces 15–30 years 
of in vivo service, depending on the activity level of the patient [66]. In the HDA 
wear protocol, the load and motion profiles of the high flexion activities of stairs 
ascending, stairs descending, chair raising, deep squatting and normal level walking 
are simulated. Moreover, the loading profiles were normalized to represent a patient 
weight of 100 kg. A wear test study performed with the HDA wear simulation pro-
tocol also demonstrated a 2.8-fold lower UHMWPE wear rate when articulated with 
ZrN multilayer coated implants compared to the uncoated version (Figure 1) [52].

Regarding the metal ion release, in vitro studies have shown that the ZrN mul-
tilayer coating (with a hardness of 25 GPa) is not impaired by failure modes such 
as delamination, surface disruption or flaking [17, 52, 53], even under third body 
particle contamination [17]. This has been confirmed by analysis of the metal ion 
concentration analysis performed on the test medium, where the metal ion release 
of the substrate material is several orders of magnitude lower than in the uncoated 
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components (Figure 2). Moreover, it can be seen that the use of an HDA knee wear 
simulation increased the metal ion release in the uncoated components (both studies 
were performed on Columbus CR, Aesculap AG, Tuttlingen), whereas the ion release 
of the ZrN multilayer components remained in substantially a lower level.

4.3.2 Wear against CFR-PEEK

Besides UHMWPE, the ZrN multilayer coating also articulates against carbon-fiber-
reinforced poly-ether-ether-ketone (CFR-PEEK) components from a rotating hinged 
total knee prosthesis used in complex revision cases (EnduRo, Aesculap AG, Tuttlingen, 
Germany). The selection of CFR-PEEK as an articulation surface was selected, as it 
showed superior wear factors compared with polyethylene [67, 68] and favorable creep 
behavior. In an in vitro wear study, the ZrN multilayer coating was able to reduce the 
amount of CFR-PEEK wear particles produced from the flanges and flexion axis in com-
parison to the uncoated CoCrMo version of the implant by more than 90% [53]. A study 
on retrievals with an in vivo service between 12 and 60 months has confirmed the wear 
patterns on the CFR-PEEK components seen during the in vitro wear simulation test [69].

4.3.3 Bone cement fixation

The modified surface could result different behavior for cement fixation, which 
was, therefore, investigated. A study comparing the implant-cement-bone fixation 
strength between uncoated and ZrN multilayer coated tibial components by means of 
a push-out test and cementation in polyurethane blocks using different bone cement 
and cementation times was performed [70]. There were no statistical differences in 
the bone-cement fixation strength between the uncoated and the ZrN multilayer 

Figure 1. 
UHMWPE wear rates comparison between uncoated CoCrMo and ZrN multilayer coated knee implants after 
ISO and HDA knee wear simulation protocols. Note: Reference [63] contains the results of the ZrN group only.
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coated tibial components, and mixed failure modes at implant-cement and the 
cement-foam interface occurred.

Moreover, the fixation strength of the ZrN multilayer coated tibia components 
was statistically higher than that of a clinically long-term successful implant, whose 
failure mode was at the implant-cement interface.

4.3.4 Oxidation

Oxidation of the ZrN multilayer coating is normal behavior, as every metal in 
contact with biological systems will undergo a process of bio-corrosion [54, 71], 
and has been reported on in vitro studies before [52]. During the oxidation process, 
oxygen ions are exchanged with the nitrogen ions of the ZrN layer. This oxidation is 
visible in the ZrN layer because the color of zirconium alloys varies depending on the 
amount of oxygen and nitrogen, they contain [72–76]. It has, however, no influence 
on the biomechanical properties of the coating.

5. Clinical results and register data

The theoretical advantages of these improved implant surfaces need to be 
confirmed in patients. There are several clinical studies and several implants are 
monitored in arthroplasty registries. Because coated and standard implants are often 
used in different patient populations, a direct comparison of the implant performance 
is difficult. The more expensive implants with a surface modification or coating are 
more often used in patients with metal allergies. These patients have a high level 
of psychological distress when undergoing a TKA surgery [77], and it has been 

Figure 2. 
Metal ion concentrations measured after 1 million cycles for the uncoated and ZrN coated version of Columbus 
CR/DD.
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suggested that anxiety is the main reason for less favorable results in these patients 
[28]. It is therefore likely that patients with allergies to implant materials have a higher 
overall risk for revision because of an unsatisfactory result after TKA. This needs to 
be considered when looking at arthroplasty registry data.

5.1 Clinical studies

There are only a few studies comparing coated and standard implants. Table 1 
summarizes studies with a minimum 5-year follow-up. If the performance of the 
implant is the outcome of interest, coated and standard implants should be tested 
in similar patient populations. As it is difficult to randomize patients with allergies 
against implant materials, in most studies only patients without known allergies were 
included. This is not the target population for hypoallergenic implants, but investiga-
tion of the mechanical properties of implants in these patients is reasonable.

Studies are not available for all implants on the market. Published studies demon-
strated no relevant differences between coated and standard TKA and overall good 
survival rates. Based on that data, modern coatings which have been tested in clinical 
studies seem to work well and there is no reason for concern. Because technologies 
are different, the published results cannot be transformed into different implants or 
coating technologies without additional clinical studies.

5.2 Arthroplasty registry results

The results of arthroplasty registries provide “real-world” information and are 
therefore an important source of data. However, it needs to be considered that, in 
most countries, patients who receive a coated TKA are somehow different from 
patients who receive a standard TKA, which results in patient groups with a different 
probability of revision. Therefore, as always with registry data, revision rates of an 
implant or implant group are not entirely be caused by the implant, but might also be 
influenced by the patient population.

There is a significant difference in the hazard ratio (HR) of revision between all 
the alternative surfaces (coatings and surface modifications) and standard CoCrMo 
femoral components in the Australian Arthroplasty Registry (AOANJRR). After 
15 years, the CoCrMo implants have a revision rate of 6.3%, whereas the alterna-
tive surfaces have a revision rate of 9.4%. However, there are differences between 
the alternative surfaces. ZrN has lower revision rates than OxZr and TiN implants. 
After 5 years, the revision rate for the ZrN is 2.1% and for the uncoated components 
is 3.1%.

A review of more than 17,000 cases out of the AOANJRR evaluated outcomes of 
up to 12 years for the OxZr [88]. They found no significant difference for the 12-year 
cumulative percent revision (CPR) due to all causes (4.8% for CoCr and 7.7% for 
OxZr); non-septic causes, or osteolysis or loosening (0.6% for CoCr and 1.1% for 
OxZr). The only age-related difference was found with patients who were > 75 years 
old, for whom OxZr TKA had an increased CPR due to osteolysis or loosening.

In the National Joint Registry (NJR) of the United Kingdom, OxZr and ZrN have 
similar results in both versions [39]. AS Columbus (ZrN) had a cumulative revision rate 
of 2.42 compared to 2.05 of its uncoated version after 5 years. Genesis II Oxinium (OxZr) 
had a cumulative revision rate of 3.57 at 5 years and 7.67 at 15 years compared to the 
standard CoCr implants (2.05 at 5 years, 3.49 at 15 years). Both designs have a remark-
ably lower patient median age at primary TKA (AS Columbus 5 years lower, Genesis II 
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Oxinium 12 years lower). The younger age in TKA is a higher risk for earlier revision, 
which could explain the slightly higher revision rates of both designs in the register [38].

Hypoallergenic implants demonstrated higher overall revision rates in the German 
Arthroplasty Registry after 3 years [89]. In this report, the main differences between 
coated and standard implant groups were the higher rate of metal allergies in female 

Author Technology Study design Number 
of knees

follow-up 
(y)

Results

Lützner et al. 
2022 [31]

ZrN RCT ZrN vs. 
CoCrMo

120 5 No differences in 
cytokines

Postler et al. 
2021 [78]

TiNbN RCT TiNbN vs. 
CoCrMo

118 5 No difference in 
serum metal ion 
concentrations

Law et al. 
2020 [79]

TNbN Retrospective 
series TiNbN

346 5 90% survival

Hauer et al. 
2020 [80]

TiN Retrospective 
series TiN 
cementless 
mobile vs. 

CoCrMo fixed 
cemented

520 10.1 to TAS was sign. Better 
for coated, KSF 

sign. Better for the 
uncoated group.

14.9

Louwerens et 
al. 2020 [81]

TiN RCT TiN 
cementless vs. 

CoCrMo

101 10 Survival uncoated 
92% coated 94%.

Thomas et al. 
2018 [32]

ZrN Retrospective 
series ZrN vs. 

CoCrMo

196 5 Survival 98% coated 
vs. 97% uncoated; 

significant difference 
in proinflammatory 

cytokines with higher 
values in CoCrMo

Beyer et al. 
2016 [82]

ZrN RCT ZrN vs. 
CoCrMo

120 5 100% survival of 
coated, 98.1% of 
uncoated group.

Hofer et al. 
2014 [83]

OxZr Retrospective 
series

109 5.9 (5–10) Mean KSS 92, mean 
KSF 81

Innocenti et 
al. 2014 [84]

OxZr Retrospective 
series

98 11.3 
(10–12.6)

Mean KSS 84, Mean 
KSF 83, 97.8% 

survival at 10Y. Two 
loosenings

Mohammend 
et al. 2014 
[85]

TiN Retrospective 
series TiN 
cementless

305 6.5 (3–10) 95.1% survival

Kim et al. 
2012 [86]

OxZr RCT in bilateral 
TKA OxZr vs. 

CoCrMo

662 7.5 (6–8) 100% survival at 7.5 Y 
in both groups

Hui et al. 2011 
[87]

OxZr RCT in bilateral 
TKA OxZr vs. 

CoCrMo

80 5 Mean KSS OxZr 89 
vs. CoCrMo 92

RCT = randomized controlled trial; TAS = Tegner activity scale; KSS = knee society score; and KSF = knee society function 
score.

Table 1. 
Clinical studies involving monolayer and multilayer coatings as well as the OxZr surface modification.
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patients in the coated TKA group. Looking at the data in detail, it was recognized that 
for the most often used coated implants (Columbus, Vanguard, e.motion), there were 
no differences between coated and standard implants and that for these implants, 
revision rates were favorably lower than all implants. It seems that the higher revision 
rates are caused by less frequently used implants and that a general revision rate for 
“coated implants” is not sufficient. Each implant needs to be looked at separately.

An analysis of 62,177 primary TKAs from the Total Joint Replacement Registry in 
the USA compared OxZr to traditional CoCr TKA implants and showed no statisti-
cally significant higher risk for revision after a mean follow-up time of 2.8 years [90].

6. Practical approach for the use of coated implants

In all patients with suspected or confirmed allergy against implant materials, 
informed consent and shared decision-making are crucial to avoid negative psycho-
logical effects.

Figure 3. 
A suggested algorithm for primary TKA [18, 50].
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In primary TKA (Figure 3), all patients should be asked about allergies against 
implant materials before surgery. If an allergy is only self-reported, a test should 
be performed (usually a skin patch test). If the allergy is confirmed, pros and cons 
of different implants should be discussed with the patient, and a hypoallergenic 
implant should be considered. A multilayer-coated or oxidized zirconium implant 
is the best evaluated option in clinical studies and will probably have the best 
performance regarding the long-term reduction of metal ion release and wear.

In case of revision TKA (Figure 4) and suspected allergy against implant materi-
als, additionally to the rule-out of other causes (especially periprosthetic joint infec-
tion), a histopathological evaluation (arthroscopic or open during two-stage revision) 
should be performed. If there is a confirmed allergy (Krenn type 6), a hypoallergenic 
implant should be considered as in primary TKA.

Figure 4. 
A suggested algorithm for revision TKA [18, 50].
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7. Conclusion

Modern coatings are safe and provide in numerous pre-clinical studies advantages 
compared to standard implants regarding wear and metal ion release. They are, how-
ever, more expensive in many countries and can therefore often not be used routinely. 
Therefore, advantages and disadvantages need to be balanced to choose the patients 
who will benefit most. There is no general concern about metal ion release from 
CoCrMo standard implants for most patients. If patients present with a confirmed 
metal allergy, a multilayer-coated or oxidized zirconium implant is currently the best 
option for these patients.
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Chapter 10

Motor Imagery as Adjunct Therapy
for Rehabilitation of Total Knee
Arthroplasty Patients: The
State-of-the-Art Umbrella Review
with Meta-Analysis
Armin H. Paravlic

Abstract

One of the most common causes of disability in older adults is osteoarthritis (OA),
which often affects the knee. When conventional treatments fail to produce positive
changes in patients’ physical function, pain relief, and quality of life, replacement of
the degenerated and/or malformed joint is recommended. Total knee arthroplasty
(TKA) has been shown to be beneficial in improving aforementioned factors in
patients with OA. However, despite comprehensive surgical methods and
postoperative rehabilitation approaches, knee extensor weakness persists over a long
period of time and may not reach the preoperative level of the non-OA leg for up to 6
months after surgery. Therefore, current rehabilitation programs do not seem to be
sufficient to counteract these negative changes after TKA. When overt movement is
limited due to various factors, several cognitive strategies have been shown to be
useful in improving neuromuscular function without mechanically loading the
muscles. One of the most studied strategies is motor imagery (MI). While there is
some preliminary evidence supporting the use of MI in TKA rehabilitation practice, an
umbrella review with meta-analysis is needed to summarize these findings and draw a
clear conclusion about the efficacy of MI in terms of physical function and pain relief
in TKA patients.

Keywords: cognitive practice, total knee replacement, pain relief, physical function,
functional performance, strength, range of motion

1. Introduction

Aging is a progressive deterioration at the cellular, tissue and organ levels,
resulting in a loss of homeostasis, a reduced ability to adapt to internal and/or external
stimuli and an increased susceptibility to disease. Structural changes in various tissues
are usually accompanied by negative changes in the functionality of all systems in the
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human body. With increasing age, there is an increased incidence of various diseases,
which further accelerates disability and independence. One of the most frequent
occurring causes of disability among older adults is osteoarthritis (OA), which com-
monly affects a knee due to high mechanical forces stressing the joint. When more
conventional, i.e. nonsurgical treatments do not produce positive changes in physical
function, pain relief and quality of life, the replacement of the degenerated and/or
malformed joint is recommended for OA patients. Depending on the extent of the
degenerated tissue, surgical replacement can be either total (e.g., when OA affects
both compartments of the knee, TKA) or partial (e.g. when OA is limited to only one
compartment of the knee; UKA). However, TKA is preferably performed as surgical
treatment in almost 90% of all patients diagnosed with end-stage OA [1]. Since both,
the incidence and prevalence of OA increase with age [2, 3], the longer life expectancy
that is being faced globally will result in an increase of primary TKA rates which, by
the year 2030, are anticipated to grow for more than 6 folds [4].

TKA has been shown as beneficial in improving physical function, pain relief and
improving QoL of OA patients. However, despite using comprehensive surgical
methods and post-operative rehabilitation approaches, the knee extensors muscle
weakness persists over a long period, and might not achieve preoperative levels of the
OA unaffected leg for up to 6 months post-surgery [5, 6]. Current rehabilitation
practice after TKA consists of a more conventional approach to exercises that
mechanically stresses the musculoskeletal system. Such exercise programs include
joint mobility exercises to improve range of motion, gait relearning, weight-bearing
exercises, neuromuscular function and proprioception training and strength and
endurance exercises, using both voluntary and electrically triggered actions [7, 8]. A
finding from a recent review and meta-analysis showed that outpatients profession-
ally guided rehabilitation practice group had a consistently lower decline of the OA-
affected knee extensors strength in the early periods following TKA when compared
to usual care group. However, the authors suggested that strategies focused on pre-
serving neural circuits of motor control must be considered for achieving optimal
rehabilitation outcomes.

In the first days after TKA, patients are hardly physically active due to the pain
caused by the surgical trauma. Therefore, inpatient rehabilitation is usually performed
by passive exercises provided by physical therapists, continuous passive motion
devices and transcutaneous electrical stimulation of the lower limb muscles. When
overt movement is limited due to various factors (e.g. pain, opioids, cast, etc.),
various cognitive strategies have been shown to be beneficial in improving neuro-
muscular function without mechanically stressing the muscles. One of the most
studied strategies is motor imagery (MI). Recently, Paravlic and colleagues published
the first systematic review paper with a meta-analysis that examined the effects of
mental simulation strategies on physical function in TKA patients [9]. The authors
showed a promising result favoring cognitive interventions over routine physical
therapy alone, taking into account overall physical function, maximal strength of the
affected leg, fast walking speed, timed up-to-go test and active knee joint flexion.
Two other reviews were published in last 2 years that examined a similar question
[10, 11]. These studies focused exclusively on MI practice only and included several
different measures, such as range of motion of the affected knee joint and pain
intensity. Currently, there is a substantial body of evidence regarding the effects of MI
in the rehabilitation of TKA patients, warranting a collective assessment of their
effects in the context of a review and representing a summary effect of MI in this
specific patient population.
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The purpose of this study was to examine the effects of the MI practice
intervention in TKA patients on several measures of physical function and pain
intensity using the umbrella review.

2. Methods

This umbrella review with meta-analysis was performed according to guidelines
provided by the working group of Aromataris et al. [12], whereas the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) updated state-
ment guidelines were followed [13].

2.1 Search strategy

The main author (AP) performed a literature search on the PubMed, SPORTDiscus
and Web of Science online-based databases. The search syntaxes (including key-
words) were as follows:

Search: (motor imagery OR mental simulation OR imagery) AND (total knee
replacement OR total knee arthroplasty) AND (physical function OR strength OR
rehabilitation outcomes) AND (systematic review OR literature review OR meta-
analysis).

(((“motor”[All Fields] OR “motor s”[All Fields] OR “motoric”[All Fields] OR
“motorically”[All Fields] OR “motorics”[All Fields] OR “motoring”[All Fields] OR
“motorisation”[All Fields] OR “motorized”[All Fields] OR “motorization”[All Fields]
OR “motorized”[All Fields] OR “motors”[All Fields]) AND (“imageries”[All Fields]
OR “imagery, psychotherapy”[MeSH Terms] OR (“imagery”[All Fields] AND
“psychotherapy”[All Fields]) OR “psychotherapy imagery”[All Fields] OR
“imagery”[All Fields])) OR ((“mental”[All Fields] OR “mentalities”[All Fields] OR
“mentality”[All Fields] OR “mentalization”[MeSH Terms] OR “mentalization”[All
Fields] OR “mentalizing”[All Fields] OR “mentalize”[All Fields] OR “mentalized”[All
Fields] OR “mentally”[All Fields]) AND (“computer simulation”[MeSH Terms] OR
(“computer”[All Fields] AND “simulation”[All Fields]) OR “computer
simulation”[All Fields] OR “simulation”[All Fields] OR “simul”[All Fields] OR
“simulate”[All Fields] OR “simulated”[All Fields] OR “simulates”[All Fields] OR
“simulating”[All Fields] OR “simulation s”[All Fields] OR “simulational”[All Fields]
OR “simulations”[All Fields] OR “simulative”[All Fields] OR “simulator”[All Fields]
OR “simulator s”[All Fields] OR “simulators”[All Fields])) OR (“imageries”[All
Fields] OR “imagery, psychotherapy”[MeSH Terms] OR (“imagery”[All Fields] AND
“psychotherapy”[All Fields]) OR “psychotherapy imagery”[All Fields] OR
“imagery”[All Fields])) AND (“arthroplasty, replacement, knee”[MeSH Terms] OR
(“arthroplasty”[All Fields] AND “replacement”[All Fields] AND “knee”[All Fields])
OR “knee replacement arthroplasty”[All Fields] OR (“total”[All Fields] AND
“knee”[All Fields] AND “replacement”[All Fields]) OR “total knee replacement”[All
Fields] OR (“arthroplasty, replacement, knee”[MeSH Terms] OR (“arthroplasty”[All
Fields] AND “replacement”[All Fields] AND “knee”[All Fields]) OR “knee replace-
ment arthroplasty”[All Fields] OR (“total”[All Fields] AND “knee”[All Fields] AND
“arthroplasty”[All Fields]) OR “total knee arthroplasty”[All Fields])) AND (((“phys-
ical examination”[MeSH Terms] OR (“physical”[All Fields] AND “examination”[All
Fields]) OR “physical examination”[All Fields] OR “physical”[All Fields] OR
“physically”[All Fields] OR “physicals”[All Fields]) AND (“functional”[All Fields]
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OR “functional s”[All Fields] OR “functionalities”[All Fields] OR “functionality”[All
Fields] OR “functionalization”[All Fields] OR “functionalizations”[All Fields] OR
“functionalize”[All Fields] OR “functionalized”[All Fields] OR “functionalizes”[All
Fields] OR “functionalizing”[All Fields] OR “functionally”[All Fields] OR
“functionals”[All Fields] OR “functioned”[All Fields] OR “functioning”[All Fields]
OR “functionings”[All Fields] OR “functions”[All Fields] OR “physiology”[MeSH
Subheading] OR “physiology”[All Fields] OR “function”[All Fields] OR
“physiology”[MeSH Terms])) OR (“strength”[All Fields] OR “strengths”[All Fields])
OR ((“rehabilitant”[All Fields] OR “rehabilitants”[All Fields] OR “rehabilitate”[All
Fields] OR “rehabilitated”[All Fields] OR “rehabilitates”[All Fields] OR “rehabili-
tating”[All Fields] OR “rehabilitation”[MeSH Terms] OR “rehabilitation”[All Fields]
OR “rehabilitations”[All Fields] OR “rehabilitative”[All Fields] OR “rehabilita-
tion”[MeSH Subheading] OR “rehabilitation s”[All Fields] OR “rehabilitational”[All
Fields] OR “rehabilitator”[All Fields] OR “rehabilitators”[All Fields]) AND
(“outcome”[All Fields] OR “outcomes”[All Fields]))) AND (“systematic
review”[Publication Type] OR “systematic reviews as topic”[MeSH Terms] OR “sys-
tematic review”[All Fields] OR (“review”[Publication Type] OR “review literature as
topic”[MeSH Terms] OR “literature review”[All Fields]) OR (“meta analysis”[Pu-
blication Type] OR “meta analysis as topic”[MeSH Terms] OR “meta analysis”[All
Fields]))

2.2 Translations

Motor: “motor”[All Fields] OR “motor’s”[All Fields] OR “motoric”[All Fields] OR
“motorically”[All Fields] OR “motorics”[All Fields] OR “motoring”[All Fields] OR
“motorisation”[All Fields] OR “motorized”[All Fields] OR “motorization”[All Fields]
OR “motorized”[All Fields] OR “motors”[All Fields].

Imagery: “imageries”[All Fields] OR “imagery, psychotherapy”[MeSH Terms] OR
(“imagery”[All Fields] AND “psychotherapy”[All Fields]) OR “psychotherapy
imagery”[All Fields] OR “imagery”[All Fields].

Mental: “mental”[All Fields] OR “mentalities”[All Fields] OR “mentality”[All
Fields] OR “mentalization”[MeSH Terms] OR “mentalization”[All Fields] OR
“mentalizing”[All Fields] OR “mentalize”[All Fields] OR “mentalized”[All Fields] OR
“mentally”[All Fields].

Simulation: “computer simulation”[MeSH Terms] OR (“computer”[All Fields]
AND “simulation”[All Fields]) OR “computer simulation”[All Fields] OR
“simulation”[All Fields] OR “simul”[All Fields] OR “simulate”[All Fields] OR
“simulated”[All Fields] OR “simulates”[All Fields] OR “simulating”[All Fields] OR
“simulation’s”[All Fields] OR “simulational”[All Fields] OR “simulations”[All Fields]
OR “simulative”[All Fields] OR “simulator”[All Fields] OR “simulator’s”[All Fields]
OR “simulators”[All Fields].

Imagery: “imageries”[All Fields] OR “imagery, psychotherapy”[MeSH Terms] OR
(“imagery”[All Fields] AND “psychotherapy”[All Fields]) OR “psychotherapy
imagery”[All Fields] OR “imagery”[All Fields].

Total knee replacement: “arthroplasty, replacement, knee”[MeSH Terms] OR
(“arthroplasty”[All Fields] AND “replacement”[All Fields] AND “knee”[All Fields])
OR “knee replacement arthroplasty”[All Fields] OR (“total”[All Fields] AND
“knee”[All Fields] AND “replacement”[All Fields]) OR “total knee
replacement”[All Fields].
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Total knee arthroplasty: “arthroplasty, replacement, knee”[MeSH Terms] OR
(“arthroplasty”[All Fields] AND “replacement”[All Fields] AND “knee”[All Fields])
OR “knee replacement arthroplasty”[All Fields] OR (“total”[All Fields] AND
“knee”[All Fields] AND “arthroplasty”[All Fields]) OR “total knee arthroplasty”[All
Fields].

Physical: “physical examination”[MeSH Terms] OR (“physical”[All Fields] AND
“examination”[All Fields]) OR “physical examination”[All Fields] OR “physical”[All
Fields] OR “physically”[All Fields] OR “physicals”[All Fields].

Function: “functional”[All Fields] OR “functional’s”[All Fields] OR “functiona-
lities”[All Fields] OR “functionality”[All Fields] OR “functionalization”[All Fields]
OR “functionalizations”[All Fields] OR “functionalize”[All Fields] OR “functiona-
lized”[All Fields] OR “functionalizes”[All Fields] OR “functionalizing”[All Fields] OR
“functionally”[All Fields] OR “functionals”[All Fields] OR “functioned”[All Fields]
OR “functioning”[All Fields] OR “functionings”[All Fields] OR “functions”[All
Fields] OR “physiology”[Subheading] OR “physiology”[All Fields] OR “function”[All
Fields] OR “physiology”[MeSH Terms].

Strength: “strength”[All Fields] OR “strengths”[All Fields].
Rehabilitation: “rehabilitant”[All Fields] OR “rehabilitant’s”[All Fields] OR

“rehabilitants”[All Fields] OR “rehabilitate”[All Fields] OR “rehabilitated”[All Fields]
OR “rehabilitates”[All Fields] OR “rehabilitating”[All Fields] OR “rehabilita-
tion”[MeSH Terms] OR “rehabilitation”[All Fields] OR “rehabilitations”[All Fields]
OR “rehabilitative”[All Fields] OR “rehabilitation”[Subheading] OR “rehabilita-
tion’s”[All Fields] OR “rehabilitational”[All Fields] OR “rehabilitator”[All Fields] OR
“rehabilitators”[All Fields].

Outcomes: “outcome”[All Fields] OR “outcomes”[All Fields].
Systematic review: “systematic review”[Publication Type] .or. “systematic reviews

as topic”[MeSH Terms] .or. “systematic review”[All Fields].
Literature review: “review”[Publication Type] .or. “review literature as

topic”[MeSH Terms] .or. “literature review”[All Fields].
Meta-analysis: “meta-analysis”[Publication Type] .or. “meta-analysis as

topic”[MeSH Terms] .or. “meta-analysis”[All Fields] A several additional strategies
were used to find any additional reference relevant to this topic as follows:

• Google scholar alerts with inception on September 2017;

• reading a reference list of the full text articles included

• ResearchGate recommendations;

• Two online pages i.e. www.elicite.com research assistant and www.connectedpa
pers.com were utilized, respectively.

Duplicates were identified and removed by two reviewers separately (AP and KD).
Two reviewers (AP and KD) independently screened titles and abstracts to identify
articles that matched the eligibility criteria.

2.3 Inclusion criteria

The Assessing the Methodological Quality of Systematic Reviews 2 (AMSTAR – 2)
rating system was applied to rate and classify all published systematic reviews and
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meta-analyses into low quality (< 40% items satisfied), moderate quality (40–80%
items satisfied) or high quality (>80% items satisfied) [14]. Only systematic reviews
with meta-analysis of moderate- and high-quality were included in the present study.
Published reviews were included regardless of the original language they were writ-
ten. There were no restrictions considering a year of publication.

The Participant-Intervention-Comparison-Outcome process for evidence-based
practice was followed to describe inclusion criteria Table 1.

2.4 Methodological quality and quality of evidence evaluation

The main author assessed the methodological quality of the included articles using
the AMSTAR – 2 tool. If the assessment was unclear, the consensus was reached by
the constructive discussion with a second reviewer (KD). The 16 items of the
AMSTAR – 2 checklist were answered with either “yes” or “no”, with each “yes”
equaling one point and were classified as mentioned above. In addition, an adapted
Grade of Recommendation, Assessment, Development and Evaluation (GRADE)
quality of evidence checklist was applied in the included reviews, as it was used
previously [15]. The reviews were classified into five GRADE categories: high,
moderate, low, very low and no evidence from systematic review. A review was
classified as high quality if it contained at least two high-quality studies. Reviews with
at least one study of high quality or two studies of moderate quality were classified as
moderate quality. If a review contained only primary studies of moderate quality and/
or primary studies with inconsistent results, this review was classified as being of low
quality. Reviews are classified as of very low quality if they do not contain studies of
moderate to high quality. Finally, if the quality of the primary studies was not assessed
by the reviewers, the GRADE system was not applied and the review was classified as
no evidence from systematic review as recommended previously [15].

2.5 Data extraction

The following data were extracted from the reviews included (a) Study reference;
(b) Type of study, number of original studies included, and number of subjects; (c)
Objectives of the review; (d) Description of the population; (e) Description of the
intervention and comparison group within the review; (f) Number of original studies
included in meta-analysis per each outcome measure; (g) Outcome measures; and (h)

Participants Male and female patients of all ages who were scheduled for total knee arthroplasty

Interventions For the MI intervention, studies on both visual and kinaesthetic types of imagery and
both perspectives of movement representations such as from the first-person view or the
third-person view were considered eligible.

Comparison
group

The effectiveness of MI practice as an independent intervention or in combination with
other cognitive interventions was compared to routine physical rehabilitation practice
(i.e. physical therapy, exercise intervention) or with placebo intervention if applicable.

Outcome Any measure of physical function such as strength, mobility, balance, self-reported
physical function (questionnaires) and pain intensity was considered

Table 1.
Inclusion criteria.
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Main results. Data extraction was performed by the author (AP) and checked for
accuracy by a second reviewer (KD).

2.6 Data synthesis and analysis

The meta-analyses were performed using Comprehensive Meta-analysis software
(version 3.0). For all reported outcome measures, the standardized mean difference
(SMD) along with 95% CIs were calculated. If at least two included studies reported
the same outcome and were considered homogenous, then a meta-analysis was
conducted and presented with a forest plot. Due to differences in outcomes assessed
and measurement scales used between studies, general physical function assessments,
self-reported physical function tests and evaluation of the pain intensity were treated
separately. Therefore, composite ES (cES) and 95% CI were calculated for each
study to overcome the problem of dependence from multiple outcomes and pre-post
evaluation periods [16]. A random-effects model of the meta-analysis was used in all
comparisons. However, to assess the sensitivity of each meta-analysis conducted,
along with random effect, the fixed effect of the meta-analyses was presented. In
addition, the publication bias was assessed by examining the asymmetry of the funnel
plots using Egger’s test, whereas a significant publication bias was considered if the
p value was <0.10. The magnitude of the MI practice effects on outcome measures of
interest was interpreted as changes using the following criteria: trivial (<0.20), small
(0.21–0.60), moderate (0.61–1.20), large (1.21–2.00), very large (2.01–4.00) and
extremely large (>4.00) [17]. The I2 statistic was used to investigate between-study
heterogeneity; where values of 25, 50, and 75% represent low, moderate and high
statistical heterogeneity, respectively [18]. Statistical significance for all tests
performed was set at the level of p ≤ 0.05 [17].

3. Results

Figure 1 shows the search strategy process followed for the present review. Ini-
tially, NO articles were identified by using predefined search criteria. No additional
articles were found by using other sources as mentioned above. Following the initial
step, duplicate records were removed and reviews were excluded based on their titles
and abstracts. Of this NO of full-text reviews were assessed with only three reviews
with meta-analysis were included in this study.

3.1 Characteristics of the included systematic reviews

The characteristics of the included reviews are presented in Table 2. Current
study included 3 systematic reviews with meta-analysis, amounting to 10 original
studies (5 overlapping between reviews), 9 RCTs and one non RCT, with a total of
558 participants (Experimental group: 278; Control group: 280 patients). All studies
included patients scheduled to total knee arthroplasty, both sexes and aged between
50 and 85 years. In all systematic reviews, the main intervention used MI as adjunct
therapy, while two reviews included combination of MI with other cognitive inter-
ventions such as action observation and/or guided imagery [9, 11]. Included reviews
differed in terms of outcomes assessed. Thus, all reviews assessed affected knee
extension strength and timed up to go test. Two reviews assessed pain intensity
assessed by Visual Analogue Scale (VAS) [10, 11], while two studies assessed
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self-perceived knee function [9, 10], and Paravlic et al. [9] self-selected and brisk
walking speed under dual and single tasks.

3.2 Methodological quality assessment and quality of the evidence evaluation

The methodological quality of the included reviews is presented in Table 3. All
three reviews were rated as of high quality using the AMSTAR-2 checklist. Reviews
did not provide a list of excluded studies justifying the exclusion reasons (Item 7) and
the report of sources of funding of the studies included in the review (Item 10). Only
one review [10] did not perform sensitivity analysis considering publication bias
(Item 15). The quality of evidence assessed by adopted GRADE principles showed that
all three included studies were rated as of high quality.

3.3 Results of meta-analyses

The Egger’s test was performed to provide statistical evidence of funnel plot
asymmetry. Results indicated no publication bias for two meta-analyses only: strength
(p = 0.139) and TUG (p = 0.225), respectively. For self-reported physical function and
pain intensity, a publication bias analysis was not performed, due to low number of
included studies.

Nine ESs from three included meta-analyses showed small effect (random effect:
cES = 0.55, 95% CI 0.38 to 0.71, n = 9; p < 0.001; I2 = 32%; fixed effect: cES = 0.53,
95% CI 0.39 to 0.66, n = 9; p < 0.001; I2 = 32%;) on measures of physical function in
general (Figure 2A). Three ESs from all three included reviews showed a moderate
effect (random effect: ES = 0.85, 95% CI 0.58 to 1.11, n = 3; p < 0.001; I2 = 0%;
fixed effect: �//�) on measures on maximal knee extension strength (Figure 2B).
Furthermore, three ESs from all three included reviews showed small effect (random
effect: ES = 0.49, 95% CI 0.25 to 0.73, n = 3; p < 0.001; I2 = 0%; fixed effect: �//�) on
measures on timed-up and go test (Figure 2C). Summarized effect of MI intervention
showed small effect (random effect: ES = 0.34, 95% CI 0.07 to 0.61, n = 2; p = 0.015;

Figure 1.
Flow diagram of included studies.
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Study Data extracted Description of extracted data

Paravlic
et al. 2020
[9]

Type of study; N°, type of
included studies (subjects)

Systematic review and meta-analysis; 7 RCTs, 1 nRCT
(n = 228)

Objectives To determine the effectiveness of mental simulation practice
(MSP) on measures of physical function recovery in patients
who have undergone a joint replacement surgery of lower
limbs.

Population Population: men and women who underwent primary
unilateral joint arthroplasty.

Intervention Intervention group: Mental simulation intervention. Given the
specificity of rehabilitation procedures and ethical issues, MSP
was always delivered as an adjunct therapy to SPT and was
compared with SPT intervention; Comparison group: Measures
of interest were compared: (a) in general between MSP and
SPT, (b) between different MSP practices, for example, MI
versus AO versus guided imagery versus MI and AO and (c)
between different rehabilitation phases such as (a) acute
rehabilitation (up to 3wk after surgery), (b) early postacute
rehabilitation (3-12wk) and (c) late postacute rehabilitation
phase (from 12wk-12mo), respectively.

N° of studies included in
meta-analysis (subjects) per
each outcome measure

Physical Function in general, 8 (n = 228);
Affected knee extension strength, 2 (n = 46);
Uninvolved knee extension strength, 2 (n = 46);
Mobility Self-selected gait speed, 4 (n = 153);
Self-selected gait speed DT, 2 (n = 47);
Brisk walking speed, 2 (n = 47);
Brisk walking speed DT, 2 (n = 47);
Timed up to go test, 3 (n = 67);
Active flexion, 4 (n = 101);
Passive flexion, 3 (n = 81);
Active knee extension, 2 (n = 57) and
Self-reported physical function, 4 (n = 163);

Outcome measures General physical function; Strength; Mobility; ROM; Self-
reported physical function

Results When compared with standard physical therapy (SPT), MSP
showed an effect on physical function in general (effect size
[ES], 0.67; 95% confidence interval [CI], 0.38–0.96; nZ7) and
maximal voluntary strength of knee extensor muscles of the
affected leg (ES, 1.41; 95% CI, 0.64–2.18; nZ2), brisk walking
speed (ES, 1.20; 95% CI, 0.58–1.83; nZ2), brisk walking speed
with dual task (ES, 1.02; 95% CI, 0.41–1.63; nZ2), timed up-to
go test (ES, 0.96; 95% CI, 0.15–1.77; nZ3) and active flexion of
the affected leg (ES, 0.70; 95% CI, 0.29–1.11; nZ4). Finally,
meta-regression analysis revealed that the effects of MSP were
significantly predicted only by the total number of training
sessions per study.

Ferrer-
Pena et al.
2022 [11]

Type of study; N°, type of
included studies (subjects)

Systematic review and meta-analysis; 7 RCTs, (n = 186)

Objectives To assess the impact of MI on strength, active range of motion,
pain intensity
and physical function in patients with TKA.

Population Population: men and women who underwent primary
unilateral joint arthroplasty.
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Study Data extracted Description of extracted data

Intervention Intervention group: For the MI intervention, studies on both
visual and kinaesthetic strategies and both perspectives of
movement representations were considered eligible (first-
person or third person). Kinaesthetic MI is performed by
constructing an image of movement and, in turn, incorporates
the ability to feel what is being imagined. Visual MI only
constructs the image of movement. Comparison: the efficacy of
MI as an independent intervention or in combination with
other interventions compared to usual care or standard
rehabilitation (i.e. physical therapy, exercise intervention) or
with placebo interventions

N° of studies included in
meta-analysis (subjects) per
each outcome measure

Affected knee extension strength, 4 (n = 104);
Active ROM, 6 (n = 152);
TUG, 4 (n = 118) and Pain intensity, 5 (n = 132)

Outcome measures Strength, mobility, ROM and pain

Results The addition of MI to standard therapy, based on low quality
of evidence, showed a moderate increase in quadriceps
strength (4 studies; SMD: 0.88; 95% CI: 0.42, 1.34) and a small
reduction in pain intensity (SMD: 0.63; 95% CI: 0.08, 1.19). It
is unclear whether MI can provide beneficial effects for active
ROM and function.

Li et al.
2022 [10]

Type of study; N°, type of
included studies (subjects)

Systematic review and meta-analysis; 6 RCTs, (n = 144)

Objectives The study aimed to investigate the effects of motor imagery on
the functional performance improvement in patients
scheduled for TKA.

Population Population: men and women who underwent unilateral total
knee arthroplasty primarily due to osteoarthritis

Intervention Intervention: Motor imagery; Comparison: MI was compared to
control group, which was without additional treatment or a
corresponding placebo treatment; physical therapy was
routinely used in both groups.

N° of studies included in
meta-analysis (subjects) per
each outcome measure

Affected knee extension strength, 4 (n = 96);
TUG, 4 (n = 94) and Self-reported physical function by
Oxford Knee Score questionnaire, 2 (n = 46);
Pain intensity, 4 (n = 98)

Outcome measures Strength, mobility, ROM and pain

Results The MI as adjunct intervention to standard physical therapy
showed large effect on strength improvement (SMD = 0.90,
95% CI = [0.47]–[1.32], P < 0.001), reduced pain (SMD = �
0.91; 95% CI = [� 1.29]–[� 0.52], P < 0.001) and improved
TUG performance (SMD = � 0.56, 95% CI = [� 0.94]–[�
0.19], P = 0.003) when compared to routine physical therapy
alone. However, self-reported physical function by OKS
questionnaire, even slightly increased (MD = 0.79-point, 95%
CI = [� 0.31]–[1.88], P = 0.159), the observed changes were
not significant.

Table 2.
Summary of reviews with meta-analysis that investigated the effects of motor imagery practice on physical
rehabilitation outcomes following total knee arthroplasty (TKA).
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I2 = 0%; fixed effect: �//�) on measures of self-reported physical function (Fig-
ure 2D). And finally, a moderate effect (random effect: ES = 0.67, 95% CI 0.16 to 1.18,
n = 2; p = 0.010; I2 = 72%, p = 0.058; fixed effect: ES = 0.64, 95% CI 0.37 to 0.90, n = 2;
p < 0.001; I2 = 72%, p = 0.058) was observed for pain intensity. Given there were no
differences in the magnitude of the effects when random and fixed effects analyses
were applied, these findings can be interpreted as robust (Figure 3).

Figure 2.
Summarized effect of MI practice intervention on (A) physical function in general; (B) timed-up to go test; (C)
knee extensors strength of the affected knee; and (D) self-reported physical function.
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4. Discussion

The aim of this study was to investigate the effectiveness of MI practice as adjunct
intervention to routine physical therapy in patients after TKA on measures of physical
function and pain.

A current umbrella review with a meta-analysis showed a positive effect of MI on
physical function in general (small cES = 0.55), strength (moderate ES = 0.85), timed-
up and go test (small ES = 0.49), self-reported physical function (small ES = 0.34),
and pain intensity reduction (moderate ES = 0.67) in TKA patients. Given that both
fixed and random meta-analysis models showed similar results, these findings can be
interpreted as robust.

There are several review articles aimed to investigate the effects of psychological
interventions on physical function measures in the apparently healthy [19, 20] and
diseased populations [10, 11, 21, 22]. However, these investigations substantially
differed in the primary aims, the population included and measures of interests,
which consequently resulted in the overall methodology adopted. For example,
Paravlic et al. [19] investigated the effects of MI practice on the measures of maximal
strength in the healthy adults. Authors found positive effects of MI practice on max-
imal strength, favoring isometric imagined muscle actions over dynamic muscle
actions, whereas a combination of MI with physical practice was found equally effec-
tive as physical practice alone [19]. In other reviews, authors investigated the effects
of various cognitive strategies in athletes sustaining anterior cruciate injuries (ACL)
[21], TKA and total hip arthroplasty patients [9, 22] or TKA patients in isolation
[10, 11]. These studies were looking at different measures of interest such as func-
tional mobility [9, 21, 23], balance [9–11, 23], maximal strength [10, 11, 19] or pain
intensity [10, 11] and found equivocal results. Therefore, the current study with a
rigorous methodological approach showed robust and positive findings supporting MI
practice intervention use in rehabilitation of TKA patients when physical function and
pain are primary rehabilitation goals.

Ample evidence suggests that the mechanism underlying effectiveness of imagined
contractions relies on both neurophysiological and psychological factors [19, 24, 25].
There is an evidence that imagined movements are functionally equivalent to the
physically executed movements in terms of intention, planning, execution duration
and task difficulty [25, 26]. The present study found a positive effect of MI on
maximal strength and other measures of physical function that are more complex in
nature, such as walking and dynamic balance (assessed by TUG test). TUG test is a

Figure 3.
Effect of MI practice intervention on the pain intensity of the affected knee.
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complex test that evaluates a several motor-related domains such as lower body
strength (e.g. getting up from the chair), walking speed (e.g. walking from the chair to
the first turning point at a distance of 4.5 m), agility (turning around a cone), and
dynamic balance (e.g. all these tasks together). Paravlic et al. showed a positive
transfer from simple MI task that focused only on strength to more complex motor
tasks mentioned above. The authors also showed that strength improvements follow-
ing MI practice in TKA patients were significantly and positively correlated with pre-
to-post-intervention changes in patients’ kineasthetic (high, r = 0.741) and internal
(moderate, r = 0.623) ability to imagine given tasks. This supports previous findings in
the literature that the effects of MI depend on the individual’s ability to imagine a
particular task as well as the MI type and MI perspective used by the subject [27]. It is
suggested that someone who cannot visualize a given task will not benefit from the MI
practice [27]. However, Paravlic et al. demonstrated that MI ability can be improved
by the MI practice intervention exposure, providing those unfamiliar with MI with
new knowledge about how to begin using MI and benefit from it.

In addition to improving physical function, this study showed a positive effect of
MI on pain reduction in TKA patients. This finding is consistent with a recent review
by Benjamin et al. [28], which showed that MI as adjunctive therapy is superior to
standard physical therapy alone in terms of pain reduction and ROM improvements in
patients with chronic musculoskeletal conditions. In contrast, the authors found no
differences in efficacy between MI and routine therapies acute pain is considered.
Because centrally driven mechanisms (e.g. neuroplastic changes and central sensa-
tions) [29] predominate in chronic pain, in contrast to acute pain conditions that are
driven by peripheral factors (e.g. structural impairment at a peripheral site) [30], the
efficacy of MI can be explained by the modulation of cortical areas associated with
pain-related cortical reorganization, such as the primary somatosensory cortex, the
anterior cingulate cortex and the insula [31]. Although the subsequent mechanisms
behind the efficacy of MI in chronic pain are still controversial, MI actually allows
activation of motor cortex without overt movement execution [19, 25], sending a
motor-related cortical potential via efferents and consequently uncoupling movement
from pain perception [28, 31]. Even preliminary data indicate that the MI practice may
not be more effective than routine therapy alone, given its mechanism, it could serve to
prevent further exacerbation of symptoms and avoid chronic pain events [28].

Considering MI practice programming, only one review with meta-analysis exam-
ined a MI practice dose–response relationship, suggesting that effects of cognitive
training on outcomes in TKA patients were predicted by the total number of training
sessions per study [9]. A recent review by Paravlic suggested recommendations for MI
rehabilitation practice in the home setting [32]. In brief, there are some steps that
should be followed to benefit from MI practice: (a) patients’ imagery ability must be
assessed to inform the therapist which MI perspective and which MI type should be
used; (b) it is recommended to provide patients with audio instructions to follow
during practice sessions [33]; (c) at the beginning of MI practice therapist should
propose simple motor task that is easy to perform by patient and (d) the following
motor imagery variables were associated with strength improvement: a training
period of 4 weeks, a training frequency of three sessions per week, a training volume
of two to three sets, 25 repetitions per set and a single session duration of 15 minutes
[19]. While the latter recommendations were compiled from the published literature,
the original studies aimed at investigating the effects of different MI practice volumes
(training duration, weekly frequency, number of imagined contractions per set, and
per single session) are justified.
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5. Conclusion

In conclusion, this study provides strong evidence for the use of MI practice as an
adjunct to standard rehabilitation treatment in improving physical function and
reducing pain after TKA surgery.
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Chapter 11

Mesenchymal Stem Cell-based
Cytotherapy for Osteoarthritis
Management: State of the Art
Leisheng Zhang, Zhihai Han, Zhongchao Han and Hui Cai

Abstract

Osteoarthritis (OA), a principal and challenging disorder of articular cartilage, has
been regarded as the most frequent and prevalent chronic disease of degenerative
joints, which is caused by multiple factors including aging, trauma, overweight, joint
deformity and congenital abnormality, together with the increase in life expectancy.
In spite of considerable improvements that have been obtained by conducting
multidisciplinary therapies such as surgical procedures and anti-inflammatory drugs,
the pathogenesis and efficacy of OA with functional losses and degeneration are still
elusively complicated for ascertainment. Mesenchymal stem/stromal cells (MSCs),
also termed as multipotent mesenchymal progenitor/precursor cells, skeletal stem
cells, or medicinal signaling cells, are heterogeneous cell populations with
hematopoietic-supporting and immunomodulatory properties, together with
multilineage differentiation property. For decades, investigators have illuminated the
application of the advantaged and promising sources with/without remarkable bio-
materials for the treatment of recurrent and refractory disorders including OA. In this
chapter, we mainly concentrate on the current progress of MSC-based cytotherapy in
both preclinical study and clinical practice as well as the promising prospective and
critical challenges in the field, which will conformably benefit the administration of
OA in future.

Keywords: osteoarthritis, mesenchymal stem cells, cytotherapy, biomaterials, tissue
engineering

1. Introduction

Osteoarthritis (OA) is a whole organ disease characterized by the destruction or
degeneration of articular cartilage, which is one of the most widespread and fre-
quent chronic diseases and public health issues worldwide [1, 2]. During the course
of OA, inflammatory response is a pivotal factor resulting in cartilage destruction or
exacerbation of symptoms [2–4]. As satisfactory osteochondral repair, it’s of great
importance for the zonal restoration of adjacent cartilage and the subchondral bone
[5]. For the past decades, despite the significant number of progress have been
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achieved by multidisciplinary strategies such as surgeries (e.g., microfracture,
mosaicplasty), autologous chondrocyte implantation (ACI), joint lubricants (e.g.,
hyaluronic acid), antiinflammatory drugs (e.g., NSAIDs) as well as cytotherapies
(e.g., autologous chondrocyte implantation), the inherent limitations of regenera-
tion and self-repair capacity in OA individuals still largely hinder the remission of
the degeneration of articular cartilage [4, 6–8]. For example, even though joint
replacement serves as an effective remedy for symptomatic end-stage disease
including OA, most of the functional outcomes in patients are unsatisfactory and the
lifespan of prosthesis is also largely limited [2, 9]. Distinguishing from the tradi-
tional remedies, cell-based strategies have emerged as an alternative with promising
prospective in the treatment of OA and cartilage defects [10, 11].

State-of-the-art updates have turned to MSC-based cytotherapy for OA manage-
ment both clinically and preclinically [5, 12]. The multifaceted superiorities of MSCs
including multidirectional differentiation, high portability property, and low immu-
nogenicity have made themselves ideal seed cells for OA treatment [3]. Meanwhile,
MSCs or the derivatives are often encapsulated into natural or synthetic hydrogels,
which can function by providing tunable biodegradability, and biocompatibility or
enhancing cell vitality and functionality [10].

Herein, we mainly focus on the recent literatures relating to the application of
MSCs for OA treatment based on the chondrogenic differentiation, and
antiinflammatory and immunomodulatory effects of MSCs with or without biological
scaffolds for cartilage regeneration. Meanwhile, we further discuss the promising
prospective and formidable challenges of MSC-based cytotherapy in cartilage repair
and regeneration as well.

2. MSCs and derivatives

MSCs are cell populations with unique immune-privileged and hematopoietic
properties, which are capable of differentiating into a variety of functional cells
such as adipocytes, osteoblasts and chondrocytes, which thus have garnered
increased interest for clinical translation in the last few decades [13, 14]. Therewith,
MSCs have been considered as the uppermost components in the bone marrow
microenvironment as well as splendid sources for regenerative medicine [15, 16].
Not until the year of 2006, International Society for Cellular Therapy (ISCT)
released the basic criteria for MSC definition including spindle-shaped
morphology, high expression of mesenchymal-associated biomarkers (CD73,
CD90, CD105) whereas minimal expression of hematopoietic-associated biomarkers
(CD31, CD34, CD45), in vitro differentiation towards adipocytes, osteoblasts and
chondrocytes [17].

Since the 1970s, MSCs have been isolated from various adult tissues including
bone marrow, adipose tissues, synovial fluid, periosteum and dental tissues
(e.g., dental pulp, periodontium) [18–20]. After that, perinatal or fetal tissues
including umbilical cord, placenta, amniotic member and amniotic fluid have also
been reported for MSC isolation [21]. Distinguish from those derived from adult
tissues, MSCs isolated from the “discarded” perinatal tissues have been considered
with preferable immunoregulatory properties and long-term in vitro proliferative
capacity, and in particular, release from ethical risks, invasiveness and pathogenic
contamination [14, 21–23]. Notably, current studies have also put forward the
feasibility of generating large-scale MSCs from induced pluripotent stem cells
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(iPSCs) or embryonic stem cells (ESCs) as well [24–26]. To date, MSCs with differ-
ent origins have been involved in numerous refractory and relapse disease adminis-
tration including acute-on-chronic liver failure (ACLF), acute myocardial infarction
(AMI), aplastic anemia, premature ovarian failure (POF), fistulizing Crohn’s dis-
ease, critical limb ischemia (CLI), cutaneous wounds, coronavirus disease 2019
(COVID-19)-induced acute lung injury and acute respiratory distress syndrome
(ALI/ARDS) [26–32].

For decades, the derivatives generated from MSCs such as exosomes and rela-
tive microvesicles have been extensively investigated and regarded as the domi-
nating factor during pathogenesis and disease treatment [20, 33]. Exosomes, also
known as small extracellular vesicles (sEVs) or biological spherical lipid bilayer
vesicles, are nano-sized extracellular vesicles secreted by various types of cells
(e.g., MSCs, natural killer cells, T or B lymphocytes, epithelial cells, macrophages,
dendritic cells, tumor cells) with partial sizes ranging from 20 to 200 nm
according to the Minimal Information for Studies of Extracellular Vesicles 2018
(MISEV 2018) guidelines [34–36]. The plasma membrane-derived vesicles contain
lipids, proteins (e.g., CD9, CD63, CD81, GTPases, HSP70, HSP90, Tsg101, Alix),
nucleic acids (e.g., microRNAs, LncRNAs, mRNAs), and other bioactive sub-
stances, which thus play an important role in various physiological and patholog-
ical processes, and in particular, serving as intermediators for material exchange
and intercellular communication via delivering a variety of the aforementioned
bioactive substances [37, 38]. Numerous preclinical and clinical investigations
including the International Society for Extracellular Vesicles (ISEV) have shown
that MSC-derived extracellular vesicles (EVs) including exosomes and
microvesicles (MV) are rich in growth factors, cytokines, mRNAs, signaling lipids
and regulatory miRNAs, which are adequate to influence intercellular neighbors
and tissue responses to infections, injuries, and diseases [39, 40]. However, the
concomitant shortcomings of exosomes such as low purity, low yield, stability for
storage and weak targeting collectively limit their preclinical investigation and
clinical application. Therefore, there’s still a long way to optimize the aforemen-
tioned problems and facilitate further exploration upon large-scale preparation
(e.g., ultracentrifugation techniques, polymer precipitation, size-based isolation
techniques, immunoaffinity chromatography, micro-vortex chips, commercial iso-
lation kits) for translational purposes [41–43].

3. Biomaterials/MSC-based composites for osteoarthritis management

Biomaterials of different categories and characteristics have attracted great
concerns of investigators in the field of MSC-based regenerative medicine, and
thus allow the utilization of unique scaffolds to promote the expansion of MSCs
and facilitate their differentiation into appropriate lineages [24, 44]. Biomaterials
with highly biocompatible properties are adequate to act as splendid scaffolds for
cell attachment and supply preferable microenvironment for the maintenance,
differentiation, and biofunction of the encapsulated MSCs, which collectively
benefit the in situ tissue engineering and translational medicine [45–47]. To date,
a series of biomaterials with discrete advantages and disadvantages have been
developed and combined with MSCs for regenerative purposes such as the highly
biocompatible natural (e.g., collagen, chitosan) and synthetic (e.g., poly-ethylene-
glycol, polycaprolactone) biomaterials [44, 46].
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3.1 Hydrogel/MSC-based scaffolds for OA management

Hydrogels are splendid biomaterials with unique physical and chemical properties
for both soft and hard tissue engineering and regenerative medicine, which largely
attributes to the feasibility of orchestrating the critical properties (e.g., elasticity,
water content, bioactivity, mechanical stiffness, degradation) rationally and conve-
niently [48–50]. For decades, hydrogels alone or in combination with appropriate
biomaterials have been extensively investigated in various osteoarticular disorders
such as OA and meniscus injury [51–53]. For example, our groups recently reported
the reinforced efficacy upon OA rabbits by hyaluronic acid (HA) hydrogel and PSC-
MSCs composite (HA/PSC-MSCs) compared to those with HA hydrogel or PSC-MSCs
alone [24]. Instead, Chung and colleagues systematically compared the efficacy by
implanting various hydrogels/UC-MSCs composites in rats such as alginate, chitosan,
pluronic, hyaluronic acid (HA), and verified that HA/hUC-MSCs composites rather
than relative hydrogels resulted in preferable cartilage repair and achieved collagen
organization pattern and cellular arrangements much similar to the adjacent uninjured
articular cartilage [54].

Recently, Yang and colleagues further reported the utilization of an injectable and
biocompatible Diels-Alder crosslinked hyaluronic acid/PEG (DAHP) hydrogel for OA
treatment, which was found with considerable improvement by controlling the
release of MSC-derived small extracellular vesicles (MSC-sEVs) [55]. Similarly,
Heirani-Tabasi et al. confirmed the enhanced chondrogenic differentiation capacity of
adipose-derived MSCs (AD-MSCs) after incubation with an injectable chitosan-
hyaluronic acid (CS-HA) hydrogel [56]. Additionally, Tang et al. demonstrated that
sEVs derived from umbilical cord MSCs (UC-MSC-sEVs) revealed comparable thera-
peutic effects for OA but with upregulated proteins mostly involved in extracellular
matrix (ECM) organization, immune effector process, PI3K-AKT and Rap1 signaling
pathways [57]. Collectively, MSCs or derivatives (e.g., exosomes, sEVs) in combina-
tion with injectable hydrogels have attracted considerable attention in OA manage-
ment for their advantaged chondrogenic differentiation capacity [51, 56, 58].

3.2 Hydroxyapatite (HAP)/MSCs scaffolds for OA management

State-of-the-art renewals have also highlighted the combination of HAP-based
biomaterials with MSCs for OA administration and bone regeneration. For instance, Ji
and colleagues recently took advantage of a novel hybrid scaffold composed of nano-
hydroxyapatite (nHA)/poly ε-caprolactone (PCL) and thermosensitive
hydroxypropyl chitin hydrogel (HPCH) for bone defect repair via a mechanism of
enhancing vascularization and osteogenesis of encapsulated MSCs [59].

Instead, Shimomura et al. took advantage of a scaffold-free tissue-engineered
construct (TEC) and a HAP artificial bone for the treatment of a rabbit osteochondral
defect model, and found that osteochondral defects treated with the synovial MSC-
derived TEC and HAP composite revealed more rapid and efficient subchondral bone
repair coupled with cartilaginous tissues as well as good tissue integration to adjacent
host cartilage. Moreover, the combined MSC-based implants significantly accelerated
postoperative rehabilitation and sustained the longer-term durability of repaired
osteochondral lesions in patients with OA [5]. Similarly, with the aid of bone marrow-
derived MSCs (BM-MSCs) and an interconnected porous hydroxyapatite ceramic
(IP-CHA), the large osteochondral defect of the knee in a 21-year-old man was
effectively alleviated, and cartilage-like regeneration and bone formation were
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observed as well [12]. Additionally, we recently also reported the preferable outcomes
of OA by conducting multidimensional optimization of MSC-based formulation in
combination with the advantageous HA/PG biomaterials, which showed evaluated
therapeutic efficacy over HA alone in ameliorating osteoarthritis progression [60, 61].

4. Molecular mechanism of MSC-based cytotherapy for OA management

Generally, MSCs function mainly via orchestrating a series of mode of action
including compositional microenvironment, immunoregulation, autocrine, paracrine,
and direct- or trans-differentiation into functional cells [15, 62, 63]. In particular, the
unique immunomodulatory property and paracrine manner have prompted the
enthusiasm for allogenic transplantation of the “off-the-shelf” MSC products in both
preclinical and clinical practices in the field of regenerative medicine.

4.1 Compositional microenvironment

In the bone marrow microenvironment, MSCs function as dominating component
and stromal cells for the homeostasis and regeneration of hematopoietic stem cells
(HSCs) and the concomitant derived cells [30, 64, 65]. In the context of physiological
hematogenesis, MSCs are competent for the maintenance or replenishment of the
stem cell pool in damaged tissues, and thus help reconstruct the microenvironment for
the subsequent hematopoietic reconstitution [22, 30]. As to OA, by conducting MSC
infusion into the articular cavity, the hyperactivated inflammatory response caused by
inflammatory cytokines is supposed to be effectively suppressed by the released anti-
inflammatory factors, extracellular organelles, and vesicles in the microenvironment
[24, 66]. As to OA, the roles of MSCs are to orchestrate the spatiotemporal balance
between the inflammation and cartilage tissue reconstruction via providing the dam-
aged tissues including bone tissue and cartilage tissue with a relatively desirable
environment for tissue repair [24, 67].

4.2 Immunomodulatory effect

To date, extensive literatures have demonstrated the therapeutic or ameliorative
effects of MSCs on refractory and recurrent diseases via a bidirectional immunomod-
ulatory approach [14, 25]. Notably, a variety of antiinflammatory factors and cyto-
kines have been reported to play a pivotal role during inflammatory reactions such as
interleukins (e.g., IL-6, IL-8, IL-10), transforming growth factor (TGF), stromal cell-
derived factor 1 (SDF-1), and vascular endothelial growth factor (VEGF) [22, 68, 69].
The underlying molecular mechanism lies in the sensitive response of MSCs toward
the concentration gradient of inflammatory cytokines and chemokines [70]. As to OA,
low-grade inflammation has been demonstrated critically in the pathogenesis, which
therefore hinders the deposition of cartilage matrix at the damaged sites, delays the
proliferation of osteoblast and chondrocytes, and thus resulting in low efficiency of
articular cartilage repair [71, 72]. Currently, various kinds of immune cells have been
observed in the synovium of OA, including the classically activated and
proinflammatory macrophages (M1Mφ), antiinflammatory macrophages (M2Mφ),
and T cells. For example, as the major counterparts of immune cells in the joints, Mφ
can be hyperactivated by proinflammatory factors in OA patients such as tumor
necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and even the pathogen-associated
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molecular patterns [73]. Therefore, the efficient treatment of OA should also pay close
attention to the regulation of the local inflammatory microenvironment. As men-
tioned above, MSC with multilineage differentiation potential and effective immuno-
modulatory properties have been supposed as an alternative remedy in the
administration of cartilage degradation [74]. In detail, MSCs are purposefully
recruited to the site of the damaged cartilage and initiate the therapeutic effects upon
osteochondral defects, and thus accelerating the reconstruction of articular surface in
OA patients [70]. MSCs have been demonstrated involved in the regulation of M1Mφ
towards M2Mφ via releasing growth and angiogenic factors as well as down-regulating
inflammation and accelerating the remodeling of damaged tissue in OA. Additionally,
the immunoregulatory effect of MSCs or MSC-derived EVs upon T cell subsets has
also been extensively and in-detail described during the Th1/Th2 cell transformation,
Th17 cell and Treg cell generation, and the apoptosis of hyperactivated T cells [75–79].
Similarly, state-of-the-art renewal has also indicated the immunomodulatory effect of
MSCs upon CD24+CD38+ B cells partially via soluble secreted factors. Interestingly,
the role of MSC-derived EVs in mediating B-cell immunoregulation merit seems
contradictory and still needs further investigation [67, 80].

4.3 Autocrine and paracrine

Autocrine and paracrine play a critical role in intercellular communications among
MSCs and the adjacent osteochondral defects, which are at the cornerstone of regen-
erative medicine for MSC-based cytotherapy [81, 82]. The secreted substances such as
cytokines and anti-inflammatory factors are responsible for the majority of the
ascribed bioremediation via promoting the survival and proliferation of adjacent
damaged cells and tissues. For example, mediators (e.g., VEGF, bFGF, IL-6, IL-8) in
the conditioned media have been considered to play an important role in influencing
the differentiation capacity of MSCs or cocultured cells through an autocrine loop
[22, 23, 83]. Interestingly, Lee and colleagues have demonstrated that MSC-secreted
PGE-2 plays a key role in the maintenance of self-renewal via EP2 receptor [84].

Of the indicated mode of action, the paracrine phenomenon has been widely
recognized as the main benefit of MSC therapy based on the secreted factors acting on
MSCs and the neighboring cells. Up to now, a variety of key factors have been isolated
and verified including SDF-1, TGF, VEGF, prostaglandin E2 (PGE2), hepatocyte
growth factor (HGF), and granulocyte-macrophage colony-stimulating factor (GM-
CSF), and the diversity in the constitutive secretome has also been put forward by
pioneering investigators in the field [23, 84–86]. As to OA, MSC-derived exosomes or
sEVs are supposed to effectively avoid the inherent risks of MSCs and thus hold rosy
prospects in clinical applications [87, 88]. However, the inherent disadvantages such
as low efficacy in preparations, rapid degradation and clearance still need sustained
efforts for further improvement [33, 80].

4.4 Direct- or trans-differentiation

For the past decades, the differentiation potential including direct-differentiation
and tans-differentiation has been recognized as the key avenue for MSC-based repair
[81]. Of note, the differentiation of MSCs into osteoblasts and chondrocytes has been
extensively reported as achievable according to the ISCT guidelines [17]. However,
current updates in the field indicate that it is likely that paracrine rather than the
direct-differentiation or trans-differentiation play a core role in cartilage repair of OA
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after MSC delivery because intrathecal injection has presented limited MSC retention
and engraftment. For example, aw we previously reviewed, initial attempts upon the
molecular mechanisms for disease treatment with MSC transplantation focused on
seeking direct evidence for generating functional cells during the rehabilitation of
damaged tissues, whereas it was found to be difficult by most investigators when
considering the insufficiency of effective retention rate (<5%) [89]. Instead, based on
the unique homing property, MSCs mainly migrate to the damaged tissues and per-
form the restorative function through an orchestration of modulation, which is fur-
ther verified with the aid of fluorescence in situ hybridization [90].

5. Clinical trials of MSC-based cytotherapy for OA management

In recent years, MSC-based cytotherapy has also aroused the intense interest of
clinicians in OA treatment. According to the Clinicaltrials.gov database, a total num-
ber of 128 clinical trials have been registered worldwide to explore the safety and
effectiveness of MSC-based remedies for OA treatment, and in particular, for knee
OA and hip OA (Figure 1). Of the aforementioned clinical trials, 22 were respectively
registered in China and the United States (USA) and followed by 10 in Korea and 9 in
Iran (Table 1). Meanwhile, we noticed that most of the registered clinical trials were
in Phase 1 and/or Phase 2 stage(s), and a total number 13 trials were in the Phase 3
stage instead (Table 1). For instance, by conducting a two-year follow-up visit (NCT
number: NCT01183728), Orozco and colleagues reported a significant improvement
in cartilage quality in 11 of the 12 enrolled knee OA patients with autologous MSC
intervention according to the Visual Analogue Scale (VAS) measurements and the
pain relief–versus–initial pain score plot [91, 92]. Furthermore, the pain improvement
was maintained without significant modifications during the 2-year follow-up, and no
serious adverse effects were observed in the aforementioned patients as they previ-
ously reported [93].

Figure 1.
Clinical trials upon MSC-based cytotherapy for OA administration.
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Rank NCT No. Age Phases Enrollment Location

1 NCT05160831 18–70 Not Applicable 50

2 NCT03956719 15–65 Not Applicable 8 China

3 NCT01504464 18–65 Phase 2 40 Iran

4 NCT03383081 ≤70 Phase 2 60 China

5 NCT04351932 18–70 Phase 3 54 Ecuador

6 NCT01459640 18–70 Phase 2 50 Malaysia

7 NCT03164083 25–65 Phase 2 0 Iran

8 NCT04130100 40–70 Early Phase 1 60 China

9 NCT03800810 30–80 Early Phase 1 9 Indonesia

10 NCT01809769 40–70 Phase 1, Phase 2 18 China

11 NCT01207661 18–65 Phase 1 6 Iran

12 NCT01499056 18–65 Phase 1 6 Iran

13 NCT02544802 50–70 Phase 1 4 China

14 NCT03357575 18–75 Not Applicable 14

15 NCT02237846 18–80 Phase 1, Phase 2 0 Panama

16 NCT03166865 30–70 Phase 1, Phase 2 60 China

17 NCT04208646 40–75 Phase 2 108 China

18 NCT02963727 42–75 Phase 1 10 Jordan

19 NCT03869229 30–75 Phase 1, Phase 2 100 Poland

20 NCT02966951 42–75 Phase 1 10 Jordan

21 NCT01586312 18–75 Phase 1, Phase 2 30 Spain

22 NCT01985633 40–75 Phase 1, Phase 2 24 India

23 NCT02641860 18–70 Phase 1 22 China

24 NCT01183728 18–76 Phase 1, Phase 2 12 Spain

25 NCT03969680 40–70 Not Applicable 60 China

26 NCT04212728 40–70 Not Applicable 60 China

27 NCT04326985 18–65 Early Phase 1 20 China

28 NCT01453738 40–70 Phase 2 60 India

29 NCT02123368 50–80 Phase 1, Phase 2 30 Spain

30 NCT03602872 35–65 Phase 1 0 Mexico

31 NCT02365142 40–80 Phase 1, Phase 2 38 Spain

32 NCT03358654 18–75 Not Applicable 9

33 NCT01448434 20–70 Phase 2 72 Malaysia

34 NCT01895413 25–65 Phase 1, Phase 2 10 Brazil

35 NCT01436058 18–65 Phase 1 6 Iran

36 NCT02162693 18–70 Phase 2 53 China

37 NCT03866330 30–75 Phase 1, Phase 2 100 Poland

38 NCT03477942 18–60 Phase 1 16 USA
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Rank NCT No. Age Phases Enrollment Location

39 NCT02003131 18–80 Phase 1, Phase 2 0 Panama

40 NCT04368806 ≥18 Phase 2, Phase 3 140 USA

41 NCT04448106 ≥18 Phase 2 300 USA

42 NCT02958267 40–70 Phase 2 32 USA

43 NCT05288725 18–80 Phase 1, Phase 2 120 USA

44 NCT04863183 30–75 Phase 1, Phase 2 30

45 NCT05147675 Phase 1 20 Antigua and Barbuda

46 NCT04893174 40–90 Phase 1 6 China

47 NCT00850187 45–60 Phase 1 6 Iran

48 NCT04520945 30–70 Phase 2 100 Malaysia

49 NCT04314661 55–70 Phase 1, Phase 2 15 Indonesia

50 NCT01300598 18–75 Phase 1, Phase 2 18 Korea

51 NCT02776943 18–70 Phase 1, Phase 2 20

52 NCT05016011 18–65 Phase 2 50 Malaysia

53 NCT03357770 18–75 Not Applicable 9

54 NCT03589287 ≥40 Phase 1, Phase 2 18 China

55 NCT05349565 41–70 Not Applicable 26 Pakistan

56 NCT01873625 10–65 Phase 2, Phase 3 60 Iran

57 NCT05086939 18–75 Phase 3 120 Spain

58 NCT04240873 20–80 Phase 1, Phase 2 24 Korea

59 NCT02291926 18–75 Phase 1 20 China

60 NCT03818737 40–70 Phase 3 480 USA

61 NCT05027581 40–80 Phase 2 70 China

62 NCT02118519 40–68 Phase 2 13 Jordan

63 NCT03955497 18–70 Phase 1, Phase 2 30 China

64 NCT01879046 ≥18 Not Applicable 35 France

65 NCT03990805 20–100 Phase 3 260 Korea

66 NCT03000712 20–80 Not Applicable 26 Korea

67 NCT03509025 ≥18 Phase 2 11 Korea

68 NCT03014037 18–70 Not Applicable 35 USA

69 NCT03337243 50–85 Not Applicable 60 USA

70 NCT02855073 18–70 Phase 2 28 China

71 NCT04037345 ≥19 Phase 1 12 Korea

72 NCT05344157 40–75 Phase 1, Phase 2 54 Australia

73 NCT05182034 ≥19 Phase 2 90

74 NCT02674399 22–60 Phase 2 28 USA

75 NCT00891501 15–55 Phase 2, Phase 3 25 Egypt

76 NCT03028428 40–75 Phase 2 1

187

Mesenchymal Stem Cell-based Cytotherapy for Osteoarthritis Management: State of the Art
DOI: http://dx.doi.org/10.5772/intechopen.108258



Rank NCT No. Age Phases Enrollment Location

77 NCT03943576 40–80 Phase 1, Phase 2 30 China

78 NCT04339504 ≥19 Phase 1 12 Korea

79 NCT03648463 Not Applicable 20

80 NCT01159899 30–75 Early Phase 1 50 France

81 NCT04427930 ≥20 Phase 3 260 Korea

82 NCT04825730 ≥20 Not Applicable 14

83 NCT02468492 ≥40 Early Phase 1 18 USA

84 NCT05280002 40–80 Phase 2 30 Bangladesh

85 NCT00557635 18–65 Phase 2 50

86 NCT01931007 18–99 Phase 1 25 USA

87 NCT01041001 ≥18 Phase 3 104 Korea

88 NCT03308006 45–65 Phase 2 18 Saudi Arabia

89 NCT02658344 ≥18 Phase 2 24 Korea

90 NCT03379168 ≥18 Not Applicable 100 USA

91 NCT02696876 16–55 Not Applicable 20 United Kingdom

92 NCT04230902 ≥45 Phase 3 48 Lebanon

93 NCT05000593 30–75 Not Applicable 60 China

94 NCT04604288 USA

95 NCT02580695 18–70 Phase 1, Phase 2 30 Chile

96 NCT03790189 35–75 Not Applicable 25 Italy

97 NCT03067870 17–75 Phase 1 100

98 NCT01626677 ≥18 Phase 3 103 Korea

99 NCT04821102 ≥20 Not Applicable 21

100 NCT04716803 45–75 Not Applicable 10 USA

101 NCT01926327 18–65 Phase 3 150 Iran

102 NCT04234412 30–65 Not Applicable 10

103 NCT03788265 ≥18 Not Applicable 60 China

104 NCT02351011 40–65 Phase 1, Phase 2 12 Canada

105 NCT02582489 ≥18 Not Applicable 100 USA

106 NCT01227694 18–65 Phase 1, Phase 2 15 Spain

107 NCT04990128 18–65 Phase 3 100 USA

108 NCT05276895 40–80 Phase 1, Phase 2 60

109 NCT03048773 ≥20 Not Applicable 40 China

110 NCT02964143 50–80 Not Applicable 306

111 NCT04749758 ≥18 Not Applicable 77 Andorra

112 NCT04310852 40–70 25 Italy

113 NCT05193877 55–85 Not Applicable 60 Iraq

114 NCT03410355 16–60 Not Applicable 6 Canada
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6. Conclusions

MSCs and concomitant derivatives have emerged as advantaged and alternative
sources for OA administration and cartilage repair. MSC- or MSC-exo/sEVs- laden
biomaterial systems have supplied overwhelming new tissue-engineering platforms to
sequentially improve the osteochondral interface and alleviate the full-thickness
articular cartilage defects, which collectively accelerates the reestablishment of
osteochondral and cartilage tissues (Table 2). Of note, injecting MSCs into joints with

Rank NCT No. Age Phases Enrollment Location

115 NCT04453111 18–75 Phase 1, Phase 2 45 Ukraine

116 NCT04308213 35–75 Not Applicable 30 Italy

117 NCT05305833 18–65 Phase 1, Phase 2 20 Turkey

118 NCT04043819 18–80 Phase 1 125 USA

119 NCT05081921 40–70 Phase 1, Phase 2 200 Poland

120 NCT01739504 18–80 Not Applicable 10 USA

121 NCT01413061 18–80 Not Applicable 140 USA

122 NCT04222140 25–60 Not Applicable 40 USA

123 NCT04223622 ≥18 24 Italy

124 NCT01585857 50–75 Phase 1 18 Germany

125 NCT03608579 18–65 Phase 1 24 USA

126 NCT02838069 45–75 Phase 2 153 France

127 NCT01038596 50–90 30 Germany

128 NCT01733186 ≥18 Phase 1, Phase 2 12 USA

Table 1.
MSC-based clinical trials for OA management.

Cell type Stage Outcome Ref.

UC-MSCs Clinical trials Safe and superior to active comparator in knee
OA

Matas, et al.
[94]

AD-MSC/BM-MSC/UC-
MSC/AD-MSCs

Clinical trials Subjective improvements in knee function and
pain reduction

Buzaboon,
et al. [95]

BM-MSCs/S-MSCs/AD-
MSCs

Clinical trials Pain relief and functional improvement Cui, et al.
[96]

HA hydrogel/
hPSC-MSCs

Preclinical
study

Preferable restorative and ameliorative function
on OA rabbits

Zhang, et al.
[24]

HA hydrogel/UC-MSCs Preclinical
study

Significant gross and histological improvements
in hyaline cartilage regeneration

Wu, et al.
[97]

Hydrogel/MSCs Preclinical
study

The defects significantly better histologic scores
withmorphologic characteristics of hyaline cartilage

Zscharnack,
et al. [98]

DAHP hydrogel/MSC-
sEVs

Preclinical
study

Enhanced efficacy for OA improvement Yang, et al.
[55]

Table 2.
Advances in MSC-based cytotherapy for OA.
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an inflammatory environment may elevate the risk of ectopic calcification and
osteoproliferation in patients with OA. Therefore, systematic and detailed investiga-
tions are urgently needed to ensure the maintenance of the intra-articular environ-
ment for cartilage repair before large-scale application in clinical practice. In spite of
the tremendous progresses in the field of OA management and MSC-based regenera-
tive medicine, it still remains challenging and there’s a long way to go to efficiently
and cost-effectively repair the full-thickness articular cartilage defects and
osteochondral interface via achieving efficient osteogenesis and chondrogenesis.
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Appendix A: appendices and nomenclature

Abbreviation Nomenclature
MSCs mesenchymal stem/stromal cells
OA osteoarthritis
POF premature ovarian failure
AMI acute myocardial infarction
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ACLF acute-on-chronic liver failure
P-MSCs placental-derived MSCs
DPSCs dental pulp-derived stem cells
UC-MSCs umbilical cord-derived MSCs
AD-MSCs adipose-derived MSCs
sEVs small extracellular vesicles
PSC-MSCs pluripotent stem cell-derived MSCs
ESCs embryonic stem cells
iPSCs induced pluripotent stem cells
ECM extracellular matrix
TEC tissue-engineered construct
PCL poly ε-caprolactone
HA hyaluronic acid
nHA nano-hydroxyapatite
HAP hydroxyapatite
BM-MSCs bone marrow-derived MSCs
HPCH hydroxypropyl chitin hydrogel
MV microvesicles
MISEV Minimal Information for Studies of Extracellular Vesicles
COVID-19 corona virus disease 2019
CLI critical limb ischemia
ALI/ARDS acute lung injury and acute respiratory distress syndrome
ACI autologous chondrocyte implantation
ISCT International Society for Cellular Therapy
CS-HA chitosan-hyaluronic acid
BM-MSCs bone marrow-derived MSCs
IP-CHA interconnected porous hydroxyapatite ceramic
SDF-1 stromal cell-derived factor 1
TGF transforming growth factor
HSCs hematopoietic stem cells
VEGF vascular endothelial growth factor
GM-CSF granulocyte-macrophage colony-stimulating factor
Mφ macrophages
PGE2 prostaglandin E2
HGF hepatocyte growth factor
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Chapter 12

Ayurveda Research on Agnikarma 
in Osteoarthritis of Knee Joint
Tukaram Dudhamal

Abstract

In Ayurveda, treatment with intentional therapeutic heat burns is called 
Agnikarma (thermal cauterization), which is one of the para-surgical procedures. It 
is also called Dahan Karma (thermal cauterization). Various painful conditions like 
joint pain, sciatica, tendinopathies, headache, abdominal cramps/discomfort, and 
few convulsive disorders like epilepsy, schizophrenia, psycho-somatic disorders, and 
some skin diseases can be treated with this intentional heat burn therapy. Agnikarma 
has widely been used in clinical practice since time immemorial and is said to have 
immediate and long-lasting relief, as mentioned in the Indian traditional therapy. 
This para-surgical procedure is practiced in all teaching institutes of Ayurveda in 
India, and many researchers are publishing the research work done on Agnikarma in 
musculo-skeletal disorders. In this chapter, the concept of Agnikarma along with a 
brief procedure and published evidence-based research studies on osteoarthritis (OA) 
of the knee joint treated with Agnikarma are critically analyzed. This chapter contrib-
utes the knowledge of the Indian traditional para-surgical procedure in musculoskel-
etal disorders in general and OA knee joint in particular.

Keywords: Agnikarma, ayurveda, OA knee joint

1. Introduction

According to Sushruta, Agnikarma (intentional therapeutic heat burns) is a 
superior Anu-shastra Karma (para-surgical procedure), and in patients treated with 
the Agnikarma (cauterization) procedure, the disease usually did not recur [1]. 
Depending on the disease, different materials heated at different temperatures are 
used for Agnikarma; that is, depending upon the disease and its predominant doshas 
(body humors), different materials and temperatures are selected for the treatment; 
for example, in the case of Agnikarma on the skin, less hot shalakas (probes) are 
used [2, 3].

Snigdha Agnikarma is cauterization with the help of heated liquids, semi-liquids, 
or fats, while Ruksha Agnikarma is cauterization with the help of heated metal [4]. 
Local Agnikarma (sthanika) is done at the disease site, such as skin disorders, and 
distant Agnikarma (sthanantriya) is done away from the actual diseased area.

Four kinds of shape of the Agnikarma are described in Ayurveda classics: Valay – cir-
cular, Bindu – dotted with a pointed object, Vilekha – linear, and Pratisarana –produced 
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by the rubbing of a heated object upon the site up to the desired extent (Acharya 
Sushruta) [5]. Three additional shapes of Agnikarma are: Ardhachandra – semilunar or 
crescent shaped, Swastika – cross shaped, and Ashtapada – having eight arms or limbs 
(Acharya Vagbhata) [6].

According to the depth and tissue involved, four kinds of Agnikarma are Twak 
Dagdha, Mamsa Dagdha, Sira snayu Dagdha, and Sandhi Asthi Dagdha [7].

1.1 Indications of Agnikarma

A number of diseases and conditions belonging to the musculo-skeletal system, 
eyes, ENT, hernias, sciatica, elephantiasis, hemorrhoids, sinuses and fistulae, head-
ache, and benign neoplasms have been explained in texts where Agnikarma is indi-
cated as a therapeutic measure [8].

The above statement is based on the indications mentioned in the Ayurveda text, 
that is, in Sushruta Samhita. On the basis of this concept, some clinical trials are 
conducted in Ayurveda research institutes and published in the PubMed indexed 
journals. The clinical pieces of evidence in the context of Agnikarma in the manage-
ment of musculo-skeletal disorders are Tennis elbow [9], lumbar spondylosis [10], 
osteoarthritis of the knee joint [11, 12], sciatica [13, 14], migraine [15], and benign 
growths like warts [16, 17].

The clinical pieces of evidence in the context of Agnikarma in musculo-skeletal 
disorders with doi numbers are review articles [18, 19], trigger finger [20], calcaneal 
spur [21], de Quervain’s tenosynovitis [22], plantar fasciitis [23], cervical erosion 
[24], gynecomastia [25], and mucocele [26].

The clinical pieces of evidences other than PubMed-indexed journals in the 
context of Agnikarma in the management of musculo-skeletal disorders are corn 
[27, 28], direct inguinal hernia [29], osteoarthritis of the knee joint [30, 31], cervical 
spondylosis [32, 33], planter fasciitis (calcaneum spur) [34, 35], and sciatica [36].

1.2 Contra-indications of Agnikarma

It should not be done in Pitta Prakriti (Pitta-dominating body constitution), 
Bhinna kosthas (abdominal perforations), Dourbalya (general debility), Vriddha (old 
age), Baala (children), Bheeru (fearful or bogey man), a person afflicted with a large 
number of Vrana (multiple wounds), Antah shonita (internal hemorrhage) [37], and a 
person who is unfit for svedana (unfit for hot fomentation) (Anuddhrita Shalya) [38]. 
According to Acharya Charaka, Agnikarma should not be done in the vrana of snayu 
(tendon or ligament injuries), marma (vital parts), Netra (eyes), kushtha (leprosy), 
and vrana with visha and Shalya (wounds with poison or retained foreign body) [39].

1.3 Suitable time or Ritu (Season) for Agnikarma

Agnikarma can be done during all the seasons except Grishma (summer) and 
Sharad (extreme winters) [40]. It is because in Sharad, there is vitiation of Pitta and 
Agnikarma also aggravates Pitta, and it may lead to further Pitta vitiation. During 
Grishma season, there is increase in environmental temperature and Bala (vital 
force) of the patient remains weak. Even in these seasons, in emergent conditions that 
are amenable only to Agnikarma, it may be used after taking appropriate counter-
measures to protect the patients from the complications.
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1.4 Methodology of Agnikarma

1.4.1 Pre-operative measures

The collection of instruments, other required articles, and assistance should be 
ready. Diet: All the required Agnikarma should be done after feeding the patient with 
Pichhila diet (slimy diet/curd rice).

Examination, investigations, and other precautions: Before going for any surgical 
or para-surgical procedure, a complete assessment should be carried out regarding all 
the factors, such as routine blood investigations like CBC, blood sugar, etc. Tetanus 
prophylaxis is given. Patient’s Bala (strength), Marmasthana (vital parts), Roga, 
and Ritu (season) should be properly assessed. Only after that Agnikarma should 
be done [41]. After confirmation of the site of Agnikarma, it is marked (maximum 
tenderness). The selected site is cleaned with Triphala kwath or normal saline (in any 
condition, spirit should not be applied). The area is covered with a sterile holed towel.

1.4.2 Main procedure

After completion of the assessment of the patient and making final diagnosis, 
Agnikarma should be done with a suitable instrument according to the Dosha (body 
humor) and Dhatu (body tissue) involved and on the site mentioned for the disease 
until the Samyaka Dagdha lakshanas are produced. Depending on the nature of the 
disease, the predominance of the Dosha, and its site, 10–12 heat burns are made with 
appropriate Shalakas (probes). According to the disease, superficial burns, that is, 
‘Twaka dagda’, are done for the disease receding superficially, and deep heat burns, that 
is, Mamsa Dagda, are done for deep-seated diseases. During the procedure, the patient 
may feel pain, so he or she should be taken in confidence and assistance may be required 
to hold him or her so that the procedure can be performed appropriately. During and 
after Agnikarma, aloe vera pulp should be applied to minimize the burning sensation.

1.4.3 Post-operative Measures

After completion of Agnikarma, the part where Agnikarma has been done should be 
anointed with Madhu (honey) and Ghrita (clarified butter) for Ropana (healing) of Dagdha 
Vrana (burn wound). Wound should not be made wet to prevent the wound infection.

1.5 Probable complications

1. Heena Dagdha: If the Shalaka is not properly heated, it will produce this type of 
Dagdha.

2. Ati-Dagdha: This complication is produced due to transfer of more heat from the 
red-hot Shalaka to the diseased part.

3. Marmaghata: Due to the fear of burn, the patient may go in vasovagal shock. 
Emergency treatment should be given to the patient.

4. Daha (burning): More or less burning pain is experienced by each and every 
patient undergoing Agnikarma Chikitsa. This may be treated by Avachurna  
(dusting) of Yashtimadhu powder or Lepa of Ghritkumari Swarasa.
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5. Shopha (odema): Inflammation is one of the complications; it should be treated 
accordingly with shothahar (anti-inflammatory drugs).

6. Dushta Vranata: Infection at the burn site is one of the complications, which 
should be treated accordingly as a superficial burn.

2. Evidence-based research studies

The research studies carried out by researchers of Ayurveda with the help of 
different sources of Agnikarma in the management of OA knee joint has been summa-
rized with a brief methodology and results citing the references of published research 
studies for further details.

Pragnesh D. Pandya had conducted a study on 18 patients of Sandhigata Vata 
(osteoarthritis) of knee joint with the aim to evaluate the role of Agnikarma and inter-
nal Ayurveda medicine in the management of OA knee joint [42]. Selected patients 
were divided into 3 groups. In group A (n = 6), patients were treated with Binduvata 
Agnikarma by boiling Ghrita (clarified butter) after local anesthesia (2% lignocaine) 
in the respective knee joint one time. In group B (n = 6), patients were treated by 
Vata Vidhvansadi Yoga followed by Shuddha Guggulu Vati as internal medicines for 
12 weeks. In group C (n = 6), patients were treated with both the therapies, that is, 
Agnikarma locally and drugs internally. Those patients who were in group A and B 
were observed with equally benefited patients who were treated locally as well as with 
internal medicines, that is, patients in group C, showed comparatively better results 
than group A and B. The study concluded that Agnikarma offers a better and compe-
tent solution in the management of Sandhigata Vata (OA of knee joint).

Dhiraj D. Chandasna had done further study on 21 patients of Sandhigata Vata 
(OA of knee joint) [43]. All 21 patients were divided in 3 groups. In group A (n = 7), 
patients were treated with Binduvata Agnikarma by boiling Ghrita (clarified butter) 
after local anesthesia on the affected knee joint one time. In group B (n = 7), patients 
were treated with Vata Vidhvansadi Yoga followed by Shuddha Guggulu Vati as internal 
medicines for one month. In group C (n = 7), patients were treated with both the 
therapies, that is, Agnikarma locally and drugs internally. 100% relief in all the symp-
toms was found in 4 patients out of 7 in group A, 1 patient out of 7 in group B, and 
all 7 patients in group C. Those patients who were in group C showed comparatively 
better relief among the 3 groups. The study concluded that Agnikarma is effective in 
the management of Sandhigata Vata (osteoarthritis).

Nilesh G. Jethava reported a study on 28 patients of Janu Sandhigata Vata to evalu-
ate the efficacy of Agnikarma with Rajata and Loha Shalaka in the management of 
Janu Sandhigata Vata (OA of knee joint) [44]. A study was carried out in two groups, 
in which patients of group A received Agnikarma treatment with Rajata Shalaka and 
patients of group B received Agnikarma treatment with Loha Shalaka once a week for 
4 weeks. Both groups showed statistically insignificant difference in the result. Loha 
Shalaka showed better result for pain relief compared to Rajata Shalaka. The study 
has proven the efficacy of Agnikarma in Janu Sandhigata Vata (OA of knee joint) for 
pain management.

Sucheta Ray conducted RCT on Agnikarma with two different Shalakas in OA of 
knee joint [45]. A total of 30 patients were divided into two groups: Rajat Shalaka 
and Tamra Shalaka. Assessment was done after the follow-up on 7th and 14th days. In 
patients treated with Rajat Shalaka, complete remission was seen in 3 patients (20%), 



205

Ayurveda Research on Agnikarma in Osteoarthritis of Knee Joint
DOI: http://dx.doi.org/10.5772/intechopen.108968

remarkable improvement in 6 patients (40%), and moderate improvement in 6 
patients (40%). In patients treated with Tamra Shalaka, complete remission was seen 
in 2 patients (13.33%), remarkable improvement in 4 patients (26.66%), and moder-
ate improvement in 9 patients (60%). Results in both groups were statistically highly 
significant with p value of ≤0.0001. The study showed that Agnikarma with Rajata 
Shalaka was more effective than Tamra Shalaka in relieving the pain, tenderness, and 
other signs and symptoms of Janu Sandhigata Vata (OA of knee joint).

Aneesh Sharma carried out RCT on Agnikarma and Panchatikta Guggulu in the 
management of Sandhivata (OA of knee joint) [11]. A total 33 patients with Janugata 
Sandhivata were divided into 2 groups; in group A (n = 18), Agnikarma was done 
with Panchadhatu Shalaka once every week for one month, while in group B (n = 15), 
Agnikarma was done along with Panchatikta Guggulu given orally for one month.

Sandhishula (pain), Sparshaasahyata (tenderness), Sandhisphutana (crepitus), 
and Sandhigraha (stiffness) were weekly assessed by subjective gradation, and a 
range of movement (ROM) was recorded in research proforma. In Sandhishula, 
86% relief was seen in group A, whereas 77.78% relief was seen in group B. 
Sparshaasahyata was reduced by 69% in group A, while 87.78% in Group B. Nearly 
39% improvement was seen in Sandhisphutana in Group A, while 46.67% in Group 
B. In Sandhigraha, 63% relief was obtained in each of the groups. The patients got 
relief from the pain after first sitting of Agnikarma in both the groups. The relief was 
sustained for more than 3 months in most of the patients, as noted during follow-up. 
There was no significant difference in radiological findings before and after treat-
ment in both the groups.

Mohasin Kadegaon et al. conducted a clinical study on 30 patients of Sandhigata 
Vata with special reference to Janu Sandhi (OA of knee joint) [46]. The aim of the 
study was to evaluate the efficacy of Agnikarma and Svedana in the management of 
OA of the knee joint. All the selected patients were equally divided into 2 groups. In 
group A (n = 15), patients were treated with Agnikarma in the affected knee joint in 
a single sitting by Lohadhatu Shalaka, and in group B (n = 15), patients were treated 
with Dashamula Nadisveda for 7 days. Follow-up was done on 7th and 14th days. 
Agnikarma with Lohashalaka is more effective in the management of Vedana and 
Stambha, whereas Dashamula Nadisveda is more effective in treating Sandhisotha. The 
overall result of improvement seen in group A was 74.62%, while in group B it was 
70.19%. The study showed better and quick result in Agnikarma with Lohashalaka as 
compared to Dashamula Nadisveda (OA of knee joint).

Parth Pandya et al. did further study on 30 patients with Janu Sandhigata Vata 
(OA of knee joint) [47]. In group A (n = 15), patients were treated with Agnikarma 
by Panchadhatu Shalaka once a week for one month. In group B (n = 15), patients 
were treated with Agnikarma by Panchadhatu Shalaka along with Panchatikta 
Guggulu orally for one month. There was not much difference in the percentage of 
improvement in both groups. However, the combined effect of Agnikarma and oral 
Panchatikta Guggulu showed better results in reference to relief in the complaints of 
joint pain, joint stiffness, and crepitus.

Anju Lata et al. carried out RCT on a comparative study of conductive and 
direct method of Agnikarma with Tamra Shalaka in Sandhigatvata [48]. A total of 
60 patients with OA of knee joint were divided into two groups. In the conductive 
method (n = 30) and direct method (n = 30) of Agnikarma with Tamra Shalaka 
at an average temperature of 150°C and 50°C, respectively, it was found that the 
pain, tenderness, and swelling were significantly reduced after treatment by both 
methods with a p-value less than 0.05. But in the direct method, more effective and 
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satisfactory result was found than in the conductive, which method might be due to 
a high temperature of about 150°C. The study concluded that Agnikarma shows good 
results in pain relief when the temperature of the Shalaka is 150°C and more in condi-
tions like osteoarthritis of knee joint.

Ruchi Pandey carried out an RCT to evaluate the effect of Agnikarma along 
with Panchatikta Guggulu in the management of Janu Sandhigata Vata (osteoar-
thritis of knee joint) [49]. In group A (n = 21), 4 sittings of Agnikarma were done 
with Panchadhatu Shalaka. In group B (n = 20), 4 sittings of Agnikarma were done 
with Panchadhatu Shalaka along with Panchatikta Guggulu orally for one month. 
Significant relief was observed in both groups in all subjective parameters. Clinically 
and percentage wise, group B showed better results. The study concluded that 
Agnikarma alone has a definite role in reducing the knee joint pain and tenderness, 
but the addition of Panchatikta Guggulu showed convincing results in stiffness, swell-
ing, and range of movement of knee joint. The author also demonstrated a video of 
Agnikarma for the same study [50].

Shubham Puri conducted a study on Agnikarma and indigenous drugs in the 
management of Janu Sandhigata Vata w.s.r. to OA of knee joint [51]. In this study, in 
group A, 15 patients received oral indigenous drugs, while in group B, 15 patients 
received Agnikarma with Rajat Shalaka. Agnikarma was done in four sittings with a 
weekly interval. The group of patients who received Agnikarma showed better results 
as compared with the orally treated group of patients. In terms of the two parameters 
of pain and range of movements, Agnikarma-treated patients showed very good result 
as compared to patients treated with oral medications. The study concluded that 
Agnikarma was found to be very effective in the management of Janu Sandhigata Vata 
(OA knee joint).

Syyed MJ carried out RCT on Agnikarma in 60 patients of Janu Sandhigata Vata 
w.s.r to OA of knee joint [52]. Patients were randomly allocated to receive either con-
servative medicine or Agnikarma for a period of 15 days. Clinical efficacy was evalu-
ated on 7th and 14th days on the basis of cardinal symptoms with a visual analogue 
scale. Treatment with Agnikarma produced a significant drop in the severity of pain 
(p < 0.001). Radiological assessment, however, did not show any significant changes 
in both the groups.

Lobo SJ did a comparative clinical trial on 60 patients with Janu Sandhigata Vata 
(OA of knee joint) [53]. The aim of the study was to evaluate the effect of Agnikarma 
(therapeutic heat burn) by Suvarna Shalaka (rod made of gold) and Panchadhatu 
Shalaka (rod made up of five metals). All patients were divided into two groups. In 
group A (n = 30), patients were treated by Agnikarma with Suvarna Shalaka, and 
in group B (n = 30), patients were treated by Agnikarma with Panchadhatu Shalaka 
once a week for four weeks. All patients were followed up after 15th and 30th days. 
The statistical analysis showed that Agnikarma by Suvarna Shalaka was statisti-
cally more significant in reduction of pain, tenderness, crepitus, swelling, angle of 
flexion, and extension compared to Agnikarma by Panchadhatu Shalaka. Thus, the 
study concluded that Suvarna Shalaka Agnikarma is found more beneficial than 
Agnikarma using Panchadhatu Shalaka in prime symptoms of Janu Sandhigata Vata 
(OA of knee joint).

Raut SR conducted a case-based study on pain management by the conductive 
method of Agnikarma with Suvarna Shalaka in Janu Sandhigata Vata [54] in three 
sittings. On every 7th day, it was observed that the response of the patient was good to 
conductive Agnikarma therapy. The pain is reduced in VAS from 7/10 to 0/10. ROM 
flexion improved from 110 to 135 with no burn marks.
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3. Conclusions

Thus, in conclusion, Agnikarma is practiced in India with positive outcomes in the 
management of OA as a conservative measure, and its effects are sustained for up to 6 
months. This procedure needs further evaluation with other parameters like inflam-
matory markers in a scientific way in more number of cases. Data on more number of 
cases with specific parameters and multicentric trial are needed for the exact mode of 
action and scientific validation.
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