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Preface

It is with great pleasure that we present this book on the very latest innovative approaches
to the management of patients with spinal deformities and postural disorders. We sincerely
hope that you enjoy reading the ten chapters included within and that this new knowledge
and information will serve as a platform for continued innovations and improvements in the
management of this patient group.

Spinal deformities and postural disorders are becoming much more common these days with
the increasing numbers of older people, where approximately 70% of elderly people over the
age of 70 years have some types of spinal deformity. Postural disorders are also increasingly
present in younger people due in some part to the huge expansion in mobile devices.

The book is comprised of six distinct sections on the innovative approaches to the measure-
ment, personalised care, exercise, brace and surgical treatment, as well as the latest treat-
ment for patients with spinal disorders who experience balance problems.

The six sections include the following:

Section 1 discusses the “Measurement of Spinal Deformities and Postural Disorders” and
includes two chapters. One chapter presents the “Limits of Normality and Symmetry in
Standing Back Shape and Posture in Normal Young Adults”, whilst the second chapter in
this section discusses the “3D Spine and Full Skeleton Model for Opto-electronic Multi-Sen-
sor Biomechanical Analysis”.

Section 2 discusses a number of very interesting “Innovative Approaches to the Personalised
Care of Spinal Deformities and Postural Disorders”. These include two highly original chap-
ters on personalised care using computational simulation and virtual prototyping of garments.

Section 3 is on the use of “Innovative Approaches to the Scoliosis-Specific Exercise Treat-
ment of Spinal Deformities and Postural Disorders” and includes three chapters as follows:
“A Pilot Study on the Effect of Outpatient Schroth Exercises on Thoracolumbar and Lumbar
Curves in Adult Scoliosis Patients”. The second chapter is on the “Sagittal Alignment in Spi-
nal Deformity: Implications for the Nonoperative Care Practitioner”, and the third chapter
discusses a very interesting and not very well-known approach to the treatment of patients
with spinal deformities and postural disorders called “Postural Restoration: A Tri-Planar
Asymmetrical Framework for Understanding, Assessing and Treating Scoliosis and Other
Spinal Dysfunctions”.

Section 4 presents a detailed chapter on “The Principles and Biomechanics of the Rigo
Cheeneau-Type Brace”, whilst Section 5 of the book discusses an “Innovative Approach to
the Surgical Treatment of Spinal Deformities and Postural Disorders” and discusses a very
exciting chapter on the “Fusionless Correction of Moderate Adolescent Idiopathic Scoliosis
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with a New Minimally Invasive Dynamic Implant (ApiFix®) and Postoperative Schroth Sco-
liosis-Specific Exercises: Case Series”.

Finally, the last section presents an “Innovative Approach to the Treatment of Postural Bal-
ance in Spinal Deformities and Postural Disorders”.

We very much hope that you and all service users— patients, clinicians, researchers and oth-
ers—will enjoy reading this very interesting and exciting book on the latest innovations in
the management of patients with spinal deformities and postural disorders. We greatly wel-
come any feedback or comments and look forward to hearing from you. We would like to
thank Ms. Mirena Calmic for all her help with all aspects of getting this book completed.

Editor: Dr. Josette Bettany-Saltikov

PhD, MSc, MCSP, PGCHE

Senior Lecturer and Chartered Physiotherapist Programme Leader,
Doctorate of Health and Social Care,

Teesside University Institute of Health and Social Care,
Middlesbrough, United Kingdom

Co-Editor: Dr. Sanja Schreiber

PhD, RK, Schroth Scoliosis Instructor, and Adjunct Assistant Professor
Faculty of Rehabilitation Medicine,

University of Alberta,

Alberta, Canada
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Chapter 1

Limits of Normality and Symmetry in Standing Back
Shape and Posture: 3D Mapping and Analysis of Young
Adults

Josette Bettany-Saltikov,
Gokulakannan Kandasamy, Dariusz Czaprowski and
Lukasz Stolinski

Additional information is available at the end of the chapter
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Abstract

Abnormalities of posture are a common cause of pain and disability. Objective measure-
ment systems for postural evaluation are not widely accessible in the UK especially on
the National Health Service. Within physiotherapy practice one of the most common
methods of assessing posture and/or back shape is by visual observation which is prone
to error and lacks objectivity. The study has sought to produce normative values for back
shape and posture indices in young asymptomatic adults. A convenience sample of 100
Teesside University (TU) students were recruited. This study used a 3-D Digitizer. Data
was analyzed using SPSS. The acromion and the inferior scapular angle in the dorsal
frontal plane differed between the right and left shoulders of the back in females. The
distance between the inferior angle of the scapula and the apical thoracic vertebrae also
differed. No other statistically significant differences were found in distances between
key landmarks. Overall young adults are very symmetrical. Frontal plane angles showed
that overall healthy young adults have relatively straight spines. The left inferior angle
of the scapula in females was found to be rotated anteriorly in comparison to the right
shoulder. Results will provide a normative database for clinicians who routinely assess
back posture.

Keywords: posture, assessment, gender differences, normative values, digitizer

1. Introduction

Abnormalities of back shape and posture are a common cause of pain and disability with the
range of effect from discomfort to incapacitating disability being related to both the severity

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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as well as to the persistence of the faults [1]. While the terms “back shape” and “back posture”
are sometimes used interchangeably it is important to be clear of what precisely is meant by
each term. The focus of the term “posture” is on muscular and skeletal balance as seen from
the definition provided by the American academy of orthopedic surgeons. The society define
“good” posture as “that state of muscular and skeletal balance which protects the support-
ing structures of the body against injury or progressive deformity irrespective of the attitude
[sitting, lying erect] in which these structures are working or resting.” Under such conditions
the muscles will function most efficiently and the optimum positions are afforded for the
thoracic and abdominal organs [2].”

The focus of the term “back shape” on the other hand is on the back surface and generally
refers to the surface topography of the back. “Topography [from Greek topo-, “place,” and
graphia, “writing”] is the study of the back’s surface shape and includes the measurement of
parameters that may or may not be similar to those measured for back posture.” For instance,
thoracic kyphosis and lumbar lordosis are usually measured when assessing both back shape
and back posture.

The measurement of the surface equivalent of the spinal curvature [Cobb angle] in the frontal
plane, however is usually measured solely during the assessment of spinal deformities within
orthopedic clinics or private practices. A further key difference is that different professional
health practitioners traditionally use different terminologies. Spinal deformity clinics within
orthopedic medical practice generally refer to back shape whereas within physiotherapy
practice the term “posture” is usually the term of choice.

The assessment of back shape and posture is common practice in a number of disciplines
within rehabilitation [1]. Within physiotherapy practice one of the most common methods of
assessing posture and/or back shape is by visual observation of standing posture as viewed
from the back and sides and is a routine part of all back assessments for patients with low
back pain and/or spinal dysfunctions. Kipling et al. [3] in a survey on Common methods
of assessing posture in Physiotherapy practice, found that up to 82% of physiotherapists
reported using observation alone to evaluate patients posture.

A more recent survey was developed very recently in 2016 by Johnson et al. [4] who created
the “The Postural Assessment Survey.” The authors surveyed a group of manual therapists
(chiropractors, physical therapists, osteopaths and sports therapists) to ascertain whether or
not they actually used postural assessment within their practice, and if so what type of assess-
ment they used. 432 therapists answered the question about which method of postural assess-
ment they used. The large majority of therapists (98.15% n=424) said that they used visual
postural assessment.

Back shape/postural assessment is also part of the clinical examination for patients with spi-
nal deformities in musculoskeletal clinics. Within Physiotherapy and Orthopedic clinical
settings, the parameters evaluated may differ. Physiotherapists primarily evaluate asymme-
tries in standing back posture at four key areas; the shoulder level, scapular level, pelvic level
and the posterior superior iliac spines (PSIS) levels [5]. In the orthopedic setting however
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the assessment of back shape and posture is predominantly focused on the assessment of
the skeletal measurement of spinal curvature on x-ray together with the measurement of the
maximum trunk inclination values in forward bending [5].

Normative values of back shape and posture values may assist in classifying back shape types
and provide normal ranges of different back surface parameters for the purpose of research
or clinical decision making.

Two key studies in this area are those by Bettany-Saltikov [6] and Duff and Draper [7].
Bettany-Saltikov conducted a study evaluating normal back shape in young adults using the
Integrated spinal imaging system (ISIS1). This is an optical computer system that is able to
measure the 3D surface topography of the back. We were able to produce a representative
scan for the interpretation of the back shape for all participants included in the study. This
study found a mean thoracic kyphosis of 24.9 mm (median 24 mm, deciles: 6.8-47.2 mm). The
thoracic kyphosis values found in this group of young adults are very similar to the chil-
dren in Duff and Draper’s study [7] who reported a median value for thoracic kyphosis of
27.8 mm (17-40 mm).

Carr et al. [8] reported these values in degrees and therefore values were not directly com-
parable. In this study the mean [umbar lordosis was 14.9 mm (median 14 mm). The lumbar
lordosis values were found to be greater in Saltikov’s study [6] that evaluated young adults
compared to the Duff and Draper study (median 9 mm) that evaluated children. This suggests
the possibility that lumbar lordosis may increase during growth from young adolescence
to young adulthood. Carr et al. [8] however reported no significant differences in lumbar
lordosis angles between children and adults. It is possible that these changes may be due to
variables such age, race and other population differences.

Duff and Draper [7] conducted a survey of back shape in children using the Integrated spinal
imaging system (ISIS1). with a sample of 105 boys and 101 girls, with an age range of 12.28-13.69
years. It was noted by the authors that these parameters were specific to the age group of the
subject’s used. Duff and Draper [7] also commented on the need for a standardized value for
what should be considered a “normal” degree of back shape and spinal curvature that may
be used as a reference against which back posture and shape parameters can be measured in
young teenagers.

Within both fields therefore uncertainly still remains as to what constitutes “normality” within
the context of standing back shape and/or posture. More pertinently the question remains
“what are the limits of normality in standing back shape and posture?” In other words, how
do physiotherapists and other clinicians know when a patient’s posture is abnormal, if the
ranges of normality are not known? Knowledge of what actually constitutes normality would
significantly benefit clinicians in this field as it would enable them to decide when postural
retraining exercises or other treatment modalities are warranted.

A further problem with regards to the quantification of back shape is that no boundaries of
“normality” have been established that are universally accepted. Sahrmann [9] comments on

5
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the need for establishing normative values with standard deviations for spinal curvature that
would benefit the analysis of extreme variations of spinal alignment and better inform the cli-
nician as to the nature of the condition as a whole. However, in the literature while numerous
spinal deformities have been defined, sparse information is available on the quantification of
normal back parameters in standing. Kawchuk and McArthur comment that the primary limi-
tation in the study and treatment of scoliosis is the lack of an accurate, reliable, convenient and
completely safe form of scoliosis quantification [10]. Indeed, normative data of standing back
shape and posture for comparison and reference in young adults is not currently available.

2. Objectives

1. To identify the limits of normality and symmetry/asymmetry of back shape and posture in
a group of healthy young male and female subjects (i.e., to establish normative reference
values).

2. To evaluate the symmetry/asymmetry between key anatomical landmarks and distances
between the left and right sides of the back in normal young female and male subjects.

3. To compare back shape and posture in normal young males and females.

3. Materials and methods

3.1. Subjects

A convenience sample of 100 TU students were recruited for this study (n=>59 females and
41 males). Their ages ranged from 18 to 40 years old. Subjects were excluded if they had any
lower limb or back injury that prevented the subject standing for the duration of data collec-
tion, any vestibular problems that prevented the subject maintaining normal balance for the
duration of data collection or a known allergy to self-adhesive stickers when in contact with
the skin. Ethical approval was granted by Teesside University School of Health and Social
Care ethics committee.

3.2. Instrumentation

The Middlesbrough Integrated Digital Assessment System (MIDAS) (Figure 1) is a tool for
acquiring a static 3-D computer recording of a physical object. A counterbalanced mechanical
arm has optical sensors in each joint for X, Y, Z coordinate awareness with a mean accuracy
of 0.23 mm. A footplate was created with marks to standardize foot position and a chart was
placed on the wall in front of the subject with markers to focus on [11-13].

Through assessment with an anatomical mannequin this system demonstrated very high
intra-rater reliability (ICC>0.999, p<0.0001) [12], with a sample of 50 human subjects
(r=0.92-0.99, p<0.001). Further intra and inter rater reliability were also found excellent
when evaluated by McAlpine et al. [14]. Additionally previous work has found improvements
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Figure 1. The microscribe digitizer in resting position.

in repeat measurements with foot and vision standardization [10]. The MIDAS was placed
on an adjustable tripod for positioning and connected via a serial port to a laptop PC for data
storage. A set of scales and a stadiometer were used to obtain weight and height measure-
ments of subjects.

3.3. Procedure

Subjects read the subject information sheet and after consenting to participate were attired so
that their back was visible for landmark identification. Subjects stood and fixed their vision to
a point on a wall chart, in agreement with other studies of postural assessment tools [14]. The
landmarks used were identical to those used in previous MIDAS studies [11, 15]. Landmarks
were identified as shown in Table 1. Selection of anatomical landmarks.

The landmarks above were carefully chosen from current clinical methods, back shape stud-
ies as well as studies related to spinal deformities [16]. The intention was to produce a map of
the back for cervical, thoracic and lumbar regions that enabled the two sides of the back to be
identified and produced a “normal” back shape profile in three dimensions. To date it is still
unclear what “normal” back shape is although attempts have been made in school children
[8]. The spinal vertebrae chosen were those at the ends of the apices of each curve, i.e,, VP TA
and T12 in the cervical thoracic and lumbar regions. For landmarks on either side of the back,
bony points were chosen that were as far from the spine as possible to enable a total picture
of back shape to be produced. It needs to be remembered that this is a work in progress and
changes could be made in future in response to the results obtained.

Data collection involved the tester touching the MIDAS stylus tip to each of the marked points
in a standardized order dictated by the software and pressing the foot pedal of the MIDAS to
store the position on the computer. Data was analyzed using the Statistical Package for Social
Sciences (SPSS) version 23.

7
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Label Anatomical point

AL Left acromion processes

AR Right acromion process

SL Left inferior angle of scapulae

SR Right inferior angle of scapulae
ICL Left iliac crest

ICR Right iliac crest

PSL Left posterior superior iliac spine
PSR Right posterior superior iliac spine
c2 2nd cervical vertebra

CA Anterior cervical vertebra

VP Vertebra prominens

TA Anterior thoracic vertebra

T12 12th thoracic vertebra

LA Anterior lumbar vertebra

SA Sacral point

Table 1. Key to standing back anatomical landmarks measured.

4. Results

4.1. Frontal plane values
4.1.1. Mean distances between key anatomical landmarks in male and female subjects

In the frontal plane, the mean distances between key anatomical landmarks can be seen in
Table 2. The only statistically significant differences found between the two sides of the back
in females were the distances between the acromion and the inferior scapular angle; with the
right side distance (AR-SR) being significantly smaller than the left side distance AL-SL as
seen in Figure 2. The other statistically significant difference found was between the inferior
angle of the scapula and the apical thoracic vertebrae. For this parameter the right side dis-
tance (TA-SR) was significantly greater than the left sided value (TA-SL). No other significant
differences in the distances between key anatomical landmarks between the left and right
sides of the back were found. Further no significant differences were found for all key ana-
tomical landmark distances in male subjects between the two sides of the back. The mean
female and male distances and standard deviations on the left and right sides of the back can
be seen in Tables 2 and 3. The back landmarks positions and representation of key anatomical
landmarks on a mannequin are presented in Figures 3 and 4. Normative values of analysed
parameters can be seen in Tables 4 and 5.
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Frontal plane back Female left Male left Female Maleright  Mean diff P value
shape distances side (mm side (mm right side side (mm between left
between key and SD) and SD) (mm and )SD and SD) and right side
anatomical landmarks distances mm
for female subjects

F M F M
Distance between 1746+16.6 1952+262 171.9+14.2 1982+29.1 27 3.12 NS NS
vertebra prominans
and the acromion
(VP-AL; VP-AR)
Distance between 1759+12.1 1911144 171.3+16.7 190.1+148 4.6 0.97 0.003 NS
the acromion and the
inferior scapula
Distance between the 221.3+189 234.8+28 220.7 +21.8 2389+33.1 0.5 -414 NS NS

inferior scapular angle
and iliac crest

Distance between the 63.8+17.9 73.4+58.3 63.5+17.8 63.7+19.7 .33 9.61 NS NS
iliac crest and the PSIS

Distance between the 551+11.9  59.7+12.08 53.8+12.8 60.4+21.4 124 065 NS NS
PSIS the sacral point

Distance between the 88.4+122  116.7+542 923+135 1159+30.8 3.96 .75 0.046 NS
inf. angle of the scapula

and the apical thoracic

vertebrae

Distance between 65.8+19.8  76.8+473 65.4+16.9 71.1+255 046 572 NS NS
the iliac crest and the
lumber apical vertebra

Table 2. The distance between the acromion and the inferior scapula on the left side is statistically longer than the
right side and the distance between the inf. angle of the scapula and the apical thoracic vertebrae on the right side is
significantly longer on the right side than on the left side.

4.1.2. Differences in female and male height values between the left and right sides of the back for
key anatomical landmarks in the frontal plane

The set of values below Table 3 refers to the differences in height levels between specific key
anatomical landmarks on the two sides of the back. The only significant differences found
were at the level of the shoulders; The left shoulder acromion was significantly higher than
the right (AL > AR). Otherwise no other staticatically significant differecnes were found at the
levels of the inferior scapular angle, the iliac crests and the PSIS. In males there were no stat
sign difference at any level, however at the PSIS level the left PSIS showed a trend toward
being higher than the right PSIS

4.2. Dorsal frontal plane spinal angles

The mean frontal plane angles values showed that overall healthy young adults have rela-
tively straight spines. The mean thoracic curvature value was +2.38° and the mean lumber
curve was +1.65°.

9
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2, CAand VP

AL and AR

3L and SR

TA and T12

ICL and ICR

PSL and PSR LA and SA

Figure 2. Back landmarks identified with self-adhesive marker.

PSu PSr

Figure 3. Representation of key anatomical landmarks on a mannequin, with a description below.
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1. AL is higher than AR in the frontal plane
2. Distance AL-SL greater on left side than on right side

3. Right side distance (TA-SR) was significantly greater than the left sided value
(TA-SL) for females

4. No significant differences were found for all key anatomical landmark distances in
male subjects between the two sides of the back

™ ™

Figure 4. Frontal plane lateral asymmetry value for one female subject [surface equivalent to Cobb angle].

Differences in height Females Males
levels bet thet
gve's beween e two Height 95% CI of the P value Height 95% CI of the P value
sides of the back in males . X . .
. difference and difference difference and difference
and females Left side N N
. R R SD in mm SD in mm
minus right side
Shoulder level (acromium)  4.48 +10.98 1.63-7.35 .003 -1.34 +13.07 -5.71 t0 3.01 NS
ALz-ARz
Inf. angle of scapula 012+7.6 -1.86t02.11 NS -2.43 £9.06 -5.44 to0 0.59 NS
SLz-SRz
Tliac crests ICLz-ICRz -0.22+72 —-224t01.78 NS -5.7+9.11 -3.61 to 2.47 NS
PSIS PSLz-PSRz 0.53 £4.10 -53to 1.6 NS 1.38+4.91 -0.25 to 3.02 NS (0.09)

Table 3. Differences in height levels between the two sides of the back in males and females.

11



12

Innovations in Spinal Deformities and Postural Disorders

Mean spinal distances between spinal anatomical landmarks in Mean values and SD in mm
the frontal plane

For female subjects For male subjects
Distance between C2 and the apical cervical vertebra CA 279+8.1 442735
Distance between the apical cervical vertebra and the vertebra 49.5+29.7 66.6 +41.8
prominens
Distance between the vertebra prominens and the thoracic apical 371.0+51.2 388.6 £ 67.6
vertebra
Distance between the thoracic apical vertebra and the 12th Thoracic ~ 227.9 +32.6 241.1+£40.6
vertebra
Distance between the 12th Thoracic vertebra and the lumber apical 90.5+29.6 88.9+40.7
vertebra
Distance between the lumbar apical vertebra and the sacral point 89.5+25.8 96.3 +27.5

Table 4. Normative values for the mean spinal distances between spinal anatomical landmarks in the frontal plane for
female and male subjects.

Differences in depth Females Males
levels bet the t

gve's beween e two Height 95% CImm of Pvalue Heightdifference 95% CIof the P value
sides of the back in . . . . .

difference and the difference and SD in mm difference in

males and females SD i N
Left side minus right nmm mnmm mm
side
Shoulder level 5.85 +40.05 -4.58 to 16.29 NS 11.55+34.9 -0.10t023.19 P=0.05
(acromium) ALy-ARy
Inf. angle of scapula 5.82+23.24 -023t011.88  P=0.05 6.22+18.64 0.01 to 12.44 P=0.05
SLy-SRy
Iliac crests ICLy-ICRy 2.08 +13.81 -1.52 to 5.69 NS -0.298 + 34.2 -1441t0845 NS
PSIS PSLy-PSRy 2.45+13.84 -1.15to0 6.06 NS 3.29 +12.54 -0.89 to 7.47 NS

Table 5. Female and male normative values and mean differences between the left and right side of the back in the
horizontal plan.
4.3. Horizontal plane values (rotation)

The left inferior angle of the scapula in females was rotated forward in comparison to the right
shoulder. No other statistically significant differences at the acromium, iliac crests or PSIS
were found (see Table 5).

4.4. Sagittal plane values for female and male subjects

The mean thoracic kyphosis angle was 29.37 +3.94° and the mean lumbar lordosis angle was -37.7.
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5. Discussion

The purpose of this study was to produce normative data for asymptomatic standing back
shape and posture in young adults, against which significant postural deformity could be
defined. Although numerous commercial optical and computer systems are available [17-20]
data on normal adolescent and adult back shape have so far been scarce [12, 13]. This will
affect the clinical certainty with which we can establish an observed spinal curve as abnormal
and therefore be able to initiate appropriate treatment.

Overall young adults in the current study were very symmetrical. The mean distances
between the left and right sides of the back and the average values were calculated. Overall
only the distance between the scapula and the acromion process was significantly smaller on
the right side than the left side of the back. It is possible that this is related to the fact that most
subjects were right handed and asymmetry can be related to the upper limb dominance influ-
ence. In a typical posture pattern the right shoulder is lower than left in right-handed people
[1, 21]. Additionally, as the body is not perfectly symmetrical, some deviations may have no
clinical implications [5].

“Normal” standing posture is generally described as one with a straight back and no trunk
asymmetries [22]. Comparison between studies using quantitative results is difficult because
of the wide diversity of tools used within other studies. A further challenge is that different
quantitative variables have been measured in different studies through different approaches;
for example, the different back shape instruments that have been used in previous studies,
such as non-tactile optoelectronic systems like the formetric and ISIS2 systems where a light
beam is shone onto the back [23-25]. The microscribe digitizer used in this study is a tool for
acquiring a static 3-D computer recording of a physical object based on optical sensors in each
joint of the instrument and is capable of measuring all three X, Y, Z coordinates. The methods
for measuring angles or distance used by these different systems has meant that comparison
of “normal” values between different systems is very difficult as the individual parameters
are calculated in different ways.

With regards to the methodological aspects of this study, the sample size of 100 individuals
comprised a homogenous population of young adults. The results have provided a template
or framework of the range and limits of normative values for specific back variables of young
adults in a standing posture. We acknowledge that a hundred subjects is not usually consid-
ered to be a large sample size and agree that a larger sample size of a few hundred subjects
would have increased the external validity of this study (the degree to which the results can
be transferred to the general population of young adults).

The other statistically significant difference was the distance between the inferior angle of the
scapula and the apical thoracic vertebrae. For this parameter the right side distance was signifi-
cantly greater than the left sided value. No other significant differences in the distances between
key anatomical landmarks between the left and right sides of the back were found in females.
For male subjects however no statistically significant differences were found between the left
and right sides of the back for all the key anatomical landmark distances. To the best of our
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knowledge no similar studies using the Microscribe have been conducted that have measured
similar variables so it was not possible to compare the results of this study with previous studies.

In the frontal plane the key difference in height levels between specific key anatomical
landmarks on the two sides of the back was at the level of the shoulders; the left shoulder
acromion was found to be significantly higher than the right. Further, no statistically sig-
nificant differences were found at the levels of the inferior scapular angle, the iliac crests
and the PSIS. In males there were no statistically significant differences between the two
sides of the back. However, at the PSIS level, the left PSIS showed a trend toward being
higher than the right PSIS.

With regards to the measurement of the frontal plane spinal angles, the mean frontal plane
angles values showed that overall healthy young females have relatively straight spines. As
stated previously, in this current study the mean thoracic curvature value was +2.38° and the
mean lumbar curve was +1.65°. This supports the textbook “Ideal” of adults having a rela-
tively straight spine [1]. These results however differ to the results we obtained previously
using the surface topography equipment ISIS to measure a similar cohort of young adult stu-
dents [6]. In this study, the mean thoracic curvature value found was 16.1° + 6.9° and the mean
lumbar curvature value was 13.4° + 6.9°. It is the authors belief that the differences in values
obtained from the ISIS2 scanner and the microscribe digitizer are due to the fact that the ISIS2
scanner has previously been shown to overestimate the magnitude of small curves [26].

In our study and in this population of young asymptomatic adults we found a mean thoracic
kyphosis of 29.37° and lumbar lordosis of -37.7° in the sagittal plane. These values support the
values provided by the Scoliosis Research Society who suggest that the normal range of tho-
racic kyphosis is between 20 and 40° on X-ray measurement [18, 26]. Our results also support
the study by Betz [27] who found that the normal range for lumbar lordosis on X-ray ranged
between —20 and —60°. Propst-Proctor and Bleck and Stagnara et al. evaluated the sagittal pro-
file of a group of normal subjects aged 20-29 years old [28, 29]. The mean values of thoracic
kyphosis ranged from 30 to 50° and the mean values of lumbar lordosis was calculated to be
55° which was greater than the lumbar lordosis in our group of subjects.

Bernhardt and Bridwell [30] conducted a segmental analysis of sagittal plane alignment of
the normal thoracic and lumbar spines as well the thoracolumbar junction on X-rays. Within
this study a wide range of healthy subjects (n=102) aged between 5 and 29 years old were
included. The authors reported a mean value of thoracic kyphosis at 40°, and mean of lumbar
lordosis at —44°. While the thoracic Kyphosis in our study support the results obtained in the
Bernhardt study, the lumbar lordosis reported in the Bernhardt study is much higher than the
mean lumbar lordosis in our study. This may possibly be attributed to the fact that Bernhardt
study included a wide range of ages comprised of children, adolescents and adults.

6. Limitations

The Microscribe is a manual measurement tool and although is very easy to use in a research
setting it is not really ideal to use in a clinical setting at the current time. More research
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as well as instrument development is needed before this Microscribe can be used within a
clinical setting. It should be particularly well suited to use in small clinical units owing to its
simplicity of operation, size and cost. In today’s climate of evidence based medicine there
is an increasing emphasis on objective assessment to monitor treatment effectiveness. Our
results stress the need for clinicians to objectively assess back shape and posture in three
dimensions, as our study shows that changes in one dimension are associated with changes
in other dimensions.

Future studies should focus on measuring normal back shape and posture throughout the
life cycle as well as evaluating the effectiveness of different management strategies on back
shape and posture. This is necessary to provide a positive shift toward a more objective and
evidence based profession. More work is necessary to determine an appropriate set of clini-
cally relevant measures to be implemented for use in clinical practice.

7. Conclusions

Ranges for normality of back shape and posture suggest that overall young asymptomatic
males and females are very symmetrical, with the exception of shoulder values in young
females. The normative ranges provided should help clinicians decide when postural retrain-
ing exercises or conservative treatment is warranted.

The results will also provide a normative database for clinicians (physiotherapists, chiro-
practors, spinal surgeons) who routinely assess back posture. Additionally, this method of
assessment will provide an evidenced based objective alternative to other crude methods of
assessment or just “eyeballing” back posture during clinical evaluation. Accurate recording
of intervention or efficacy of treatment, if scientifically based on reliable measures can be used
to credibly validate treatment effectiveness.
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Abstract

Quantitative functional evaluation of spine is highly desirable in posture and movement
analysis. Given the complexity of the spine biomechanical system, very few studies out-
line the behaviour of the spine in posture and movement analysis. During a research
lasting 25 years, a complete three-dimensional (3D) parametric biomechanical skeleton
model including a 3D full spine model based on the measurements of the positions of
suitable body landmarks labelled by passive markers has been implemented. Around
this model, a fully dedicated 3D opto-electronic stereo-photogrammetric system named
Global Opto-electronic Approach for Locomotion and Spine (GOALS) has been devel-
oped. Depending on different analysis purposes, the model can work at different stages
of complexity. The model can integrate seamlessly data deriving from multiple mea-
surement devices, such as 3D stereo-photogrammetric systems, force platforms, surface
electro-myography and foot pressure maps. In addition to single-trial analysis, the pos-
sibility to assess and to extract mean behaviours either for posture or for cyclical tasks
(e.g. multiple strides in gait) has been included. The aim of this paper is to describe the
current level of development of the GOALS system and its versatility as a clinical tool. To
this purpose, examples of multi-factorial quantitative functional descriptions of paradig-
matic cases are presented.

Keywords: stereo-photogrammetry, posture, 3D spine, skeleton model, movement and
gait analysis, surface electro-myography

1. Introduction

The interest in spinal- and postural-related pathologies and the evaluation of their related
functional impairment is widely represented in both biomechanical and clinical research

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINN
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literature. The need for quantitative posture and spine shape analysis is recognized as crucial
for clinical assessments in physical medicine and rehabilitation [1] and very important in
designing and developing treatment programmes, planning of orthopaedic surgical proce-
dures [2], and monitoring the progression of pathology and/or treatment outcomes [3, 4].

Posture, that is, the attitude in the space of the body whilst sitting, walking or standing, is a
dynamic event, even in relation to the simple neutral-standing-erect position. In fact, even for
the neutral erect standing, which is usually considered as a static posture, we know that, in
reality, the body is continuously oscillating. So, the standing posture could be characterized
by an ‘equilibrium status’ (i.e. the mean standing position) together with the intrinsic vari-
ability in terms of oscillations around this status (i.e. the standard deviation associated to the
mean). In an analogous way, also cyclical-repetitive movements such as gait, in which the
lower limbs move in an alternating cyclic way, can be described by an ‘equilibrium status’
(i.e. the mean gait cycle) together with the associated variability. It is very well-known that
posture (i.e. equilibrium status and associated variability) is strictly related to any given men-
tal and/or physiological status (healthy, pathological, voluntarily maintained, fatigued, under
physical and/or psychological stress etc.). Further, different factors can affect one's postural
demeanour including familial physical aspects, anatomical structural impairments, postural
habits and work activities.

In this way, from a neurophysiological point of view, by analysing this mean status and con-
nected variability it is possible to derive important information about the functional status
of a human body system as well as the related control mechanisms provided by the central
nervous system (CNS) [5, 6].

The quantification of such functional evaluation in an unobtrusive and innocuous but com-
plete way is a big challenge from an instrumental point of view.

This is particularly true when the analysis of the full-skeletal posture, including the three-
dimensional (3D) shape of the spine, is considered. In fact, although in the last decades, a real
enhancement in the diagnostic technologies based on image processing (e.g. digital X-ray,
digital 3D stereo X-ray reconstruction, computed axial tomography (CAT) scans and mag-
netic resonance imaging (MRI)) has led to a significant improvement in accurate and detailed
information, in the evaluation of skeletal anatomical structures and spine-related pathologies.
However, except for dynamic X-ray and the very recent dynamic MRI, no single one of these
techniques is able to provide information about the functional state of the vertebral column
and related patient posture [7, 8].

Indeed, two-dimensional (2D) X-ray-based images with their potentially harmful ioniz-
ing effects and their ‘single-shot’ nature are still commonly used in clinical examination.
Moreover, they are not free from technical limitations such as the presence of image noise,
distinctive characteristics of imaging techniques and the variable positioning of the patient
during image acquisition, which represent a major source of variability and create the risk of
evaluation errors that may conceal the actual geometrical relationship between anatomical
structures [9].
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Many efforts have been made in recent years to develop non-invasive techniques to overcome
such X-ray-based shortcomings. Unfortunately, many of these new approaches still embody
certain limitations. Namely, they are either able to provide only partial measurements or alter-
natively are unable to perform simultaneous 3D measurements throughout the whole spinal
column. In some cases, they require that the subject maintain a specific and restricted postural
demeanour, which significantly affects the outcomes, as occurs for both electro-goniometric
and/or flexicurve devices [1, 10, 11]. More recently, some interesting low-cost photographic
methods have appeared in the literature. However, even if these new methods present prom-
ising results they still exhibit significant intrinsic limitations: the single-shot approach, lack
of genuinely instantaneous 3D posture measurement (the coronal and sagittal planes are not
recorded simultaneously) together with weak calibration procedures, all of which limit their
use to follow-up monitoring [12-15].

Furthermore, even the more commonly available rastereography back-surface measurement
technique raises questions and doubts that require further clarification. Curiously, even if it
has been introduced for the evaluation and follow-up of scoliosis, particular concern is related
to discrepancies found in spine shape with respect to X-ray techniques in the coronal plane
[10, 16].

Given the restrictions above, it has been demonstrated that, in this context, a technique,
named opto-electronic stereo-photogrammetry, offers a significant solution for the cap-
ture of functional information necessary for addressing clinical problems in rehabilitation
medicine and is increasingly being reported in the literature for use in exploring different
original approaches [1, 6-8, 17-30]. Basically, this approach is reliant on the possibility
of obtaining 3D measurement of points in space using a number of calibrated TV cam-
eras (at least two) using stereo-vision principles. With this technique, the measurement is
restricted to few specific body landmarks, labelled by retro-reflective or active markers,
neglecting other information such as the back surface of the trunk (as in rastereogra-
phy) to lower the computational effort allowing very fast measurements (hundreds per
second).

So, for a static-erect posture both the ‘equilibrium status’ (averaged shape measurement) and
the intrinsic variability (standard deviation around the mean) in term of oscillations around
this status can be easily obtained. Additionally, the analysis can be expanded to quantitatively
document the kinematics of the full skeleton during movement. Given that this method has
no harmful effects, it provides a ‘natural” approach for both the capturing and monitoring of
the progression of pathology and/or treatment outcomes.

Among the various 3D opto-electronic stereo-photogrammetric original approaches pre-
sented in the literature [6-8, 18-30], we focus here on a new recently proposed integrated
stereo-photogrammetric opto-electronic system named GOALS' (Global Opto-electronic

‘Bioengineering & Biomedicine Company Srl Pescara, Italy.
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Approach for Locomotion and Spine based on Optitrack? hardware) fully founded on the
protocol and procedural techniques formerly presented by D’ Amico et al. [7] together with
the subsequent development and upgrading of the system [6-8, 17, 27-30].

The actual implementation of the GOALS system and related biomechanical skeleton model
allows for the analysis of the full human skeleton 3D posture and movement taking into
account the 3D spine shape considering each vertebral level as well as the postural attitude of
the head, the trunk, the pelvis, the legs and when necessary the upper limbs. It is able to per-
form a multi-sensor approach, fully integrating data deriving from force platforms, surface
electro-myography (SEMG) and foot pressure maps. In addition to kinematic measurements,
depending on the specific analysis requirements to be fulfilled, this can also include the mea-
surement of the forces, torques and electro-muscular activity of participants or patients. By
means of data fusion and optimization procedures, all these inputs can be used in the skeleton
model to assess internal joint forces, torques and muscular effort. This allows for the correla-
tion of the full-functional evaluation of subjects with their morphological characteristics.

The possibility of assessing and extracting mean behaviours for cyclic or repetitive tasks (such
as multiple strides in gait) has been included as well [8, 27, 28, 31].

The applications and the valued contribution in clinical-functional diagnoses of differ-
ent classes of posture, locomotion and spine-related pathologies using the GOALS system
together with its original biomechanical approach have been presented in literature [6-8,
27-31]. Thousands of patients are currently analysed and followed up with this methodology.

The highly sophisticated and demanding computing tasks to acquire data and to solve the
whole skeleton model's equations and algorithms can be approached even on relatively low-
cost powerful PC workstations. Examples of multi-sensor quantitative functional descriptions
of pathological cases are presented to describe the actual level of development of the GOALS
system/skeleton model and the actual capability to use them as a clinical tool.

2. Materials and methods

As described in Section 1, the GOALS system has been specifically developed for the use of
an opto-electronic stereo-photogrammetric measurement approach within a clinical environ-
ment. This project stems from over 25 years of biomechanical-clinical research conducted by
our research group having in mind the following three specific ‘GOALS'’:

(1) Find a way to use stereo-photogrammetry to measure the posture and/or movement to
achieve the greatest possible number of clinically relevant parameters.

(2) Include in the measurements, a detailed description of the 3D shape of the spinal column
in relation to the description of the whole-body posture, to appropriately study the dis-
orders of the spine.

2NaturalPoint Inc., OR, USA.
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3) Represent the results in clinical and intuitive manner, with strict biomechanical princi-
p p
ples, but at the same time hiding the weight of complex mathematical methods involved.

To meet the above points, we have developed an adjustable body skeleton model, which
automatically adapts to the measures of the subject. To allow the use of this method in a
simple and quick way in daily clinical practice, the model was designed with the intention to
maintain the smallest possible number of body landmarks.

2.1. Hardware configurations

The GOALS system can present different configurations depending on the requirements
necessary to be fulfilled for the specific analysis that needs to be performed. In general,
for the analysis of erect standing posture coupled to measurements of lateral and forward
bending movements to evaluate the functional mobility of the spine, a configuration with
six specially designed infrared TV cameras (IR TVC) (0.3 Mpix resolution) is sufficient to
have a fully automated measurement process. When more complex movements such as
gait, running, jumping, cycling, and so on are of interest, a 12-16 IR TVCs (1.3 Mpix at 120
fps) configuration has been found to be appropriate. For some very special advanced motor
tasks related to sports activities such as those in artistic/rhythmic gymnastics, in which large
acquisition volumes are required and fast jumps and rotations are performed, the GOALS
system allows configurations that can employ IR cameras with a resolution of 1.7 Mpix at
360 fps or even up to 4.1 MPix at 180 fps in an arrangement that can easily reach 100 or even
more IR TVCs (Figure 1).

*BASIC CONFIGURATION * * 'ADDING TV CAMERAS *
: : *UP TO 100TV .
. - I| or More =
> HOST COMPUTER
&
BAROPODOMETRIC |
[
PRINTER

E ~ DOUBLE MONITOR
PICTURE

Figure 1. A general schematic configuration of GOALS system.
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For posture evaluation (six IR TVCs at 0.3 Mpix resolution), the usual acquisition volume (i.e.
the physical calibrated volume of the room, inside which the subject can be measured with
known accuracy and precision) is in general somewhat like 3-m wide by 3-m deep by 2-m high.
With such a configuration, the usual final mean 3D stereo-photogrammetric error is limited to
a range of 0.3-0.4 mm throughout the entire working volume. If higher resolution IR TVCs are
used, the 3D stereo-photogrammetric error is even lower. The whole calibration phase takes
less than 5 min. This calibration step is needed only when the cameras are initially installed or
when they are moved to a new position. When the installation is fixed in a research laboratory,
the calibration is performed only occasionally to maintain an accurate calibration level.

2.2. Model configurations and associated protocols

As mentioned above, in order to analyse the full human skeleton posture and movement, our
group started a project in the mid-1990s to create a complete and accurate 3D biomechanical
model of the human skeleton, with particular attention to the accurate reproduction of spinal
detail. This was achieved by merging different segmental biomechanical models presented in
the literature [7].

The accuracy and precision of the model rely on anatomical findings (cadaver dissections, in
vivo X-ray and gamma ray measurements parametric regression equations) [32-35] as well
as a variety of signal-processing procedures and optimization methods described in the lit-
erature [6-8, 27-31]. The model was conceived in an adjustable form in order to enable the
scaling of the individual characteristics of any subject. This was achieved by fitting the 3D
anthropometric size of a given skeletal segment, to 3D opto-electronic measurements of the
corresponding body landmarks labelled by passive retro-reflective markers [7].

The model can work at different levels of complexity depending on the purposes and require-
ments of the analysis. In fact, when necessary, it is possible to increase the level of detail for
parametric scaling by obtaining additional anthropometric measurements relative to specific
anatomical segments. To this end, various protocols involving different body labels have been
established for different analytical purposes [6-8, 27-31].

The protocol, which has been developed for the analysis of human posture and spine-related
pathologies (scoliosis, back pain, etc.), is based on 27 selected human body bony prominences
accurately identified by palpation. The comprehensive list of these anatomical landmarks is
given in Figure 2. An example of the related full 3D skeleton reconstruction, obtained via
opto-electronic stereo-photogrammetric measurement, can be found in Figure 3.

For gait analysis, a 49-marker protocol has been set-up to appropriately define the pelvis-
lower limb kinematic chain [8, 27, 28] (Figure 4).

The posture and gait analysis protocols share the same landmarks that are set for the head,
trunk and the pelvis. Within the 49-marker protocol, the pelvis-lower limb apparatus is mod-
elled by a 9-link chain model, with the pelvis, thigh, shank and foot links joined by ball and
socket joints representing the hips, the knees and the ankles, respectively. At least three mark-
ers per each segment have been used, in particular: for the pelvis: (as above) bilateral anterior
and posterior superior iliac spine (ASIS and PSIS) bony landmarks; femur: great trochanter



A 3D Spine and Full Skeleton Model for Opto-Electronic Stereo-Photogrammetric Multi-Sensor... 25
http://dx.doi.org/10.5772/intechopen.68633

27 Markers set for Full Skeleton 3D Posture Measurement
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Figure 2. Protocol for 3D posture analysis: list of 27 anatomical landmarks identified by palpation.

3D Full Skeleton Posture Reconstruction
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Figure 3. Subject's pictures and assessed full 3D skeleton reconstruction.

middle thigh and lateral and medial femoral epicondyles; shank: head of fibula, tibial tuber-
osity, middle shank, lateral and medial malleoli; foot: heel (calcaneus process), the first and
fifth metatarsal heads, distal big toe end point (Figure 4).
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Gait Analysis Protocol 49 Markers Set
1 o

Figure 4. Protocol for 3D gait analysis includes a set of 49 identified anatomical landmarks.

The foot marker set in particular allows for the modelling of the foot and is subdivided into
two different rigid bony segments: fingers-forefoot segment identified by big toe first and fifth
metatarsal heads and rear-mid-foot identified by the first and fifth metatarsal heads and heel
(see the small panel representing the flexed forefoot in Figure 4). This latter choice allows for a
more accurate description of the ankle-foot complex biomechanics. By using regression equa-
tions [32], the ASIS and PSIS positions provide the basis for the assessment of hip joint centre
positions and of pelvis width. The knee joint centre is taken as the mid-point of the segment
linking the femur medial and lateral epicondyles, and the ankle joint centre as the mid-point
of the segment joining the two malleoli. A modified version of this latter protocol (adding
the humerus lateral epicondyle and ulnar styloid landmarks) allows the determination of the
upper limb positions when they are of interest.

When the focus of the analysis is on neck and back pain, specific test batteries have been estab-
lished to evaluate the related postural and spinal dysfunction. In this case, a further three-
marker set is placed on a head band and are added to either the 27- or 49-marker protocols in
order to be able to reconstruct the head and neck even during a forward-bending test. In fact,
during the patient's forward-bending execution the three markers placed on the face (zygo-
matic bones and chin needed to measure the skull position and orientation) usually disappear
from the TV-cameras’ field of view. In this case, the skull landmarks cannot be identified
anymore. To overcome this problem, three added markers are placed on a head band: during
orthostatic posture acquisition, the rigid geometrical relationship occurring between the head
band markers and the anatomical skull markers ones is established.

Afterwards, during forward bending, the markers on the head band always remain visible to the
cameras, thus allowing the skull and neck position and orientation reconstruction alongside all
the movement measurements. In the same way, head axial rotations can also be evaluated for neck
pain patients. In addition to the 3D kinematic measurements, the GOALS system capability can
be expanded, when necessary, by gathering additional biomechanical data (forces, pressures,
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electromyographic signals, etc.) measured simultaneously by different sensors, allowing to per-
form what is defined in the literature as a ‘multi-factorial approach’ [36] (Figure 5).

The ‘multi-factorial approach’ means the capability to fully integrate all these measurement
data into a unified approach to correlate and combine all the morphological-kinematic char-
acteristics measured in order to achieve a full-functional evaluation with the aim of using the
results of such measurement for clinical purposes and objectives.

By using the multi-factorial approach, additional useful functional information is available.
In particular, by using ground reaction forces and the segmental inertial and gravitational
contributions derived from the skeleton/body model, it is possible to assess the joint net forces
and torques at each lower limb joint and even at each spine inter-vertebral level by using a
model derived from Liu and Wickstrom in 1973 [35].

Baropodometric platforms and/or baropodometric in-shoe insole system allow to measure
the underfoot pressure distribution maps. These latter are very useful when a better descrip-
tion of the foot-floor interaction is needed to proceed to plantar foot orthoses custom design.

When of interest, SEMG is recorded by a telemetric system following the SENIAM European
project recommendations [37]. In gait analysis, the activity of lower limb muscles is recorded
to investigate motor co-ordination/dysfunction. In low back pain (LBP), the multifidus (MF)
and erector spinae-longissimus dorsi (ESLD) activities are bilaterally collected to study the
flexion-relaxation phenomenon (FRP) (see case n. 4 in Section 3 for a detailed explanation)
[38]. In neck pain patients, SEMG is generally recorded bilaterally on the upper trapezius and
sternocleidomastoid muscles.

Multifactorial Movement Analysis

WIRELESS SEMG
LEP PROTOCOL
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Figure 5. General ‘multi-factorial-multi-sensors” experimental set-up for GOALS system for 3D posture and movement
analysis.
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2.3. Biomechanical data acquisition and measurement processing

The standard trial session aims to completely define the subject's posture both in the ortho-
static position and in simple or complex dynamic conditions. Each static postural attitude
is considered correctly recorded when at least five, 2-s lasting, acquisitions are performed.
Given the GOALS system data acquisition rate depending on the hardware configuration, we
can have rates starting from 100 up to 360 Hz); this means that a minimum of 1000 measure-
ments are averaged per each static postural stance [6-8, 27-31]. Before averaging, an amount
of pre-processing is needed on the acquired 3D raw data in order to comply with clinical
analysis requirements.

Once the 3D skeleton reconstruction is obtained, it is possible to compute, on the derived
model, all the clinical parameters that are generally calculated on the radiographic image and
used for the correct description and biomechanical characterization of spinal pathology (i.e.
Cobb and kypho-lordotic angles).

Moreover, a set of significant biomechanical variables describing the three-dimensional nature
of body posture are obtained. To describe trunk and global unbalancing, spinal offset and
global offset (i.e. displacements of each spine markers with respect to the vertical line passing
through the S3 vertebra and with respect to the vertical line passing through the middle point
between the heels, respectively) are used [6-8, 27-31]. Both global and spinal offset values are
finally averaged to obtain descriptive data that summarize these parameters (Figure 6).

Other parameters include pelvis frontal and sagittal inclinations, pelvis torsion, shoulder-
to-pelvis, pelvis-to-heels and shoulder-to-heels horizontal rotations (Figure 7), joint forces,
joint torques and several more. The 49 markers set can be used not only for gait or movement
measurements but it can be very useful when deeper information about lower limbs seg-
mental posture is sought (intra-extra rotations, ab-adductions flexion-extension). In fact, in
this way the posture measurements are complemented by the pose of each lower limb chain
segment enlightening joint adaptations, anomalies and/or weakness.

Our studies as well as our clinical experience led us to identify a set of static attitudes (such
as indifferent orthostasis—that is, neutral erect standing—with and/or without an underfoot

L Apleal Vertebrae 5§ ®) zlobal Offsct (Middie point bebwieen heels

Figure 6. (a) From left to right: automatic identification of frontal plane spinal curves, related Cobb angular values and
spinal offsets with respect to the vertical line passing through S3; (b) full 3D skeleton posture reconstruction (frontal and
sagittal views), including global offsets computation and visualization.



A 3D Spine and Full Skeleton Model for Opto-Electronic Stereo-Photogrammetric Multi-Sensor... 29
http://dx.doi.org/10.5772/intechopen.68633

Figure 7. (a) Frontal spinal angles, pelvis orientation and torsion as derived by the relative position of PSIS and ASIS
landmarks; (b) leftward and rightward lateral-bending tasks performed by a scoliotic subject.

wedge, self-corrected manoeuvres, ante-retroversion static postural exercises and sitting pos-
ture), which can provide a complete documentation of subject postural, balancing and mor-
phological characteristics. As for static posture, also for gait the possibility to extract the mean
gait cycle characteristics has been considered and developed.
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The mathematical details for the optimization of the procedure as well as the average gait
cycle computation are beyond the limits of this chapter [8, 27, 28].

The final outcome is the mean gait cycle in which the average time course and associated standard
deviation is defined per each variable of interest [8, 27, 28, 31]. Two main advantages can be enu-
merated with the possibility to extract the mean characteristics of both static posture and cyclic
motor task (gait): first, it allows to overcome the single measurements analysis limits by taking
into account the ensemble behaviour improving the statistical reliability of the evaluation; second,
it permits to obtain information about the repeatability and variability of the performed motor
task, thus enlightening the subject's motor control capability. For the graphical representation as
well as clinical parameter visualization and enlightening, a software package (named ASAP 3D
Skeleton Model®) based on 3D graphic modelling has been developed. This latter is now available
as a commercial software package (Bioengineering & Biomedicine Company S.r.l. Italy).

3. Results

Several studies are currently being carried out by our group about spine and posture disor-
ders with the described methodology. A few examples are summarized below in order to
show the capability of this multi-factorial approach to process many different measurements,
thereby allowing all the results to be combined in a unified view.

3.1. Case n.1 scoliosis 3D posture static and dynamic analysis versus X-ray measurement

The first example (Figures 6 and 7) represents the outcome of the procedure for the analysis
of a patient with scoliosis. The left panel shows the description of the spinal deformity that
shows full agreement with the X-ray measurement which is displayed.

On the right panel, a full 3D skeletal posture reconstruction in both the frontal and sagittal
planes is depicted. The end and apical vertebrae, Cobb angle values as well as the spinal and
global offset values and their averages are automatically identified and computed.

In Figure 7a, the pelvis orientation is described together with the associated torsion as derived
by the relative position of PSIS and ASIS landmarks (left panel); in addition, the relative rota-
tions of shoulder-pelvis-feet on the horizontal plane are represented (a second illustration
without skull and feet is also given on a side to highlight trunk torsion). In Figure 7b, the
dissimilarities in the stiffness of different spinal segments along the vertebral column are
depicted, due to position and magnitude of scoliotic curves, describing hyper/hypomobility
during the performance of lateral bending tasks.

3.2. Case n.2 scoliosis and leg length discrepancy: multi-factorial static and gait analysis
first evaluation versus control

This describes a 13-year-old patient with scoliosis and leg length discrepancy (LLD). The LLD
is corrected during measurements at the first evaluation by placing an underfoot wedge—the
optimal value of which (10 mm under left foot) was determined as the one producing the best
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global posture outcome considering all the combined spine deformities and postural param-
eters. In addition, the analysis of underfoot pressure distributions suggested the use of cus-
tomized foot orthoses to reduce ankle pronation at both feet, complemented by the wedge
correction under the left foot. The patient was measured after a period of 6 months during
which she was wearing the recommended foot orthoses.

In Figure 8, the within-sessions comparison (both at first evaluation and at control measurement
session after 6 months) between a neutral-standing posture and an underfoot wedge-corrected
neutral-standing posture (upper row panels) is presented. At the control session, for the wedge-
corrected standing position, instead of a simple heel rise the patient was measured with her cus-
tomized foot orthoses. A cross-session comparison between neutral orthostasis at first evaluation
and wedge-corrected neutral orthostasis at control is also displayed in the bottom-row panels.

The model is able to indicate and explain the almost perfect realignment of the spine and
trunk balance induced by foot orthoses/wedge correction worn during a 6-month period,
with a dramatic reduction of spine deformities in the frontal plane.
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Figure 8. Composite figures representing comparison of posture, and related balance and spine morphology changes in
the frontal and sagittal planes between indifferent (i.e. neutral) orthostasis (left side of a,b,c,d panels) and wedge-corrected
neutral orthostasis (right side of a,b,c,d panels), of a 13-year-old patient presenting with a leg length discrepancy (LLD),
when 10-mm heel rise was positioned under left foot. The same patient underwent a gait analysis test at both first and
follow-up (after about 6-month) sessions.
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For this patient, the study of gait biomechanics was also performed. Figure 9 shows the mean
gait cycle computed over 10 different strides. The mean trajectories of each considered land-
mark together with the associated frame-by-frame standard deviations are represented. Each
trajectory is depicted by a time series of spheres, each one being centred in the frame-by-frame
computed mean 3D co-ordinate and having radius given by the magnitude of the assessed
standard deviation. In addition, the mean patterns of ground reaction forces are displayed.

It is interesting to note how the standard deviations of the trunk-spine landmark trajectories
are significantly smaller than those of the head and lower limb landmarks (as shown by the
different dimensions of spheres). Such findings demonstrate, from a biomechanical stand-
point, that the patient was preserving her mechanical energy and minimizing oscillations. The
patient also had a very strict repetitive motor pattern for the trunk (where most of the body
mass is amassed), while she was releasing more variability in the distal segments. Our group
is currently conducting studies to further explore this phenomenon on a wider population.

In this case, the model allowed the investigators to also assess the ROMs of the spinal defor-
mity angles as well as the variation of stresses acting on the spine during gait. Such outcomes
have been compared to the values assessed during orthostasis.

Comparisons are presented in Figures 10 and 11, where the effects of LLD on both morphol-
ogy modifications and stresses acting on the patient's spine during orthostasis and gait are
put on evidence. Figure 10 shows the cross-session comparison between neutral orthostasis at
first evaluation (left panel) and wedge-corrected (customized orthoses) neutral orthostasis at

Mean Gait Cycle

Figure 9. The mean gait cycle. Averaged 3D trajectories of each considered landmark and of ground reaction forces
patterns, together with the associated frame-by-frame standard deviations (3D radius of each depicted sphere).
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Figure 10. Composite figures representing comparison of posture, spine morphology and related spine torques in frontal

plane between neutral orthostasis (left panels) and orthostasis when 1-cm wedge was positioned under left foot at first
evaluation of a scoliotic patient (right panels).
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Figure 11. Composite figures representing a mean gait cycle comparison of the above-described scoliotic patient, during
first evaluation (left panels) and at 6-month control (follow-up) (right panels). In each figure, the lower panels represent
spine shape and computed spine torques at each inter-vertebral level taken at frames in which the spinal curves reach
their maximum (at thoracic levels). The upper panels show spinal curves full ranges throughout the mean gait cycle,
arrows pointing at reached maximum angular value. From these results, it can be noted that the inter-vertebral torque
values, assessed at control session, fall below one-third with respect to the first-session values.
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control (right panel). As can be seen, the spine shape remodelling and global posture rebalanc-
ing induce a complete transforming of the spinal inter-vertebral torques in the frontal plane,
with a factor 4 reduction (i.e. the maximal values at follow-up are below 25% of the maximal
values at first evaluation) at the upper thoracic level where the major deformity was present.

Theoretically, during neutral orthostasis, no inter-vertebral torques should be present in the
frontal plane, if the spine was straight, aligned with gravity line and in the symmetry plane
of the subject. Conversely, the occurrence of spinal deformities and postural unbalance deter-
mine an amount of not-negligible trunk torques loading each vertebra in an asymmetric way.
Such behaviour could be dramatically worsened during a dynamic activity like walking. In
fact, when static and dynamic values are compared (Figures 10 vs. 11), it is evident that during
gait, spinal deformities increase and spine loads are higher. For instance, at thoracic level the
Cobb angle value of the curve passes, from static to dynamic condition, from around 17° up to
around 26°. Moreover, as it can be seen, also the values of assessed trunk torques, result dur-
ing gait, of a magnitude of up to six times the values assessed during neutral erect standing.
This phenomenon can be very important in the evolution of scoliosis inducing a spine defor-
mities progression. In fact, taking into account the in vivo demonstration of the well-known
Heuter-Volkmann principle, asymmetric loads on functional spinal unit (i.e. vertebrae plus
inter-vertebral discs) determine a wedging process on both inter-vertebral disc and vertebrae
during growth [39, 40]. In this way, any action inducing a reduction of such asymmetries
results in beneficial effects. In the described case, in the comparison between the first session
and follow-up at 6 months, the positive effect of customized foot orthoses complemented by
wedge correction is greatly confirmed both in the static measurements and during gait.

Finally, to analyse the changes induced on the biomechanics of walking of a patient after
6 months of the use of customized foot orthoses, complemented by the wedge correction
under left foot, baropodometric analysis outcomes have been compared. Figure 12 shows the
comparison of the mean gait cycles (as assessed from 10 strides each) at first evaluation (left
panels) and at control (right panels) in terms of pressure maps and derived vertical forces
measured by baropodometric foot insoles device during locomotion on the floor. This kind of
baropodometric device provides measurements of the in-shoe direct interaction of the foot.
So, to avoid obvious direct modification of pressure maps induced by customized foot ortho-
ses at control session, the same neutral insoles have been used in patient's shoes for both
sessions, but adding the 10-mm left underfoot wedge correction during the control session.

In Figure 12, it is manifest that the use of underfoot wedge correction (and of the customized
insoles during 6 months) demonstrated to contribute in underfoot load asymmetries reduction
as well as a better underfoot pressure distribution. In fact, by the analysis of vertical forces pat-
terns it results that, at first evaluation, a different load between feet was occurring, being the
left one more loaded along all the stance phase (upper-left panel). Moreover, a different heel
to forefoot load transfer pattern is evident between the right and left foot showing that left foot
stance phase was significantly longer than the contralateral, that is, the left foot pushes more
and for longer time being more propulsive. In the pictures, to represent map pressures of stance
phases, the so-called ‘peak frames’ are used. They are defined as the maps obtained by assign-
ing to each pressure cell the peak pressure value reached during stance. Peak pressure maps
enlighten (left-lower panel) the different loading patterns in each foot showing the pressure
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First Session vs Control

“Neutral” Mean Gait Cycle 10mm Wedge Mean Gait Cycle

Figure 12. Baropodographic analysis of the mean gait cycle. The mean gait cycle characteristics obtained when the
patient was walking wearing an underfoot wedge (right panel) and without underfoot wedge (left panel) are compared.
Averaged force patterns, averaged peak pressure maps and COP patterns are represented pointing out the reduction of
differences and asymmetries when underfoot wedge was worn.

values in different foot regions, with left foot presenting a cavo-valgus foot pattern due to ankle
pronation during stance phase as it is evident by the absence of load on the lateral aspect of
the foot between the heel and forefoot (isthmus). At control session, such asymmetries are
really reduced. The stance phases of both feet present the same duration in time, vertical forces
are almost superimposed and the lateral aspect of the left foot between the heel and forefoot
(isthmus) started to be charged presenting a reduction of ankle pronation.

In this picture, a new introduced special graphical feature for gait analysis, the so-called ‘but-
terfly’ window, is displayed in the lower panels of the figure between the two peak pressure
maps of the feet. This graphic is obtained by computing the frame-by-frame spatial weighted
baricentre of both feet COPs actual positions (feet are considered as they were symmetrically
positioned); such pattern allows an intuitive and immediate evaluation of the symmetry of
subject's gait. In fact, at first evaluation, a strong asymmetry was evident between the left and
right ‘butterfly wings’ of the diagram, pointing out different COP patterns for the left and
right foot (both in their shape and in their time duration). Conversely, at control session, the
two ‘butterfly wings’ resulted much more symmetrical, thus confirming the improvement
obtained by underfoot wedge correction.

3.3. Case n.3 low back pain: 3D posture static and dynamic analysis first evaluation versus
control

In this example, we want to show the fast-clinical intuitive use of the presented approach that
provides quantitative support to the usual clinical observational analysis. To this aim, we
superimposed the 3D reconstruction of the spine directly on the digital pictures of the patient.
The subject was analysed at first examination during an acute phase of LBP and at follow-up
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after 1 month of treatment, when she recovered from acute phase (Figure 13). It is immediate
to notice the improvement in both frontal and sagittal planes for orthostatic analysis as well
as for spine mobility during lateral-bending test. At acute phase, the patient was presenting
spine deformities and trunk unbalancing induced by pain. In sagittal plane, the physiological
lordosis was almost completely flattened. In addition, a severe functional impairment in the
range of movement as well as blocked compensation curves is evident. After the treatment
programme that removed pain, the compensation curves disappeared sagittal spine shape
and the spine mobility really improved.

3.4. Case n.4 low back pain 3D forward-bending analysis and SEMG recording: the
flexion-relaxation phenomenon

In this example, we introduce the analysis of the so-called ‘flexion-relaxation phenomenon’
(FRP) to show that the ‘stop’ of such phenomenon, that is, usually related to muscular spasms
due to pain in LBP patient during acute phase, can exist even when the pain disappears.
Movements in the lumbar spine, including flexion and extension, are governed by a complex
neuromuscular system involving both active (muscle) and passive components (vertebral
bones, inter-vertebral disks, ligaments, tendons and fascia) [38]. There is evidence to suggest
that EMG differences at paravertebral muscles exist between patients with back pain and
healthy subjects during dynamic flexion tasks performed at peak flexion [38]. To this extent,
several studies have examined the apparent myoelectric silencing of the low back extensor
musculature during a standing to full trunk flexion manoeuvre named as FRP (Figure 14).
The electrical signal reduction or silence that occurs in healthy subjects during lumbar spine
flexion has been hypothesized to represent the extensor musculature being relieved of its
moment-supporting role by the passive tissues, particularly the posterior spinal ligaments
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Figure 13. Upper panels: comparison between trunk unbalancing and spinal deformities induced by pain in LBP patient
at acute phase and the postural improvement obtained after treatment (control evaluation). Lower panels: lateral
bending tasks, revealing the patient's functional impairment of spinal mobility due to pain (left panels), compared with
recovered range of movement after treatment (right panels).
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Figure 14. The FRP (a) in the upper panel, the ranges of variation of spinal sagittal angles and of pelvis tilt for a healthy
subject performing a forward-bending manoeuvre are displayed. Full skeleton reconstructions (sagittal views) taken
in the five most significant time events of the motor task are superimposed to graphs. (b) The lower panel represents
paravertebral muscles activity recorded by SEMG, from which it can be emphasized that, in a healthy subject, a
paravertebral muscles relaxation occurs when the maximum bending position is reached.

[41]. Likewise, a failure of the muscles to relax in patients with back problems is indicative
of heightened erector spinae-resting potentials or underlying back muscle spasticity. Similar
phenomena have been documented also in neck pain [42].

In this section, we present a case study to show and analyse some new aspects about the
FRP connected to LBP and impaired functional behaviour at lumbar level. The upper panels
of Figure 15 describe the outcomes of the analysis of the execution of a forward-bending
manoeuvre performed by a healthy subject and by LBP patient in acute phase and by the same
patient at follow-up, after recovering from acute phase. The graphs represent the measure-
ment of SEMG activities recorded in the left and right MF and ESLD paravertebral muscles as
explained above in Section 2 (SENIAM recommendations [37]). The 3D skeleton reconstruc-
tion at maximum forward flexion and photos of the subjects are also shown. We remind here
that the forward-bending test is defined by the following sequence: from erect standing to
maximum forward flexion maintained for a few seconds and then a final extension movement
back to erect standing. For this test, the most significant kinematic information comes from
sagittal plane ROMs (see Figure 14) measured along the execution of the full movement of
spine angles (thoracic kyphosis and lumbar lordosis) and pelvis tilt (measured as the inclina-
tion of the 51-53 vertebral segment with respect to the vertical gravity line). By using the 3D
skeleton model, the inter-vertebral trunk torques (in the sagittal plane) are assessed as well,
during the performance of the test. While there are large obvious differences between healthy
and LBP subject in acute phase (this latter being not able to perform a complete forward bend-
ing due to pain), more interesting is to focus the analysis on the differences that persist even
after the LBP patient recovered from pain. Figure 15 presents in the lower panels a com-
parison between a healthy subject versus LBP patient (at follow-up evaluation, when no more
pain was present). As it can be noted, from the comparison of the time courses of both ROMs
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Flexion-Relaxation Phenomunon FRP-Stopl Acute Pluase FRP-Stop S Present of Coutrol!
N Pain!
LEP Subject

Healthy Vs. LBP (at Control) Subjects with Comparable Weight & Height

Pelvis & Spine R.OM.s Flexion Torques

Figure 15. Forward bending results for healthy subject and LBP patient. 3D skeleton reconstruction at maximum forward
trunk flexion and measured SEMG activity during the forward-bending test (upper-row panels). Comparison healthy
subject versus LBP patient on spine and pelvis measured sagittal ROMs (lower-left panels) and flexion torques patterns
(lower-right panels), respectively.

(of spine and pelvis sagittal angles) and flexion torques, the healthy subject presents with
respect to the pathological one, both a noticeably lower trunk torques (especially at S1-L5 low
lumbar levels) and a wider range of spinal angles, with a different pattern showing different
strategies in task execution.

In particular, the LBP patient shows a lower mobility in the lumbar spine with a decrease of the
ROM quantified in more than 25° lordosis angle value at maximum forward flexion, compen-
sated by a higher mobility in the pelvis that presents an increase of the ROM quantified in more
than 10°at maximum forward flexion. Conversely, thoracic spine mobility ranges are compara-
ble in the two subjects. Such a condition reveals a stiffer behaviour in the lumbar spine of the LBP
subject that could be connected to the still persistent FRP stop. In fact, SEMG recordings show,
in the healthy subject, a clear presence of FRP as expected, while LBP subject still shows a full
contraction activity in all the considered paravertebral muscles, that is, FRP stop. Further studies
are currently in progress to determine, on a larger LBP population, if such described FRP stop
could relate to modified stiffer pattern and reduced lumbar mobility as observed in this case.

4. Discussion and conclusion

The presented measurement system and approach contain three main sources of potential
error: (1) the accuracy of the 3D stereo-photogrammetric capture, (2) operator-dependent skin
marker positioning and (3) data processing.
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The first instance is no more an issue because present-day high-resolution stereo-photogram-
metric systems provide very high accuracy in 3D reconstruction of marker position (0.3-0.4-mm
range on a 3-m wide by 3-m deep by 2-m high working volume in entry-level standard 6TVC 0.3
Mpix GOALS system) using well-established and easy-to-manage mature stereo-photogram-
metric calibration procedure.

The second source of potential error was the cause for some initial scepticism that this meth-
odology had to suffer from. In fact, notwithstanding characterized by a series of advantages,
doubts about such an approach were mostly due to the improper belief of a certain inaccuracy
of obtained results because of manual cutaneous positioning of the passive retro-reflective
markers on the palpable bony landmarks. Additional concern was linked to supposed time-
consuming nature of the marker-positioning process. However, studies [24, 43-45] showed
that, obviously, operators need to be trained, as for each imaging-based technique but, when
they reach the necessary skill, it has been demonstrated, via X-ray and MR], that they are able
to perform by palpation accurate marker positioning on pre-defined bony prominences. In
particular on the spine, intra- and inter-examiner errors resulted relatively low with respect to
subject postural adjustment variability. Furthermore, the same studies confirmed that, when
the operators are trained, the marker placement takes only few minutes, in addition being a
substantial first stage of examination that helps as guidance for the rest of the analysis.

Indeed, the third source of error, that is, data processing, could be a major source of data
corruption if improper signal-processing techniques are used. Prior work by D’ Amico et al.
[7] originally introduced an efficient and specially devised numerical processing technique,
showing maximal error of less than 1° (approximately) for the Cobb-computed angle on a
curve of about 65°. A subsequent study on scoliotic patients [17] presented an in vivo com-
parison between frontal plane Cobb angles computed using stereo-photogrammetry and
AP (anterior-posterior) X-ray images. Results showed that Cobb angles measured via X-ray
matched those accessed via a stereo-photogrammetric system.

The advantages of the presented measurement system and approach are related to the ability
to quantitatively capture both static and dynamic body postural expressions, including spinal
shape, using 3D imaging of skeleton posture. It can achieve this for a static-erect posture and
related oscillations, as well as additionally for the eventual behaviour of body segments dur-
ing movement. This methodology has no harmful effects, so it provides a ‘natural” approach
for both capturing and monitoring the progression of pathology and/or the treatment out-
comes. Moreover, researchers and clinicians can analyse the upright standing posture in real,
neutral and unconstrained conditions, by obtaining, in a rapid and automatic way, a large
number of useful 3D and 2D anatomical/biomechanical/clinical parameters. In addition, all
possible postural characteristics are measured simultaneously and at a very fast frame rate.
These features allow investigators to perform multiple different postural tests, within a same
session, and to directly compare them in a statistically reliable way being the final assess-
ment based always on averaged data either in static or in dynamic analysis. In addition, it
allows a multi-factorial-multi-sensors approach that provides the capability to fully integrate
all the measurement data into a unified view to correlate morphological-kinematic character-
istics to full-functional evaluation and to use such results for clinical aims. When the analysis
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is focused only on 3D posture complemented by bending tests, multi-factorial clinical and
biomechanical results (including the analysis and comparisons of standing-erect posture
taken in different conditions) are immediately available, in the form of comprehensive report,
both to the operator and to the subject at the end of acquisition session. In general, the mean
duration of such analysis using the GOALS system lasts from 30 to 45 min. A longer duration
is necessary when other more complex motor tasks (gait, run, FRP, etc.) are included in the
acquisition session. The case studies presented in this chapter are only exemplary summariz-
ing examples of a wider research activity that our group has carried on in more than 25 years.
The obtained results demonstrated such methodology as being entirely suitable and effec-
tive for clinical application. This approach was not developed or intended to replace radio-
graphs, from which much more information than spine morphology can be drawn. However,
depending on the specific clinical purposes, this methodology could be used during screening
and follow-up to reduce patient irradiation, evaluation time and cost.

This framework is extremely useful as a baseline reference at the diagnostic stage not only lim-
ited to orthopaedic field but its functional-biomechanical analysis capability can be naturally
extended in neurological disorders. For this reason, it could be extremely useful at the stage
of designing and developing treatment programmes in rehabilitation, in planning of ortho-
paedic surgical procedures and in monitoring the progression of pathology and/or treatment
outcomes in any kind of postural disorders and pathologies. Additionally, it can be used ben-
eficially for the study of postural characteristics connected to different sports activities as well
as to evaluate postural change during growth and/or ageing processes. The GOALS system is
under continuous development and improvement. Thousands of patients have been analysed
and followed up with this methodology, identifying and precisely differentiating pathologi-
cal patterns proving to be a type of analysis well accepted both by clinicians and by patients.
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Abstract

Background: Statistical analyses show that both the spine curvature and the morpho-
logical properties of the vertebral bodies can differ considerably. Therefore, the best
outcome of a surgery for the individual patient could be achieved by developing patient
specific implants to prevent inadequate anchorage of implants that don’t optimally fit to
the anatomy and can cause damages of spinal structures.

Objective: The aim of our work is to develop patient-specific biomechanical simulation
models of the spine to determine the patient-specific load situation and to open up the
possibility of developing implant designs that are adapted to the morphological contours
of the patients” endplates, which ensures an optimal fit and a balanced load distribution.

Methods: Our approach is the scientific fusion of the fields “medical imaging” and “biome-
chanical computer modeling.” The individual characteristics of patients will be visualized
and analyzed through medical imaging. The surface models together with the estimated
biomechanical properties can be transferred into biomechanical multibody simulation
models.

Results: Taking the patient-specific characteristics and the material properties of
the implant into account, simulation models are created to simulate preoperatively the
biomechanical effects of new implant designs. In this way, the load situation of the
modeled spinal structures can be determined.

Keywords: personalized medicine, computational simulation, medical imaging, surgi-
cal planning, patient-specific implants

1. Introduction

Each human has individual physical characteristics and differs not only in his individual
anthropometry and morphology but also in the biomechanical properties of his various
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biological structures. In order to take these individual factors into account, medicine is going to
great lengths to offer tailor-made intervention to individual patients. In the last few years,
“individualized medicine” has been addressed as a significant development in medicine. In
individualized medicine, products are only suitable for the target patient, but not in a compa-
rable way for others. Overall, individualized medicine can be divided into five different
typologies [1]:

1. Biomarker-based stratification

2.  Genome-based information about health-related characteristics
3. Determination of risk of disease

4. Differential offers for intervention

5. Therapeutic unique devices.

Therapeutic uniqueness is understood as an individual patient’s tailor-made therapeutic
device. The idea of individualized devices is not restricted to a specific medical area, but is
used in different medical applications. Examples of such individual medical devices are as
follows:

*  Artificial pancreas device system, as a device under clinical investigation that automati-
cally monitors patient’s glucose levels and delivers patient-tailored insulin doses in people
with diabetes.

e Software-based quantitative electrocardiogram (EEG) analysis to predict an individual’s
response to various psychotropic drugs.

*  Tinnitus masker, which is personalized by the manufacturer to patient tinnitus.

e  Zenith Fenestrated AAA Endovascular Graft as an indicator for the endovascular treat-
ment of patients with abdominal aortic or aortoiliac aneurysms having morphology
suitable for endovascular repair [2].

In spinal surgery, it is common practice to use magnetic resonance imaging (MRI) or
computed tomography (CT) imaging to assemble, for example, pedicle screw spinal sys-
tems consisting of a rod, screw, hook-connector kit to take the patient’s individual physiol-
ogy into account. Currently, the pedicle screw spinal systems are available in different
standardized sizes, which fulfill different requirements. In some of these standard
implants, for example, there is also the possibility of adjusting the inclination angles of the
contact surfaces of the implant to the vertebral body. Despite these adjustment possibilities,
due to the very different anatomical conditions of the patents, in some cases only an
insufficient anchoring of the implant can be achieved. Further reasons for the need of more
precise individualized implants are disease-specific requirements. The aim is to improve
the surgical outcome through an exact individual adaptation and adequate fitting to indi-
vidual anatomical needs [3]. A modern manufacturing process for such therapeutic
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uniqueness is a patient-specific production by means of “rapid prototyping,” in which the
individualization is based on the manufacturing process of the single-unit production [1].

A further step in individualized manufacturing process could be the integration of a preoper-
ative simulation of the spinal stress situation taking the biomechanical conditions of the
respective patient into account. This will allow a prediction of the effects of the surgical
procedure and an identification of the best possible surgical option. How this would be
implemented in a clinical workflow practice is discussed in the subsequent section by means
of an extended process chain of rapid prototyping.

2. Process chain for the production of therapeutic unique products

The existing process chain without considering the biomechanical simulation includes the
image acquisition, the image post-processing and the rapid prototyping [4, 5]. The image raw
data acquired using CT or MRI are segmented, visualized and transferred in a suitable data
format by image post-processing. In the next step, a computer-aided design (CAD) model of
the segmented objects is generated. Finally, these CAD data can be used to create a customized
implant design [6]. This process chain can be expanded by biomechanical simulations to
determine the patient-specific stress situation in spinal structures preoperatively. Based on this
simulation, a patient-specific implant with an optimal fitting can be designed to reduce the risk
of complications, incorrect loading conditions due to insufficient adapted implant design and
adjacent segment degeneration. A possible expanded process chain could look like Figure 1,
based on Hiising et al. [1] and Rengier et al. [3].

The expanded process chain starts with the medical imaging or technical construction as the
basis for the following three-dimensional (3D) reconstruction. After the three-dimensional
reconstruction of the data, a biomechanical simulation model can be created. In a simulation
model, morphological information and biomechanical properties of the patent-specific spine as
well as of the corresponding implant are obtained. The aim of this biomechanical simulation is
to ensure a “natural” stress distribution on the various spinal structures by the modeling of a
patient-specific implant. Thus, overloading, which can lead to degenerative damage to the

Figure 1. Expanded process chain with implemented biomechanical modeling.
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head, should be avoided. This aim can be achieved by optimized positioning of the implant, an
optimization of the implant design as well as of the implant material properties.

The goal of finding an optimal positioning (1) of an implant is in focus, which ensures, for
example, a “natural” stress distribution, can be determined by the patient-specific simulation
model. If desired, the exact coordinates of the positioned implant can be exported. These can
then be taken into account in the operation planning. The rapid prototyping can be realized
sequentially or in parallel.

If the baseplate design of a “standardized” implant is not suited to the morphological condi-
tions of the contact surface of a patient-specific vertebral body, alternative baseplate designs
can be demonstrated by means of a biomechanical simulation. In addition, corresponding
modifications in implant material properties can also be analyzed and its effect on the spinal
structures can be evaluated (see Figure 1 process chain, loop (2a)). Thus, the risk of complica-
tions is minimized through, for example, an insufficient anchoring and the concomitant loos-
ening of the implant or the occurrence of load peaks by point contact. On the basis of the
simulation results, the implant can be re-designed specifically for a patient (see Figure 1
process chain, loop (2b)), and corresponding input data (see Figure 1 process chain, loop (2c))
can be generated for the further processing of rapid prototyping.

In the field of rapid prototyping, generative creations and processes with material removal can
be different. Generative creation is the production of 3D physical models by applying material
in thin layers and solidifying them. Established techniques are stereolithography, selective
laser sintering, fused deposition modeling, laminated object manufacturing, and inkjet-print-
ing techniques. A more detailed explanation can be taken from [3].

With such an expanded process chain, patient-specific implants can be produced not only with
optimally shaped contact surfaces, which ensure a permanent fit of the implant without
sinking and slipping, but also preoperative predictions can be made about the biomechanical
effects of the implant and an optimized positioning can be proposed.

3. Medical imaging

Medical imaging is used as a basis for biomechanical modeling of the spine. Depending on the
scientific question, these may be obtained from MRI cone beam computer tomography
(CBCT), positron emission tomography (PET), single photon emission computed tomography
(SPECT), and ultrasonography (US) [3]. From appropriate image data, using a specific image
post-processing algorithm, 3D visualizations can be generated as well as an analysis of the
biomechanical behavior of the tissue.

3.1. Segmentation and visualization

Since decades, the fully automatic segmentation of images—not only in the medical domain—
is a challenge that is still unsolved in general [23, 35]. Not only the algorithms are the topic of
research but also the question, how to evaluate the result of an image segmentation [33, 34].
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Many modern segmentation algorithms in medical image processing use level sets; a review of
these techniques can be found in [32]. State-of-the-art systems use the input of an expert to
initialize segmentation and also allow for manual correction of the segmentation results.

To provide the input for modeling, the shape of the bones of a patient is required in three
dimensions, which requires accurate segmentation. The key to success is to provide a com-
puter assistance to speed up segmentation and to provide an interface that allows for fast and
simple computer tools.

Bone structures are segmented in CT data. In those cases, where an MR image is also available,
CT data and MR data are registered [36, 37] and fused. Most modern medical workstations
provide such tools.

3.2. Defining biomechanical parameters

One possible way to determine the mechanical behavior of the spinal bony structures is to
determine them from CT data. The radiation emitted during the scanning process penetrates
the object and is weakened to varying degrees by the tissue. On the basis of the measured
intensity reduction, an attenuation coefficient is calculated for each beam direction, to which
a CT number is assigned. The unit of the CT number is given in Hounsfield [Hu] [6]. The
Hounsfield unit is defined by the following equation:

CT - CTy

H=1000% — _—©
000+ =r—¢T,

(1)

where CT,, and CT, are the CT values of water and air [7]. According to Sun et al. [8], the CT
number can be correlated to the density, for example, of the bone by a linear interpolation
using relations available in published literature. The determined density can then be related to
the so-called Young’s modulus E. The heterogeneous elasticity, for example, of the cancellous
and cortical bone, can in turn be defined by the following relationships [5]:

For cancellous bone, CT < 816:

p=19%10E —3«CT + 0.105 (2)
E=0.06+09xp=2 3)
For cortical bone CT > 816:
p="7.69%10 — E « 4xCT + 1.028 (4)
E=0.09+09p74 (5)

In addition to determining biomechanical parameters by means of the CT number, it is also
possible to obtain biomechanical information of, for example, the degree of intervertebral disc
degeneration by a radiographic grading system. To determine more objective assessment of
lumbar and cervical intervertebral disc degeneration, a new radiographic grading system [9, 10]
is developed. The classification of this radiographic grading system is based on the three
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variables “height loss,” “steophyte formation,” and “diffuse sclerosis.” According to Wilke et al.
[9], each of these three variables first has to be graded individually on lateral and postero-
anterior radiographs. Finally, the so-called overall degree of degeneration is assigned on a four-
point scale from 0 (no degeneration) to 3 (severe degeneration).

Recent approaches try to estimate biomechanical properties of humans by tracking motions
both in color image sequences as in distance measurements. Such data are available from
devices that were designed for consumer games, but have also been used experimentally in
medical applications, for example, in Ref. [38].

4. Biomechanical modeling and simulation

Biomechanical modeling is an established method to simulate physics and physiology of a
human body. Depending on the scientific question, it is possible to create whole body models
for humans [11, 12] or parts of the body like the human heart [13, 14] or the spine [15, 16]. A
distinction can be made between the multibody simulation (MBS) modeling and the finite
element (FE) modeling. Depending on the scientific question, either the MBS or the FE simula-
tion method can be used. For analyzing highly sophisticated problems, the FE modeling is the
appropriate modeling method. The system is divided into a finite number of small geometric
elements, called the finite elements. At the connection point, the so-called nodes, boundary
and transition conditions are defined in accordance to specific material laws [17]. If the biome-
chanical behavior of high dynamic movements or larger parts or the entire of the human
body is the focus, the MB simulation is the suitable method. A further possibility is to combine
MBS and FE to ensure a higher degree of fine specific structure modeling. Due to such
hybrid models (e.g. MBS-coupled with FE models), short computing times are guaranteed.
The rapid availability of results enables a future usability in medical routine for spinal opera-
tion planning. Further detailed explanations of the basics of simulations can be taken out
of [18].

4.1. Application examples implant design

The possibility of using the biomechanical simulation in the area of spinal surgery is diverse.
Preoperatively, the effects of mono- or multisegmental spinal fusion on adjacent segments can
be analyzed. In addition, an optimized positioning of the inserted implant can be demon-
strated by taking into account the reconstruction of the sagittal balance or an adequate stress
distribution. One can also compare the effects of minimally invasive surgical methods to
surgical procedures with high degree of resections of spinal structures.

Although most manufacturers of implants offer different sizes of implants, a full-area contact
of the implant with the vertebral body is not always ensured. An insufficient anchorage can
lead to local stress peaks at the contact points. With the help of computer-assisted simulations,
such stress peaks can be analyzed. To ensure the best possible anchoring, the effects of
different contact surface designs of the implant can be determined. Thus, the simulation can
contribute to a development of patient-specific shaped implant surfaces, which ensure a
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permanent fit of the implant without sinking and slipping. Preoperatively, the effects of
different implant lengths can also be analyzed.

The following simulations are intended as examples for a patient-specific problem and do not
include the entire “expanded process chain,” but only the subsection of the “biomechanical
simulation.” Thus, the following examples serve to illustrate the added value by the biome-
chanical modeling with regard to operation planning.

4.1.1. Effects of different standardized cage sizes

This example is intended to show the effects of the cage size on the biomechanics of the lumbar
spine. For this, a biomechanical simulation a model of a person was created, which considers
gender (male), age (35 years), weight (75 kg, body mass index (BMI) 22), and body height (1.85 m),
including detailed lumbar spine structures (Figure 2). The lumbar spine model includes the
biomechanical properties of the intervertebral discs, the facet joints, the ligamentous structures
and the muscle groups left, right m. erector spinae, left and right m. rectus abdominus according
to [21]. The exact model configuration as well as the validation can be found in Refs. [18-20].

To investigate the effects of fusing implants with five different sizes, the size of this optimally
fitted implant is varied about +2.5 and £5%. In this context, an optimal fit is the planar resting
of the cage on the endplates of the corresponding vertebral body. It should be noted that the
entire cage base area is not in contact with the vertebral endplate, because it is a standardized
implant without considering the patient-specific vertebral endplate morphology. The load
situation, which is simulated, is the upright position under load of the body weight and a
fused functional spinal unit (FSU) L4-L3. The weight force solves the kinematics of the MBS
model and the motion equations, which form a system of coupled differential equations, are
integrated for each simulation time step. This means that this weight force causes small
movements in the spinal structures, and they are brought out of their equilibrium state. The
reaction forces of the individual spinal structures build up until a new equilibrium state is
reached. The following results refer to this new equilibrium state.

The basic implant size is chosen so that the implant fills the entire space between the corresponding
vertebral bodies, and thus has contact with the endplates of the vertebral bodies. This basis cage is
named in the Figures 3-5 as “optimal fit.” The cage is increased or reduced by a certain percentage
and is shown in Figures 3-5 as follows: “plus 2.5%"” and “plus 5%" for the cages, which are
enlarged 2.5 and 5%, respectively, and “minus 2.5%"” and “minus 5%” for the size reduction of 2.5
and 5%, respectively (Figure 3).

When the basic cage is implemented in the FSU L3-L4, the other FSUs will undergo the least
load compared to a smaller or larger cage size.

In the simulation cage “optimal fit,” the lowest FSU sac-L5 is loaded the highest of all the FSU
(Figure 4). The smallest stress is recorded in the FSU L5-L4. When a larger or smaller implant is
selected, the load in all FSUs increases sharply. The load of the different FSUs hardly differ in
height, whether the choice of a larger (plus 2.5% or plus 5%) or smaller (minus 2.5% or minus 5%)
cage. The difference is marginal when comparing the simulations of the simulation cases
“plus 2.5%,” “plus 5%,” “minus 2.5%,” and “minus 5%” within the FSUs. The results show how
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Figure 2. Simulation model of a person.
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Figure 4. Loads of the facet joints.

important the correct choice of cage size could be, so that the intervertebral discs are not loaded
more heavily.

On the other hand, if considering the loads of the facet joints, the choice of the implant size has a
small influence on their load height. However, the facets of the FSU L3-L2 are much more heavily
loaded than any other. This is due to the alignment of the facet surface. In the case of the FSUs L3-
L2, the corresponding sagittal superior facet angles are relatively large so that the value of the
force component of the acting external force, which is almost perpendicular to this surface, is
high. Furthermore this FSU rotates in dorsal direction, so this boosts also the load situation.
What's more, the facets joints of the FSU L4-L3 are not loaded in the cage when choosing the cage
size “optimal fit.” The reason is that the spinal alignment is modified by the body weight, so that
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the vertebral bodies above the implemented cage FSU situated move in such a position that the
lower endplate of FSU is in contact with the cage. As a result, the cranial facet joint surfaces of L4
and the caudal facet joint surfaces of L3 come directly and strongly into contact, and are therefore
correspondingly highly loaded. The uppers facet joint L2-L1 are loaded in none of the simulation
cases. The reason could be that the alignment of the facet joints is nearly parallel to the direction
of movement, and so the facet surfaces “slide” through each other.

In general, the direction of rotation of the FSU is determined by the acting torque resulting
from the lever arm and the acting weight force. Thereby, a force whose line of action runs
vertically in front of the axis of rotation produces a positive torque, and a force whose line of
action runs dorsally behind the axis of rotation produces a negative torque. A positive torque
results in flexion movement, and a negative torque results in an extension movement of the
affected vertebral body segments. From this model configuration or rather specific spinal
alignment, the rotations seen in Figure 5 are obtained. It should be noted, however, that these
results are only valid for this model configuration and cannot be transferred to other patients.
Already in the case of a changed spinal alignment, completely different results can occur [22].
But this example shows the effects of choosing a non-optimal fitting cage and the significance
of the appropriate choice of the right cage size.

4.1.2. Cervical vertebral replacement

The superior surface of a cervical vertebral body is shaped like a tub. On its sides, it has small
branches which are called uncinate processes. These margins build the uncovertebral joints
(Figure 6) [23]. Thereby, the angle of the uncovered joints of the different vertebral bodies is not
of the same magnitude, but increases significantly from C5 to C7 [24].

Due to the special anatomical conditions, the implantation of a vertebral body replacement
implant or its baseplates cannot be optimally brought into contact with the corresponding
superior or inferior anchor vertebra (Figure 7).
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Figure 5. Rotation of the intervertebral discs.
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Figure 6. Illustration of the uncovertebral joint inclination.

In order to guarantee planar rest of the implant, the implant base should either be rela-
tively narrow, so that it preferably rests only on the endplate surface of the corresponding
vertebral body or be a “negative replica” of the patient-specific vertebral body surface,
including consideration of the uncovered joint angle. A small implant baseplate has the
disadvantage that the stress on the vertebral body is thereby increased by the reduced
contact surface. A baseplate adapted to the superior vertebral surface could result in a
much larger area of contact, and therefore a more balanced load distribution is achieved.
Because this is a recently launched research project, the following examples are not
intended to be final versions, but merely should represent the possibilities of a future
implementation of biomechanical simulation in a process chain. The main focus will be to
demonstrate the model creation and not to present validated results. The multibody simu-
lation model is therefore a prototype. It should also be noted that we focus on the MBS
modeling because this type of simulation is a much faster calculation method than the
finite element method. In addition, we aim to implement fine-structured parts, such as the
spine, into a whole-body model in order to simulate the dynamic situation of everyday life
and thus to determine the stresses. Depending on the question, it is also possible to create a
hybrid model of MBS and FE parts. A more detailed explanation can be found in Ref. [18]
and in Section 5.

4.1.2.1. Basic model description

The MBS prototype model consists of the vertebral bodies C3-C6, where an extractable verte-
bral body replacement implant is implemented between the anchor vertebrae C3 and C6
(Figure 8). The intervertebral body surfaces C4 and C5 are adapted accordingly to the real
operative procedure laminectomy. The anatomy of vertebral bodies C6 and C3 is retained.
Because of the prevailing anatomical conditions of the uncovertebral joint and the relating
lateral margins, a complete contact of the implant baseplates with the vertebral endplate of the
anchor vertebra cannot be realized. As a result of the typically slightly corrugated form of the
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Figure 7. X-ray image of an implemented vertebral body replacement implant.

anchor vertebra, the parts of the implant base located medial have no direct contact with the
anchor vertebra in the unload state. The cervical vertebral curvature corresponds to an average
spine curvature and is 28 degrees [25]. The biomechanical properties of the ligaments and facet
joints are taken from literature [26, 27].

4.1.2.2. Realization of the surface contact

The modeling of the contact between the vertebral body and the implant is realized by means
of a special three-dimensional contact force element. The contacting surfaces, the baseplate of
the implant, and the superior or inferior vertebral surface of the C3 and C6 are tessellated in
such a way that the surfaces of the objects are composed of equally large polygons. In addition,
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Figure 8. MBS model C6-C3 including vertebral body replacement implant.

the baseplate was dissected into smaller subunits to allow a more detailed analysis of the
contact behavior (Figure 9).

For each of these polygons, a contact force is determined which is essentially oriented
according to Hippmann [28] on the boundary layer model, and combined with a half-space
approximation and contact force elements. So the contact force Fy is composed of a normal
force F, and a tangential force Fy. The normal force F, is composed as follows:

| Fa+Fa: Foe+Fae >0
Fu = { 0: Fe + Fy<0 (6)

Annotation: in the following the subscript E and F stand for the corresponding bodies E and F.
For the case F + Fu > 0, the equation is composed of a stiffness term,
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Specific Area vm
of Sub-Unit (SASL)

Sub-Unat (SU)
Figure 9. Illustration of the tessellated polygon meshes of the caudal implant base and explanation of terms.

Fox = ¢ % Ap x uyg (7)

c : stiffness of the contact element; Ay : total area of the contact element; u,x : penetration of
the contact element.

which results from

CIE * CIF
=L 8
CIE + CiF ®)
with
Kg 1—vg Eg
Cip = — = *k — 9
P (T+ve) +(1—2vp) by ®)
for ¢ analog and a damping term
dy % Ag * Uk @ Upge 2 Ug
Fae = dl*Ak*vnk*M:unk<ud (10)
Ug
where
Uk = N * Uk (11)
stands for the relative speed projected in the normal direction
Uk = UMMy + OMM; X TM,C (12)

of both contact bodies at the position c, of the contact element.
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According to Hippmann [28], the parameter u, can be used to define a penetration depth up to
which the damping force acts linear. This makes it possible to avoid unrealistic forces during
rapid contact processes. Further input parameters are the layer depth b, the E-modulus, and
Poisson’s ratio v of each surface and the damping constant d. Because the vertebral body
replacement implant consists of a titanium alloy, the corresponding material property for E and
v has been entered into the model. The E-modulus and Poisson’s ratio v for the superior and
inferior vertebral body surfaces are taken from [29, 30]. The damping is 10% of the E-modulus of
the vertebral body replacement implant. The resulting total force of the contact surface is
determined by summing the acting forces of all contact elements. Because the vertebral body
replacement implant is actually fastened to the vertebral body by means of a screw, this fixation
has been realized by a force element that realizes spring and damper forces and moments
between bodies in multiple axis direction. These parameters (c = 108 N/m, d = ¢ * 0.1 Ns/m) are
determined by means of sensitivity analysis.

The tangential force Fy is calculated as follows [28] and is determined in dependence of the
tangential relative velocity

Vg = Uk — Upk * Tig (13)

Vi = |vg] (14)

and the normal force F,; of the contact element

W * Fur i vg20,

Fy = Uik (15)

v
y*Fnk*v—tk* (2—> Do < Ve
&

Ve
To avoid a set-valued static friction, the frictional force is disabled when the sliding speed falls
below a given small value v,.
The total force Fx and the torque M of the single contact element are now:

F ZFnk*nk“'Ftk*M (16)

Dtk

Mk = VMka X Fk (17)

Finally, the forces and torques of all contact elements are summed to the resulting total force
screw:

=Y F (18)
Mg =" My (19)

A detailed description of the determination of the contact force and further information can be
found in [28].
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4.1.2.3. Simulation results

The external force that causes the kinematics of the model is 50 N, which corresponds to the
average weight force of the corresponding upper body segments and is taken from [31]. In
general, it is possible to analyze both the kinematic and kinetic parameters of the modeled
spinal structures in this model configuration, such as the ligaments or facet joints, as well as
the contact behavior “vertebral body surface-implant plate.” In the following, the contact
behavior is analyzed and the parameters “total contact patch area,” “weighted penetration,”
“maximum penetration,” “maximum contact pressure,” and “weighted contact pressure” are

discussed.

The surfaces of the subunits of the caudal implant base surface, which comes into contact with
the superior anchor vertebral surface, are of different size (Table 1). The sinister regions are
more in contact than the dexter regions.

Both the dorsally central (dm) and dorsally dexterous region (dr) of the implant baseplate have
no contact with the vertebral body C6. The percentage total contact surface is 52%.

The average penetrations and the maximum penetrations of the subunits are shown in Figure 10.
The right front (vr) and central front (vm) subunits penetrate the superior vertebral body
surfaces on average most strongly. The weighted penetration of the left middle (ml) and right
middle (mr) subunits is half as high. Due to the missing contact in the subunits “dm”and “dr,”
there is no penetration.

The maximum penetration behaves in an analogous manner. The difference between the
“weighted penetration” and the “maximum penetration” of the ventral right “vr” and the
left dorsal “1d” subunit stands out. The maximum penetration is 2.5 times and 2 times higher
than the weighted penetration. In the remaining subunits, the maximum penetration is more
than 1.5 times higher than the weighted penetration. We concluded that within the different
subunits (SU) the penetration depth of the specific areas of this subunit (SASU) can be very
different in some cases.

Percentage contact patch area (%)

vr 15.0
vm 9.8
vl 1.3
ml 15.7
dl 12
dm 0.0
dr 0.0
mr 8.9

Table 1. Percentage contact of the subunits of the implant base with the vertebral endplate.
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Looking at the contact pressure in Figure 11, the right ventral (rv) subunit of the implant
baseplate is much more heavily loaded than the other subunits. The maximum contact pres-
sure in this subunit of the implant base is 6 times stronger and the weighted contact pressure is
5 times stronger. Comparing the maximum and the weighted contact pressure of the right
ventral (rv) subunit, the subunit “rv” certain specific areas of subunit are loaded up to 2.5
times more than others.
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Figure 10. Penetration of the contact surfaces.
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Figure 11. Contact pressure of the different subunits.
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5. Summary and discussion

In many fields, personalized medicine has already been successfully introduced. In spinal implant
surgery, patient-specific implants with an optimized fit shape could minimize severe complica-
tions. Depending on the question of cause, it is also possible to disassemble the basis plate of the
implant into even smaller subunits in order to be able to make more detailed statements. If
necessary, a hybrid model consisting of MBS and FE parts can also be created. However, it is
always important to consider how exact the model must be. The desired precision determines
how many more parameters, whose biomechanical properties must be known, flow into the
model. However, some of these biomechanical parameters can only be inadequately determined.
Furthermore, the calculation time increases with the increase in the fine structure of the model.

The presented modeling should not be seen as a competition to the FE modeling because our
aim is to pursue a holistic way of looking at patients. Therefore, detailed models should be
implemented in a whole-body model to simulate dynamic everyday situations and to obtain
patient-specific knowledge about the stress situation in the fine-structured area. A valid
modeling is indispensable, which can be ensured by selecting suitable input parameters.
Because personalized input parameters of the model are often difficult to determine, we try
to develop a procedure for the determination of patient-specific biomechanical properties of
the human structures, which also guarantees rapid availability of these data as input param-
eters for the modeling.
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Abstract

“Nobody is Perfect” is a phrase we often hear and use for different purposes. It can
relate to our physical appearances or behavioral properties. A great share of the
world’s population is faced with difficulties caused by postural disorders and spinal
deformities. In our chapter we are not dealing with medical points of view. Instead,
our intention is to highlight the problems and needs of affected people for suitable,
well-fitted, and attractive garments. It is a fact that they need clothing items, not only
for everyday use but also for special, festive occasions and sports. Finding suitable gar-
ments can be a nightmare for them. Normally, ready-made garments cannot be used if
the postural disorders and spinal deformities are very expressive. Therefore, an indi-
vidual approach is needed for planning, designing, and producing such garments. We
propose virtual prototyping and CASP methodology for analyzing digitized geometry
supported by computer-aided pattern designs for designing suitable, well-fitted gar-
ments for people with postural disorders and spinal deformities. “CASP” stands for
Curvature, Acceleration, Symmetry, and Proportionality. It is used for methodology
to analyze those four properties on surfaces in a virtual computer environment, as
explained further on.

Keywords: CASP methodology, virtual prototyping, garments, postural disorders,
spinal deformities

1. Introduction

Postural disorders and spinal deformities present major difficulties for affected people, not
only from the medical point of view but also from the point of view of finding appropriate
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clothing. Without doubt, it can be stated that assuring garments with perfect fit and func-
tionality taking into account the increased need for a modern design is not possible without
an extensive use of modern computer-based technologies, above all three-dimensional (3D)
body scanning, computer-aided design, and virtual prototyping. Moreover, additional meth-
ods for analyzing digitized geometry, such as CASP (Curvature, Acceleration, Symmetry, and
Proportionality), are needed for assuring appropriate garment part designs and final fit of
the garment. CASP methodology is a widely applicable approach in fields of use where a 3D
virtual model is present. We have used it for virtual prototyping of garments for people with
postural disorders and spinal deformities.

Nowadays, we can use virtual reality applications to produce digital prototypes of different
garments and other textile forms, especially three-dimensional. The designers can alter their
design creations with less time and cost. The aim of 3D virtual prototyping is to build a virtual
model instead of developing a real product. Virtual garment prototyping is a technique which
involves the application of computer-aided design systems used for the development of the
garment pattern designs and the assessment of their fit to the 3D body model and virtual
assessment of the appearance of the whole garment.

This chapter presents topics related to the multidisciplinary fields of computer graphics and
analysis, 3D scanning, and 3D virtual modeling with the aim of supporting virtual prototyp-
ing of garments for people with postural disorders and spinal deformities. Mainly scoliosis
and kyphosis are treated, because a significant share of the population is facing these prob-
lems, especially in the older population.

As a transformation tool between real world and virtual world, 3D scanning is used to cap-
ture and digitize real objects. 3D scans describe an object’s shape. It makes sense to use precise
3D scanners for solid and rigid objects, where small details or deviations are important and
can be measured, but for virtual prototyping, it is usually enough to have a rough shape of
a person. Live persons are moving and changing shape literally with every breath and heart
beat. Therefore, it is better to perform low-detail scans.

In this chapter, we present research relating to the applicability of CASP methodology to
nonstandard body figures’ garment pattern design with the aim of finding out whether CASP
methodology is right for predicting the garment pattern design for persons with a curved
spine, as well as for the construction of well-fitted garments.

After the theoretical background and study of the literature dealing with curves and shapes,
CASP methodology is introduced and explained. Medical points of view regarding postural
disorders and spinal deformities are detailed in order to highlight the need for adapted gar-
ment designs. Practical examples are discussed using CASP methodology, including three
case studies dealing with curvature graphs, together with two examples related to the design
and virtual prototyping of garments for people with postural disorders and spinal deformities.
The chapter concludes with suggestions for further studies in this important and interesting
research area.
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2. Theoretical backgrounds

The human mind tries to order everything within the environment either in order to see
specific patterns or just to try to understand something, as the Gestalt theory explains
[1]. This “classification” is performed in every scientific field. The real world can be digi-
tized very easily with 3D scanners and transformed into a virtual computer environment.
Hence, it is important to treat 3D scans with proper tools for analysis or any further
geometry extraction. To begin with, curves have already been explored widely and dis-
cussed; therefore, it is important to introduce a number of works from this field in the
following paragraphs.

Curves with aesthetic impression are parts of logarithmic graphs [2-4], which have loga-
rithmic horizontal axes with steps like 0.1/1/10/100/1000/10,000, and so on. The researchers
in Ref. [2] observed graph curvature (K) in dependence of path (s)—K(s) in the logarithmic
curvature histogram (LCH). They defined an aesthetic curve as a curve whose LCH is a
straight line.

Researchers Kanaya et al. [3] used this method to determine objects’ impressions by analyzing
sections on objects’ surfaces. They found that observed objects with Japanese origin have the
so-called convergent impression and objects with European origin divergent impression. The
word “convergent” comes from the graph in which the chart curve nears the horizontal line.
Contrarily, “divergent” means a graph with a chart curve that goes away from the horizontal
line. The authors provided a CAD system (computer-aided design system), which can feel
the same impression on curved surfaces as those that human designers can. On the base of
LCH, they proposed three types of surfaces by human impression: convergent, divergent,
and neutral.

The authors Yoshida et al. in Ref. [4] have observed and analyzed spatial aesthetic curve seg-
ments drawn with completely mathematical functions. Curvature graphs and LCHs of those
curves were plotted, analyzed, and classified.

Giannini, Monti, Podehl, and Piegl were leading researchers who participated in the project
FIORES 1II [5-7]. They proposed several terms for styling properties and features in CAID
(computer-aided industrial design. With observation of communication between stylists and
engineers and technical meaning, they built a list of terms that describe styling properties;
these are [5-7] as follows:

* Radius/blending
¢ Convex/concave
¢ Tension

¢ Straight/flat

e Hollow
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¢ Lead-in

* Soft/sharp
® S-shaped

¢ Crown

e Hard/crude
¢ Acceleration

Not all researchers use all terms in their works, and they agree that the list is not complete
or perfect. Some of the terms are similar, while some characteristics can be described with
several terms [6].

2.1. CASP methodology

We tried to establish and improve the classification, but we developed a completely novel
approach instead. Curvature graphs were not the main observation object any more.
Rather, we observe the spatial surface, where distances from the created plane to the sur-
face are valuated and collected in four values, which are characteristic for the observed
surface. It is named CASP methodology [8]. The four properties that characterize surfaces
are as follows:

e Curvature—C,

e Acceleration—A,

¢ Symmetry—S, and
¢ Proportionality —P.

Furthermore, combinations of quotients of those values have proven several charts and prop-
erties of observed parts of surfaces. CASP methodology is a widely applicable approach in
fields of use where a 3D virtual model is present. CASP methodology was performed also on
garments for people with postural disorders and spinal deformities.

First, we have to explain the meaning of the four properties.

Curvature goes from - to + sign. Zero determines a neutral curvature and represents a plane.
Negative values determine a concave surface and positive values are for convex surfaces, as
Figure 1 shows. Values are calculated as the arithmetic average of normalized n x 1 distances,
including a preposition sign. They are arranged in the n x n matrix. The n x n matrix follows
natural directions, and is not the same as in mathematical writing. Mathematically, it has
swapped rows over the middle row. The 1 x n matrix starts with entry (0,0) at the left bottom
corner [8-11].

The starting point on the analyzed surface is also marked at the bottom left side. This enables
us to locate the position of the same point in the 3D space and in the n x n matrix.
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Figure 1. Curvature.

Acceleration is a property observed in a longitudinal direction and has higher values on
curves where the curvature changes more. A typical accelerated surface is shown in Figure 2.

Symmetry compares the left and right sides of a surface. It takes just positive values. Zero
means perfect symmetry of a surface. Values for S are observed over the middle column of the
n x n matrix, as in Figure 3. Symmetry can be detected as the arithmetical average of differ-
ences between entities’ pairs compared over the middle column in the n x n matrix.

Proportionality is the fourth property to indicate the size or width of the surface. It is calcu-
lated as a ratio between the length and width of the observed surface, as shown in Figure 4.
As described in Ref. [12], it has to be projected on a triangular n x 1 plane.

The whole n x n procedure is based on the use of the graphical algorithm Grasshopper® (GH)
[11], which is add-in integrated with the 3D modeling tool Rhinoceros (RH) [12]. Parametrical
procedures are created by dragging components onto a canvas. Outputs of these compo-
nents are then connected to the inputs of subsequent components, and so on. Grasshopper
is used mainly to build generative algorithms and it acts like a programming tool. Many
of Grasshopper’s components create 3D geometry. Procedures may also process other types
of algorithms, including numeric, textual, audiovisual or haptic applications. We used GH
because of complex algorithms that can be connected and combined easily. Our procedure for
analyzing digitized surface geometries exists in 10 steps [8-11].

|

Y

Figure 2. Accelerated surface.

N
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Figure 3. Symmetry.

2.2. Medical view of postural disorders and spinal deformity
2.2.1. Scoliosis

It is not easy to find appropriate, well-designed, and well-fitted garments for people with
scoliosis. They are often faced with the problem of how to dress nicely and comfortably. Many
different types of advice can be found in the source by Rudolf et al. [13] and, lately, these

Figure 4. Proportionality.



CASP Methodology for Virtual Prototyping of Garments for People with Postural Disorders and Spinal Deformities
http://dx.doi.org/10.5772/intechopen.68632

can also be found on specialized webpages or blogs, as presented by Strauss [14] in “How to
dress with scoliosis” or Munike Zanette Avila [15] “Patternmaking for people with postural
deviations.”

Scoliosis can cause visible symptoms: uneven shoulders, uncentered, head, ribs at different
heights, one shoulder blade that sticks out more than the other, uneven hips, one leg appear-
ing shorter than the other, as well as the body leaning to one side. Because scoliosis causes this
asymmetry in the body, imperfect and ill-fitting clothes can become a daily problem. The waist
on pants or skirts may appear uneven, or shirts and dresses may not fit or hang on the body
properly. Dressing in a way that makes the individual feel at their best and most secure with
their scoliosis can become a challenge [15]. One of the easiest ways to mask scoliosis is to avoid
tightly fitting clothing. Individuals with scoliosis tend to be small framed and long waisted, so
their bones are generally very pronounced. Tight shirts can reveal the asymmetry more obvi-
ously. Not only can clothing like tight t-shirts and blouses emphasize the scoliotic deformity
even more but also because there is an asymmetry on one side, the clothing might feel much
tighter on one side than on the other making these types of clothing uncomfortable [14, 15].

2.2.2. Kyphosis

Kyphosis is the term used to describe an abnormal outwardly curved spine in the sagittal
plane. The condition can contribute to a “hunchback” appearance, and may require exercise,
braces, or spine surgery for treatment [16].

A certain degree of curvature is normal in the human spine. The gentle inward and outward
curves of the neck, upper back, and lower back are necessary to maintain the body properly
balanced and aligned over the pelvis. Kyphotic curved spines are the outward curves. Inward
curved spines are called lordotic [16].

The term kyphosis is generally used to describe an excessive outward curve, or rounding, of the
spine. Again, some kyphosis is normal —typically 20-50°; curves greater than 50° are considered
abnormal. A spine with kyphosis can look normal, or it can develop a “humpback” appearance.

Mild kyphosis may cause few problems; however, severe kyphotic curvature can affect the
lungs, nerves, and other tissues and organs, causing pain and other problems.

There are several types of kyphosis, and the condition can be found in children, adolescents,
and adults.

Postural kyphosis, or postural round-back, is the most common form of kyphosis, and is
often attributed to poor posture. Habitually, “slouching” can stretch spinal ligaments and
contribute to abnormal vertebral formation. The condition usually appears during adoles-
cence, and is more common in girls than in boys. Postural kyphosis is marked by a smooth,
flexible curve that is not typically associated with pain, and usually does not lead to problems
later in life [15, 16].

Scheuermann’s kyphosis developed most commonly in teenage boys. It is characterized by a
short, sharp curvature in the middle part of the upper spine, and may be associated with aching
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back pain. This type of kyphosis tends to be rigid on clinical examination. A mild degree of sco-
liosis is common in adolescents with Scheuermann’s kyphosis.

Congenital kyphosis can be caused by a malformation of the spinal column during fetal
development. Several vertebrae may be fused together or the bones may not form properly.
This type of kyphosis may worsen as the child grows [16].

Self-image, or the way we feel about our bodies, can affect all aspects of our daily life. If we are
wearing clothes that fit well and feel comfortable, this inevitably helps to boost our confidence.
People with sustained spine deformity have problems with clothes that do not fit well in the
back and front parts. They are tight across the back, too short in the back length (BL) and too long
in the front length, open at the back of the neck and hemlines can become uneven, and so on [15].

3. Practical examples using CASP methodology

3.1. Curvature graphs

As we have already explained, the curvature graphs were not used directly, but were used just
to show how they work. We will present some examples. Curvature graphs were used to deter-
mine non-symmetry on a real face scan as Figure 5 shows. The highest peak on the curvature
graph represents the nose, which is in the middle. The left and the right sides of the curvature
graph will be symmetrically identical over this peak on a perfect symmetrical face, but it is not
in this case. That way, we proof non-symmetry that is not obviously seen on a real face scan.

Figure 6 shows a series of increasing accelerated curves (a) with their curvature graphs (b)
and a series of increasing decelerated curves (c) with their curvature graphs (d).

Figure 5. Symmetry on a cut-line of 3D-scanned human face. On the right side is the curvature graph [17].
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Figure 6. Increasing accelerated curves (a) and their curvature graphs (b). Increasing decelerated curves (c) and their
curvature graphs (d) [18].

The last example of curvature graph use is the ergonomic fit of a thumb on the computer
mouse as shown in Figures 7 and 8.

3.2. Virtual postural models

Virtual models were made using “Make Human” [19], an open-source program for human body
creation. An open-source program “Blender” was used for posing [20], which means rotating or
moving body parts virtually (in this case, the upper torso) to simulate not standard posture-scoliotic
or kyphotic. 3D models that represent normal postures were used as reference and compared to
models with postural deformity. The differences between them were determined with CASP values.

3.2.1. Scoliotic model

In our research on using the CASP methodology for virtual prototyping of garments for people
with postural disorders and spinal deformities, we first created an artificial, symmetrical 3D
female body without any deformity. Afterwards, this model was deformed in the left shoul-
der area. The deformity is typical for a girl or a woman with scoliosis, as shown in Figure 9.

Both body models presented in Figure 9 were analyzed using the CASP method in the shoul-
der area as Figure 10 shows.

The differences in CASP properties are primarily in the symmetry, which is expected, since
we created the asymmetry artificially.

Figure 7. A user holds a computer mouse in the right hand [18].
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Figure 8. The shape of the thumb fits on the shape of the mouse and graph K(s) on the right side [18].

Figure 9. Normal (dark grey) and scoliotic synthetic female body (light grey) [21].
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Figure 10. Cross-section parts on the back for a normal body (left) and a deformed body (right) [21].

The dress basic pattern design was constructed in the CAD computer program Optitex PDS
(Pattern Design System) [22] according to normal (symmetric) synthetic female body dimen-
sions by using the rules of the construction system by M. Miiller and Sohn [23]. The construc-
tion system defines rules for construction of the garment pattern designs based on body
dimensions and proportions. Figure 11 presents fitting a dress on the normal and Figure 12
on the scoliotic synthetic female body. The differences in the CASP values are also reflected
in the dress’s appearance. The deformed body is asymmetric. Because of the convex line, the

(OPtR

Figure 11. Basic dress pattern design on a normal synthetic body model [9].
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Figure 12. Basic dress pattern design on a synthetic scoliotic female body model [9].

straight seam in the middle of the back causes the appearance of the dress to increase the
appearance of the asymmetry of the body. It is also observed in the movement of the parts
and their asymmetry according to the body, and shortening of the dress on the right side of
the body [9].

With reconstruction of the basic dress pattern design, we want to balance the appearance of
the asymmetric body so that it looks as if the body is symmetrical. Contour corrections of
the dress side seams, waist seams, and back middle seam in the blade area were performed,
as well as contour corrections of the waist, breast, and blade darts, according to the fitting
anomalies, as shown in Figure 13.

Adapted and not adapted basic dress pattern designs as virtual prototypes are presented in
Figure 14. It is clearly visible that the reconstruction process of the basic dress pattern design
improves the appearance and fit of the adapted dress to a deformed body. The seam in the
middle of the back is aligned. Darts are symmetrical according to the center of the body. The
seam line in the waist and dress edge are also aligned.

3.2.2. Kyphotic model

The body with a normal spine, and a kyphotic model with slightly curved, curved, and
strongly curved spines, found in the case of kyphosis, were prepared in virtual space, as
shown in Figure 15.
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Figure 13. Comparison between basic dress pattern design (light grey) and adapted scoliotic dress pattern design (dark
grey) [9].

All 3D body models were analyzed using the CASP methodology in the round-back area. The
observation plane was projected on an imported body mesh model, as presented in Figure 10.
Furthermore, calculations were executed by Grasshoppers’ n x n procedure and values for
CASP were obtained as a numerical result.

The virtual measurements of the back lengths were performed according to the Standard
ISO 8559 [24] by using the Optitex PDS system [22]. The back length was measured precisely
from the seventh cervical vertebra to the waist line. The waist girth in all 3D body models
was 66.74 cm.

The results of the CASP analysis and measured back length are collected in Table 1.

In addition, differences were calculated between the normal spine and deformed spines for
CASP parameters and back lengths, as well as quotients between the curvature differences
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Figure 14. Not adapted and adapted (reconstructed) basic dress pattern design on a deformed body [9].

Figure 15. Normal (dark grey) and kyphotic (light grey) posture.
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Spine Normal Slightly curved Curved Strongly curved
C 1.69 2.56 3.13 3.26

A -3.73 -14.97 -55.79 -127.35

S 1.85 2.02 1/4 1.33

P 1.34 1.34 1.34 1.34

BL (cm) 33.19 34.95 36.14 36.31

Table 1. Values C (Curvature), A (Acceleration), S (Symmetry), P (Proportionality), and BL (back length) for normal and
scoliotic models [25].

wand back lengths” differences, and between the acceleration differences and back lengths’
differences, Table 2. The results show clearly that CASP values, especially Curvature—C and
Acceleration—A, increase with an increase in the spine deformity. It seems that parameters
Symmetry—S and Proportionality —P are independent regarding the spine deformity. This
was also expected, because Symmetry — S measures differences between the left and right sides
of the body. While the body was generated synthetically with a computer 3D program, the
differences are negligible. The back length increases with an increase in the spine deformity.

A logarithmic graph chart of the curvature difference and back length difference was found
when increasing the spine deformity. Logarithmic graphs have axes with logarithmic steps
like 0.1/1/10/100/1000/10,000, and so on. The polynomial trend of the acceleration difference
and the ratio DA/DBL was found with an increase in the spine deformity, Figures 16 and 17.
Synthetically created body models were created with deformity of the upper spine with 5°
steps. These equal steps caused chart trends of acceleration-dependent values presented in
Figure 15.

The results show that the ratio DC/DBL is almost the same for all spine curvatures and equals
0.5, shown in Table 2. Therefore, it could be supposed that the back length difference is two
times higher than the curvature difference. This means that it may be possible to include
the CASP parameter for the curvature difference directly in the process of reconstruction of
the garment pattern design to a specific body shape. The reconstruction of garment pattern

Spine
Parameter Normal Slightly curved Curved Strongly curved
DC / 0.87 1.44 1.57
DA / 11.24 52.06 123.62
DBL (cm) / 1.76 2.95 3.12
DC/DBL (cm™) / 0.49 0.49 0.50
DA/DBL (cm™) / 6.39 17.65 39.62

Table 2. Values DC (curvature difference) and DA (acceleration difference). DBL (back length difference) and quotients
DC/DBL and DA/DBL for scoliotic models [25].

83



84  Innovations in Spinal Deformities and Postural Disorders

4
y = 2,3658In(x) +0,0778
B . R=0,3776
3 ] - L
- & DC
237 B DBEL [cm)
7 4 P Logaritemska (DC)
B —— logarithmic DC
15 < y &= L 4
1 e ¥=1,1795In(x) + 0,0329
R*= 0,9847
05 =
L
normal  slightly curved  curved strongly
curved

Figure 16. The curvature differences (DCs) and back length differences (DBLs) when increasing the spine deformity [25].

design is usually carried out by observation of the body shape and measuring of body dimen-
sions, which is a lengthy process in terms of manufacturing and fitting clothing.

Based on the previous results, the constructed bodice basic pattern design was recon-
structed according to the calculated value of the curvature difference for the slightly
curved, curved, and strongly curved kyphosis spines. The virtual fittings of the bodice
basic pattern design to a normal 3D body model and reconstructed bodice basic pattern
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Figure 17. Acceleration difference (DA) and the ratio DA/DBL charts [25].
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designs were performed to the 3D kyphosis body models, Figure 18. During reconstruction,
the front middles were shortened for the double value of CD and the back middles were
extended for the double value of DC, while the back darts were extended and raised for
the CD.

The results regarding the virtual fitting of the bodice basic pattern design to normal and
kyphosis 3D body models show that, with an increase in the spine curvature, the bodice front
length increases and the bodice back length decreases. Therefore, the waistline is not straight,
and inappropriate fitting appeared.

The results regarding the virtual fitting of the reconstructed bodice pattern designs to a
kyphosis 3D body model show the straightened bottom edge of all the simulated bodices.
During reconstruction, the front middles were shortened by the double value of CD and the
back middles were extended by the double value of DC, while the back darts were extended
and raised by the CD. Based on these findings, it could be supposed that, with a reconstruc-
tion of the garment by using the measured and calculated CASP values and the curvature dif-
ferences for curved spines, respectively, improved garments fitting would be achieved and, at
the same time, wearing comfort in terms of garment pattern design.

It can be concluded that the CASP methodology could be adequate for defining the appro-
priate garment pattern design for persons with a curved spine. Therefore, it is definitely

SPINE
slightly curved strongly curved

R
|

fitting of the bodice basie pattern dezlsn

b

fitting of the reconstructed basic pattern designs

Figure 18. Fitting of the bodice basic pattern design (grey) and reconstructed bodice basic pattern designs [25].
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necessary in the future to carry out additional research work on a larger number of diverse
curvatures of the kyphosis spine with real persons, to confirm the findings of this research.

4. Results and discussion

The results of the CASP analysis and measured back length are collected in Table 1. It is evi-
dent that CASP values, especially Curvature—C and Acceleration— A, accrue with an increase
in the spine deformity. It seems that parameters Symmetry —S and Proportionality —P are
independent of spine deformity, which was expected, because Symmetry —S measures differ-
ences between the left and right sides of the body. While the body was generated synthetically
with a 3D computer program, the differences are negligible. The proportionality — P depends
on the observation frame, where the quotient is calculated between the length and width. In
this case, the frame was the same for all models [25].

With an increase in the spine deformity, the back height increased, Table 1. The back length
was measured with a computer program on a virtual model and was 33.19 cm for the normal
spine, for the slightly curved spine 33.51 cm, and it increased for the strongly curved spine
up to 36.31 cm. With an increase in the spine deformity, the bodice length on the back is too
short and on the front too long. Therefore, the bodice in the front moves back to the neck, and
thus compensates for the lack of the bodice length on the back. The result is an increase in the
bodice tension in the area of neck and armholes when the deformity of the spine increases.

Virtual 3D models and virtual prototyping present an important approach to individual
design and manufacturing. However, an individual treatment requires both sufficient time
and suitably qualified people; therefore, not everybody can afford it. The future purpose is to
enable virtual prototyping, including the design, construction, and visualization of adapted
garments for people with postural disorders and spinal deformities to become more auto-
mated with 3D scanning, CASP methodology, and an established protocol.

The size of an object does not matter while CASP methodology performs normalization. For
a scoliotic case, not all four parameters are observed, but just C and A while they show the
curvature and acceleration of the back shape.

The ideal human body is symmetrical. The producers of ready-made garments cannot con-
sider the deformity of a body caused by scoliosis, because they are specific and differ from
case to case. Therefore, the only solution to improve the appearance and fit of the garment
seems to be to adapt the garment pattern design to individual people.

5. Conclusions

In this chapter, advanced approaches such as virtual prototyping and multipurpose methodol-
ogy CASP were used for designing dress patterns for people with postural disorders and spinal
deformities such as scoliosis and kyphosis. Individuals can be analyzed with this methodology
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and the values obtained can be considered while the garment patterns are constructed. Dress
fit is shown on virtual synthetic models. First, we took completely symmetrical designs for a
normal body and prepared a dress that fitted well. Second, a digital scoliotic model was cre-
ated and a third kyphotic model was designed with several increasing steps of spine deflection.
The same dress used for a normal body did not fit well; therefore, an adapted dress pattern
was developed. A satisfying correlation between the spine curvature and CASP values was
obtained; therefore, it can be concluded that the CASP methodology could be adequate for
defining the appropriate garment pattern designs for persons with a curved spine. In the future,
we plan to carry out additional research work on a larger number of diverse body shapes of real
people with postural disorders and spinal deformities to confirm the findings of this research.
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Abstract

Study design: This is a pilot prospective cohort study.

Objectives: To investigate if outpatient Schroth exercises (SBP) affect thoracolumbar or
lumbar curves in adult scoliosis patients.

Background: Adult scoliosis tends to progress and is associated with an increased preva-
lence of low back pain. The outcome of conservative treatment is not satisfactory, as treat-
ment is not directed towards spinal deformity. This study investigates if SBP influences
the thoracolumbar and lumbar curves in patients with adult scoliosis.

Materials and methods: Adult patients with thoracolumbar and lumbar curves > 20° were
taught SBP exercises once weekly for 4 weeks. They then performed the exercises at home
three times a week, for 9 months. Baseline measurements included Cobb angles, coro-
nal offset, sagittal vertical axis (SVA), T4-12 kyphosis, L1-S1 lordosis, sacral slope, pelvic
incidence and pelvic tilt. They were compared to post-intervention measurements, using
paired t tests.

Results: SBP exercises statistically significantly decreased the Cobb angle (p = 0.0032),
improved the ATR (p = 0.012), increased the sacral slope (p = 0.03), decreased the pelvic
tilt (p = 0.0032) and the SVA (p = 0.032).

Conclusion: The SBP exercises improved the Cobb angles and SVA in adult scoliosis
patients with thoracolumbar and lumbar curves.

Keywords: adult scoliosis, adult idiopathic scoliosis, degenerative lumbar scoliosis, Schroth
exercises, physiotherapeutic scoliosis specific exercises, scoliosis rehabilitation
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1. Introduction

Scoliosis is a three-dimensional spinal deformity with a lateral curvature in excess of 10°.
Adult scoliosis refers to scoliosis after skeletal maturity. It can arise from a wide range of con-
ditions, including neuromuscular diseases, metabolic diseases, trauma, etc. Most commonly,
the condition includes adult idiopathic scoliosis and degenerative lumbar scoliosis (DLS)
[1-3], which are discrete conditions. Sometimes they coexist and are difficult to distinguish.

Adult scoliosis is increasing in importance in recent years, as its prevalence is increasing,
as a result of increased life expectancy of the population [2, 3]. Adult scoliosis with thora-
columbar and lumbar curves is associated with a higher prevalence of low back pain. Also,
they tend to progress. Many adult AIS patients consult because of the progression of their
curves or of symptoms that decrease their quality of life inducing functional impairment [4].
Thoracolumbar curves receive the highest percentage of surgical treatment among adult coro-
nal deformities; it accounted for 32.6% of all surgeries for adult scoliosis [5].

Apart from causing low back pain, thoracolumbar and lumbar curves tend to progress. Weinstein
and Ponseti showed that 68% of the AIS curves progressed after skeletal maturity, especially
when the Cobb angle exceeds 30° [6, 7]. In a retrospective study on progression of adult sco-
liosis, Marty-Poumarat et al. found that curves in adult AIS as well as DLS patients’ progress,
irrespective of the initial Cobb angle [8]. The rate of progression for lumbar or thoracolumbar
single curve was 0.82°/year (0.34-1.65°) for adult AIS patients and 1.64°/year (0.77-3.82°) for DLS
patients, respectively. Similarly, Iida et al. reported that AIS patients with thoracolumbar and
lumbar curves (Lenke 5C) with a Cobb angle over 30° have a high risk of progression [9].

Symptomatic adult scoliosis patients are generally treated conservatively by NSAIDs, analge-
sics, manipulation, acupuncture, and electrotherapy [10]. These conservative treatments have
not been found to be effective [11]. Everett and Patel found a low level of evidence in support
of conservative treatment. They identified level IV evidence for physical therapy, chiroprac-
tic care, and bracing and level III evidence for steroid injections [11]. Similarly, Glassman et
al. assessed the cost associated with nonsurgical treatment of adult scoliosis and found that
despite the substantial mean cost of US$10,815 per patient, there was no improvement in any
HRQOL (Health-Related Quality of Life) measure over 2-year follow-up [12].

The unsatisfactory outcome of the treatment approach is possibly due to the fact that it targets
at the symptoms of the adult scoliosis, but not the spinal deformities which are the one of
the causes of the symptoms. The present study attempts to investigate whether Schroth best
practice (SBP) exercises, which have been found to improve curves in AIS patients [13-18], do
affect thoracolumbar and lumbar curves in adult scoliosis patients.

2. Materials and methods

2.1. Patient selection

Adult scoliosis patients with AIS and degenerative lumbar scoliosis of either sex, who were
aged 20-70 years and were seen in the Wanchai Chiropractic Clinic were included. Patients
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with lumbar spondylolisthesis, congenital scoliosis, syndromic scoliosis, functional scoliosis
due to leg length discrepancy and secondary scoliosis due to antalgia, and compression frac-
tures were excluded.

2.2. Procedures

Consecutive adult scoliosis patients consulted for low back pain between January 2014 and
October 2015 in the Wanchai Chiropractic Clinic, with signs of thoracolumbar or lumbar sco-
liosis were referred for standing postero-anterior (PA) full spine radiographs. When the Cobb
angle was >20° and the apex of the curve lied in the thoracolumbar or lumbar area, the subject
would be asked for consent to participate in the study and was then referred for standing full
spine lateral radiograph.

The angle of trunk rotation (ATR) of the patients was measured. The subjects then completed
the Chinese version of the SRS-22 which has been found to have satisfactory internal consis-
tency and excellent reproducibility [19]. They were then instructed to perform the SBP exer-
cises [20, 21], which essentially involve holding the lumbar spine in lordosis and horizontally
translating the trunk to the side of the lumbar convexity, whilst simultaneously lowering the
contralateral pelvis to deflex the lumbar spine. The subjects then breathed into the areas of
concavities [22] and exhaled forcefully with isometric contraction of all the trunk muscles
[22]. The breathing method is termed “rotational angular breathing (RAB)”and is an inherent
part of the Schroth exercise approach [22]. Corrective postures to be undertaken during daily
activities [21, 23, 24] were also taught by a certified SBP therapist.

The subjects took four weekly classes. They then performed the exercises at home for at least
three times a week and adopted corrective postures basing on their curve types [21, 23] and
the side of the curves during daily activities. They had to mark on their log book the dates
they did the exercises. They returned quarterly for assessment to see if they had been per-
forming the exercises correctly.

The subjects were advised not to take up any sports or activities that they did not do prior to
the intervention nor engage in any therapy and/or treatments targeted to the spinal deformi-
ties, as these might confound the outcome.

After 9 months, PA and lateral full spine X-rays of the patients were again taken and the ATR
measured. The patient filled in the Chinese version of SRS-22 again.

2.3. Measurement of radiographs

All the radiographs were scanned, masked, and coded before being measured by an indepen-
dent radiologist at the end of the study to avoid measurement bias. The Surgimap software
was used for measurement, as it had been found to have good to excellent inter and intraob-
server reliability [25].

The coronal Cobb angle, coronal offset, T4-T12 kyphosis, T10-L2 kyphosis, L1-S1 lordosis,
sacral slope, pelvic tilt, pelvic incidence [26, 27], and C7-51 sagittal vertical axis (SVA) [28, 29]
were measured (Figure 1). The coronal offset, which is the distance from the center of C7
to the vertical line drawn from the center of the sacrum (central sacral line CSL), was also
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Figure 1. Measurements of the radiographic parameters. (a) stands for the coronal offset. It is the distance between
the center of the body of C7 and a perpendicular line from the center of sacrum (CSL). When C7 is situated to the right
of CSL, the measurement was designated at “~;” otherwise it was regarded as “+.” (b) SVA stands for sagittal vertebral
axis. It is the distance between a perpendicular line from the center of the body of C7 to the superoposterior corner of
S1. When the line is in front of the superoposterior corner of S1, the measurement was regarded as “+;” otherwise it was
regarded as “~.” (c) The measurements of other spinopelvic parameters.
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determined. When C7 is to the right of CSL, the measurement was designated as negative
“-;” otherwise it was regarded as positive “+.” The SVA, which was the distance between
the perpendicular line from the body of C7 to the superoposterior corner of sacrum, was
measured. When the perpendicular dropped in front of the superoposterior corner of the
sacrum, the measurement was regarded as positive “+,” otherwise it was regarded as nega-
tive “-”. Measurements of spinopelvic parameters which included the sacral slope, pelvic tilt
and pelvic incidence were performed as previously described by Schwab et al. and Glassman

et al. [28, 29].

2.4. Statistical analysis

The post-intervention Cobb angles, the coronal offset, sacral slope, pelvic tilt, pelvic incidence,
L1-51 lordosis, T10-L2 kyphosis, T4-12 kyphosis, the pelvic incidence-lumbar lordosis (PI-LL)
mismatch, and C7-51 SVA were compared to the baseline measurements. Paired t tests were
conducted to determine whether the post- and pre-intervention difference was statistically
significant at p < 0.05. Similar statistical analysis was performed for ATR as well as SRS-22
domain scores.

3. Results

Twenty-three patients with thoracolumbar or lumbar scoliosis were enrolled into the study.
Six dropped out soon after consent for various reasons (Figure 2). This left 17 patients. All of
them followed the study protocol. Near the end of the study, five patients went overseas for
study and work and were not available for final assessment. Finally, only 12 patients’ data
were collected for the present analysis.

Eleven of the 12 patients are female, with a mean age of 45.9 + 15.0. Two had thoracolumbar
curve, with apex at L1. The other 10 had lumbar curves, with apex at L2 or L3. Three had
curves to the right and 9 had curves to the left (Table 1). All but one complained of chronic
low back pain. One had recovered from an acute low back pain episode three weeks prior to
enrolment on the program and was pain-free at the commencement of the study. Nine of the
patients had adult idiopathic scoliosis, one had adult idiopathic scoliosis with DLS and two
had DLS.

3.1. Cobb angle

The mean baseline Cobb angle was 31.2 + 9.6°, which dropped to 27 + 7.4° after 9 months.
Based on the criterion that a reduction of 6° Cobb angle represents improvement [30], four
subjects had improvement of the curves. The improvement rate is thus 33.3%. Pre- and post-
intervention paired t test showed that p = 0.0032, which was statistically very significant
(Table 2).
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Figure 2. The flowchart of adult scoliosis patients.

1 Needed to go School

1 Did not feel well after exercises

2 Too Busy

1 Thyroidectomy

1 No reason provided

5 Patients

Overseas for study and work. Not

available for final assessment.

Patient Age Sex S/C Range of curve Apex Types of
Initial 9 months  Initial 9 months scoliosis

1 24 F L T11-L4 T10-L4 L2 L2 AIS

2 56 F L L1-L4 L1-L4 L3 L3 AIS+DLS

3 51 F L L2-L5 L1-L4 L3 L2 AIS

4 58 F L T12-L4 L1-L4 L2 L2-L3 DLS

5 41 F L L1-L4 L1-L4 L3 L3 AIS

6 61 F L T12-L4 T12-L4 L2 L2 AIS

7 70 F R T12-L3 T12-L4 L2 L2 DLS

8 43 F R T10-L4 T10-L4 L2 L1 AIS

9 31 F L T11-L4 T10-L4 L1 T12 AIS

10 24 M L L1-L4 L1-L4 L3 L3 AIS

11 37 F R T12-L4 T12-L4 L1 L1 AIS

12 55 F L T12-L4 T12-L4 L2 L2 AIS

Mean 459

SD 15

S/C, side of convexity; AIS, adult idiopathic scoliosis; DLS, degenerative lumbar scoliosis.

Table 1. The age, sex, and the curve characteristics of the subjects.



A Pilot Study on the Effect of Outpatient Schroth Exercises on Thoracolumbar and Lumbar Curves in Adult Scoliosis...
http://dx.doi.org/10.5772/intechopen.68183

Subjects Cobb angle (°) Coronal offset (mm)
Initial 9 months Change Initial 9 months
1 24 23 -1 6.8 3.6
2 43 33 -10 -8.8 -10.8
3 24 23.5 -0.5 2.3 3.8
4 43 31.5 -11.5 1.9 -7.6
5 28 24 -4 71 6
6 21 20 -1 -1 -1.4
7 26 23 -3 -2.7 -4.6
8 42 36 -6 -10.5 -11.7
9 42 37 -5 72 9.1
10 27 20 -7 4.1 -0.5
11 17 16 -1 -2.8 -2.3
12 37 37 0 11.6 10
Mean 31.17 27 -4.17 5.57 4.6
SD 9.58 7.4 3.84 3.58 5.5
P-value 0.0032 0.35

* Statistical significance.

Table 2. The Cobb angle and the coronal offset (the distance between the centre of C7 from the central sacral line) at
baseline and conclusion of the study .

3.2. Coronal offset

Seven curves had C7 offset to the left of CSL and 5 had offset to the right at baseline. After
9 months, four subjects in the former group had reduced coronal imbalance and three had
increased coronal imbalance (Figure 3). For the latter group, four had an increase in coronal
imbalance and only one had an improved coronal balance. The change in coronal offset, how-
ever, was not statistically significant (Table 2).

3.3. ATR measurement

Ten subjects had improvement of ATR after the program. Statistically, there was a sig-
nificant difference between the baseline and post-intervention measurements (p = 0.0115)
(Table 3).

The reduction of ATR during RAB in a forward bending position was more marked, at 2.08
+1.83° after the 9 months of training (Table 3). The difference was statistically very significant,
with p = 0.0023.

3.4. T4-12 kyphosis, L1-51 lumbar lordosis, T10-L2 kyphosis

In general, there was a trend toward a reduction in thoracic kyphosis. The change in lumbar
lordosis and thoracolumbar kyphosis was not statistically significant (Table 4).
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C

Figure 3. Posteroanterior full spine X-rays of a patient pre-intervention (a) and (b) post-intervention. It is noteworthy that
her coronal balance improved. (c and d) The pre- and post-intervention X-rays of another patient, and the improvement
of Cobb angle was noted.
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ATR® ATR® in rotational angular breathing
Baseline 9 months Baseline 9 months

1 7 5 4 0

2 21 21 19 15

3 11 10 8 5

4 13 9 10 6

5 10 9 7 6

6 9 11 6 7

7 12 11 9 7

8 16 13 9 9

9 21 19 18 17

10 6 4 2 2

11 5 1 4 0

12 23 15 16 13

Mean 12.83 10.67 9.33 7.25

SD 6.15 5.85 5.6 5.5

P-value 0.0115 0.0023"

“Statistical significance.

Table 3. Angle of trunk rotation (ATR) in normal and rotational angular breathing at baseline and conclusion of the
study.

3.5. Sacral slope

Interestingly, 9 of 12 patients had an increase in sacral slope (Table 4). The post- and pre-
intervention difference was statistically significant with p <0.030.

3.6. Pelvic tilt

As the sacral slope increased, the extent of pelvic tilt would reduce, as the sum of sacral slope
and pelvic tilt is equal to pelvic incidence, which is a constant (Table 4). Nine patients had
a reduction in pelvic tilt. The difference between post- and pre-intervention was statistically
very significant at p < 0.0032.

3.7. Sagittal vertical axis

After 9 months, the global sagittal balance of the spine improved, with reduction of the antero-
posterior truncal shift toward a more neutral position. The post- and pre-intervention differ-
ence was statistically significant at p < 0.032 (Table 4).
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3.8. SRS-22

Comparing the baseline and the results at 9th month showed that there was no significant dif-
ference of scores in the function and pain domains (Table 5). There were, however, significant
difference of scores for the self-image (p = 0.001), mental health (p = 0.004), and satisfaction/
dissatisfaction domains (0.018). The difference in SRS-22 total score was also statistically dif-
ferent (p = 0.0016).

4. Discussion

Overall, 9 months of home-based Schroth exercises significantly improved the Cobb angle,
the ATR, the ATR during RAB, the sacral slope, the pelvic tilt, the sagittal vertical axis as well
as SRS-22 scores.

4.1. Cobb angle

The SBP exercise improved the Cobb angle very significantly. This is consistent with
previous findings [17, 20, 21, 31, 32] in AIS patients. Curves of adult AIS patients can
be reduced through multi-modal rehabilitation approaches [13, 14, 16]. SEAS (Scientific
Exercise Approach to Scoliosis Exercises) [15, 17], Schroth [18] and side shift exercises
[31] have been reported to reduce curve severity in adult AIS patients. Negrini et al.
reported an adult AIS female, aged 25 with a double curve, treated by SEAS for 1 year.
The main lumbar curve reduced from 47 to 28.5° [15]. Similarly, Yang et al. reported
an AIS adult female with thoracic Cobb angle of 20.51°, treated by stretching, SBP, and
strengthening exercises. In 8 weeks, the Cobb angle reduced to 16.35° [18]. Side shift
exercises were also reported to reduce the Cobb angle of 69 patients with a mean age of
16.3 years. After an average follow up of 4.2 years, the mean Cobb angle reduced from
31.5 to 30.3° [31]. A retrospective cohort study also showed that curves of adult AIS
patients can be reduced through SEAS. After 2 years of intervention, 68% experienced an
improvement which averaged 4.6°. On average, the thoracolumbar curve reduced by 3°
and the lumbar curve reduced by 3.6°. The improvement, however, was not statistically
significant [17]. In comparison, our results showed that the improvement rate was 33.3%,
when 6° curve reduction was regarded as an improvement. The average improvement
was 4.2°. The findings closely matched that of the study by Negrini et al. [17]. It has,
however, to be noted that not all of the patients in the present study had adult AIS.

Interestingly, nonscoliosis specific exercises have also been found to improve the Cobb angle
in AIS and DLS patients [32]. Fishman et al. found that performing side plank yoga pose with
the curve convexity facing downwards, for as long as possible once daily for 3-22 months
resulted in an improvement of the Cobb angle [32]. The side plank yoga pose improved the
Cobb angle in the 12 patients with DLS, from an average of 50.4-33.1° [32]. Yet, the study has a
number of weaknesses and limitations. The study included patients with Cobb angle as small
as 6°. Strictly speaking, these patients should not be regarded as suffering from scoliosis. Also,
a reduction of 3° Cobb was regarded as improvement, though curve improvement is defined
as a reduction of 6° Cobb angle [30].
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4.2. Coronal offset

Glassman et al., in a study in 2005, showed that a coronal imbalance of 4 cm is associated
with deterioration of pain and function scores in unoperated patients [12]. Similarly, Ploumis
et al. showed that a coronal imbalance of 5cm is associated with a reduction in functionality
[33]. Also, trunk shift is a predictor of surgery for patients with thoracolumbar and lumbar
curvatures [34]. Lafage et al., however, showed no correlation between clinical outcomes and
coronal global balance [35]. The magnitude of the coronal deformity did not impact pain and
disability [35].

In the present cohort, the largest coronal offset was only 11.6 mm at baseline (Table 2). At ninth
month, seven patients had an increase in coronal imbalance but five had an improvement. Yet,
the change was small and was possibly clinically insignificant. The worsening of the coronal
imbalance in some of the subjects is believed to be a result of the compensation to realign the
spine by reducing the Cobb angle. The increase did not reach statistical significance.

4.3. Angle of trunk rotation

The change in ATR was statistically significant. On average, the reduction was only 2.2°.
This is less than that previously reported in AIS patients, which averaged 3—4° [20, 36]. The
difference between our study and others may be related to the fact that their subjects were
adolescents and had better spinal flexibility than the present cohort.

The difference in ATR when performing RAB in forward flexion between baseline and at ninth
month was statistically very significant (p = 0.0023). After 9 months of home-based training,
the ATR during RAB reduced from a mean of 9.3-7.3°. The decrease of 2° is consistent with
the findings by Borysov and Borysov in much younger patients [20].

We are not aware of any study that measured the ATR changes in adult scoliosis patients after
performing PSSE and are therefore unable to make any comparison.

4.4. Sagittal balance and alignment

In recent years, the spinopelvic parameters and sagittal spinal balance have been found to be
more important than the coronal curves in relation to clinical outcomes [26, 37-39]. Glassman
et al. evaluated the relationships between radiographic parameters and health status. They
found that the severity of symptoms is linearly related to the extent of sagittal spinal imbal-
ance [29]. Anterior translation of the trunk, with the SVA in excess of 7 cm is associated with
an increase in clinical symptoms [29]. Similarly, Lafage et al. showed a correlation between
the SVA and Scoliosis Research Society (SRS) total scores and Oswestry Disability Index (ODI)
[35]. Schwab et al. found that a SVA in excess of 47 mm, in combination with a pelvic tilt in
excess of 22° and pelvic incidence-lumbar lordosis (PI-LL) mismatch in excess of 11° was
closely correlated with disability [40].

The present study showed that SBP exercises did not impact the thoracic kyphosis and lumbar
lordosis significantly. The findings concurred with previous findings [41, 42] in AIS patients.
Weiss and Klein found that the Physio-logic® program did not improve the thoracic kyphosis
[42] and Noh et al. found that Schroth exercises did not improve the thoracic kyphosis and
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lumbar lordosis [41]. The findings are not unexpected, in view of the fact that the spine of
adult scoliosis patients is generally more rigid than that of AIS patients and improvement of
curves is less likely.

Yet, the present study found that SBP exercises increased the sacral slope, decreased the pelvic tilt,
and improved the SVA significantly (Table 4). It is noteworthy that the improvement involved
two of the three key radiographic parameters correlated with disabilities [40]. At baseline, the
mean sacral slope was 25.3°, which is lower than the mean sacral slope of 39 and 40.9° reported
in normal volunteers by Troyanovich et al. and Duval-Beaupere et al., respectively [43, 44]. Our
results, however, compared well with the results reported by lida et al. in adult scoliosis patients.
They reported a sacral slope of 26.6° of the DLS patients group and 27.5° for the adult AIS group,
respectively [9]. Yang et al. reported a mean sacral slope of 32° in the 99 adult patients with spinal
deformities (ASD) with a median age of 67 years [45]. The difference between our data and that
of other studies may be related to the magnitude of the scoliosis [9, 45], as progression of lumbar
scoliosis has been found to reduce the sacral slope [35, 46].

Duval-Beaupere et al. suggested that a reduction in sacral slope reduced the stability of the
pelvis [47]. At the conclusion of the study, the sacral slope increased significantly from a mean
of 25.3-28.8°, suggesting that the intervention may improve the stability of the pelvis requir-
ing less hip extensor activity to maintain balance [47].

The pelvic tilt reduced from 20 to 16.2° post intervention. The difference was statistically
significant. A study has shown that a pelvic tilt angle of above 22° correlated with disabil-
ity [43]. Similarly, a number of studies have shown that a large pelvic tit is associated with
increased pain and decreased function [35, 38]. A study which analyzed the pre and post-
operative differences in spinopelvic parameters and their relationship to postoperative pain
showed that patients with a larger postoperative pelvic tilt were likely to have postoperative
residual pain than patients with a smaller postoperative pelvic tilt [38]. Similarly, Lafage et
al. showed clear evidence that an increased pelvic tilt was associated with increased pain and
decreased function [35]. Thus, the reduction of pelvic tilt after intervention may be associated
with a better clinical outcome.

PI-LL mismatch has also been found to strongly correlate with disability [40]. A mismatch
suggests that the lumbar lordosis does not compensate adequately [40]. The mismatch is clini-
cally significant when it is in excess of 10°. At baseline, 5 had PI-LL mismatch, whereas after
9 months, only 2 had any significant PI-LL mismatch. Yet, the pre- and post-intervention
differences were not statistically significant.

Positive sagittal spinal imbalance has also been found to correlate with the severity of
symptoms and disability [29, 40]. Duval-Beaupere et al. showed that an anterior transla-
tion of the center of gravity in excess of 30 mm in front of the coxofemoral joints require
the contraction of the hip extensors for balance [44]. This may be related to the increase in
symptoms in patients with positive sagittal spinal imbalance. In the present study, it was
shown that the SVA reduced significantly after intervention, suggesting that the patients had
an improved global sagittal spinal balance. This may be clinically significant as Schwab et al.
showed that a SVA in excess of 47 mm correlated with disability [40].
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4.5. SRS-22

Glassman et al. showed that patients with thoracolumbar and lumbar curves tended to have
a lower pain and function scores as compared to those with thoracic curves [12, 29]. The
present study showed that the exercises tended to increase the SRS pain domain scores, but
the pre- and post-intervention difference was not statistically significant. This might be due
to the fact that most of the patients did not have marked pain at baseline. It was possible that
most of the subjects had adult idiopathic scoliosis, which was not as disabling or painful as
those with DLS [45].

The SRS-22 self-image (p = 0.001) and mental health (p = 0.04) scores, however significantly
improved after the 9 months of scoliosis pattern specific exercises. The improvement in
self-image is unlikely to be a result of the change of the subject’s perspective [48] as the study
spanned over a few months. The improvement in self-image is important as studies [48, 49]
have shown that operated AIS patients and adult patients with thoracolumbar and lumbar
curves had lower SRS-22 self-image scores, as compared to nonoperated group [48]. Pizones
et al. found that the surgical cohort had worse SRS-22 scores in all domains with mean values
under 3.1 points (range = 2.4-3.1), as compared to the conservatively treated cohort [4]. In
our study, there was a significant improvement in the scores in the self-image domain. Seven
subjects had scores below 3.1 points before the intervention, but after the program, only two
had scores below 3.1 points. Also, the improvement of SRS-22 self-image and satisfaction
scores exceeded 0.4, which is regarded as the minimal clinical important difference relating to
SRS-22r (refined) in surgically treated adults with spinal deformity [50]. Improvement of the
self-image may reduce the drive for surgical intervention.

4.6. Clinical implications

This preliminary study showed that SBP exercises improved the Cobb angles, sagittal spinal
balance, and some SRS-22 domain scores in adult patients with thoracolumbar and lumbar
curves. In view of the fact that curves of ASD and DLS progress and that the present nonop-
erative treatments addressing adult scoliosis patients with low back pain are not effective, the
authors believe it is worthwhile implementing SBP exercises in conjunction with standard
medical or physiotherapeutic treatments on adult scoliosis patients with risk of progression,
particularly when the patients have lumbar curves in excess of 30°, AVR > 33%,, thoracolum-
bar kyphosis, and positive sagittal spinal imbalance [29, 40]. A low intercristal line is also
a risk factor [6]. When the line joining both iliac crests lies below the L4/5 level, L4 is more
mobile and prone to instability and translation.

4.7. Limitations

The study has a number of weaknesses. The small sample size reduced the statistical power
of the study. Also, the group was not homogeneous, with different degrees of degenerative
changes in the lumbar spine. This would confound the outcome, as subjects with more flexible
spines are expected to have better improvement. Also, it was difficult to ensure that patients
followed the exercises protocol strictly at home.
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Further studies are required to elucidate whether SBP positively influences the thoracolum-
bar and lumbar curves in adult scoliosis patients, particularly those with curves that are sus-
ceptible to progression and whether SBP when combined with the standard conservative
treatments improve their effectiveness.

5. Conclusion

The study showed that out-patient Schroth Best Practice® exercises statistically significantly
improved the Cobb angles, the sacral slope, the pelvic tilt, and SVA as well as the SRS-22
self-image and mental health domain scores in adult scoliosis patients with thoracolumbar
and lumbar curves. Yet, in view of the small sample size and the weak power of the studyj, it is
suggested that further studies be conducted to investigate whether SBP exercises are effective
for the treatment of adult scoliosis patients with thoracolumbar and lumbar curves.
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Abstract

Sagittal alignment has become a hot topic in the world of orthopedics, particularly as it
pertains to adults with spine deformities and coexisting pain, activity limitations, and
health-related quality of life. It is reported that the prevalence of spinal deformity in the
older adult will continue to increase. Clinicians across disciplines recognize the myriad of
variation that exists in sagittal alignment, and that there is not one ideal norm to ascribe
to. Relatively new to the spine deformity community has been the discovery of the rela-
tionship between the pelvis and the femur (pelvic incidence) in dictating lumbar lordosis
and overall spinal alignment. While it is acknowledged that variation exists, there is now
evidence that there is a limited range within which we can compensate for loss of sagit-
tal alignment and still function well. When compensations run out, the quality of life
becomes affected. These alignment variations, compensations, and in some cases, loss of
alignment all together have clinical implications for the physiotherapist working with
the older adult population. The purpose of this chapter is to describe the current state of
evidence-informed knowledge around spinopelvic parameters as they relate to the adult
with spine deformity and offer clinical implications for the conservative care practitioner.

Keywords: adult spinal deformity, scoliosis, sagittal alignment, pelvic incidence, lumbar
lordosis, sagittal vertical axis

Learning objectives

1. Explain why the sagittal profile is important from an evolutionary and biomechanical
perspective.

2. Appreciate the historical evolution of our understanding of sagittal alignment.

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{ccY NN
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3. Define key sagittal parameters.

4. Explain the correlations between the various parameters that are key in understanding the
sagittal relationships.

5. Describe how spinal deformity may lead to compensatory changes in sagittal alignment.

6. State implications in terms of assessment strategies for the conservative care practitioner
(physiotherapists/orthotists).

1. Introduction

Spinal Deformity may be defined as an abnormality in alignment, formation, or curvature of
one or more portions of the spine [1]. Spine deformities can occur in one or a combination of
the axial, coronal, and sagittal planes. Scoliosis is a spinal deformity defined by the Scoliosis
Research Society (SRS) as a lateral curve measuring 10° or more on an anterior-posterior
radiograph with the presence of vertebral rotation [2].

In recent years, attention to the role of sagittal plane alignment in the overall health and func-
tion of adults with spine deformity has increased [3]. The purpose of this chapter is to shed
light on the body of literature surrounding sagittal alignment variations and hypothesize
about clinical implications for the conservative care practitioner managing spinal deformity
in clinical practice.

2. Main body

2.1. Definition of posture

Alignment and postural control have long been fundamental to the clinical decision-making
process of the physiotherapist. The Guide to Physical Therapy Practice lists “Posture” as a key
test and measure to be included in a physiotherapist’s objective examination [4]. Indeed, there
exists no universal definition of posture and within postural control, alignment [5]. However,
health-care practitioners from various backgrounds make similar statements when describing
posture. Basmajian in 1965 understood posture to be the “upright, well-balanced stance of the
human subject in a ‘normal’ position” [6]. The Posture Committee of the American Academy
of Orthopedic Surgeons (AAQOS) defines posture as “the state of muscular and skeletal bal-
ance which protects the supporting structures of the body against injury or progressive defor-
mity, irrespective of the attitude in which the structures are working or resting. Under such
conditions, the muscles will function most efficiently and the optimum positions are afforded
for the thoracic and abdominal organs” [7].

2.2. Evolutionary perspective on upright posture

In evolutionary terms, it is upright stance and the ability of humans to achieve bipedalism
that differentiates humans from the majority of the animal world. This ability was made
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possible by the evolution of the structure of the pelvis and lumbar spine as well as their mus-
cular attachments.

Several changes have been critical to this evaluation. First, the human lumbar spine is exceed-
ingly longer and more mobile, which has allowed for lumbar lordosis (LL)/extension to align
the trunk over the pelvis from a lateral view [8].

Second, the sacrum in humans is broader/wider. It contributes to the mobility of the lower
lumbar segments to form lordosis, where the narrowness of the sacrum and length of the
ilia in other primates “lock” the lower lumbar segments [9]. In addition to the sacrum being
shorter in length and broader in width, the ilia are also broader in width and more flared ante-
riorly [9]. This adaptation brings the anterior gluteal muscles (gluteus medius and minimus)
from their former roles as hip extensors and migrates them laterally and anteriorly to perform
their current roles as hip abductors and stabilizers of the pelvis during the single limb stance
phase of gait. In partnership with a longer femoral neck, the gluteals create a longer lever
arm, allowing the hip abductors to function more effectively in stabilizing the pelvis during
the stance phase of gait.

Other muscular changes include hypertrophy of the gluteus maximus in humans, particularly
during running, where it serves to keep the trunk from falling forward during heel strike [9].
Additionally, the hamstrings, while they played a “power” function in quadrupedal loco-
motion, play more of a stabilizing/control role in human bipedal locomotion. Furthermore,
humans have smaller erector spinae muscles most likely owing to the center of mass being at
the second sacral vertebrae, which creates a shorter lever arm in which the erector spinae have
to work [9]. Therefore, the muscles do not need to be under such constant activation.

A general understanding of the evolution of spinopelvic alignment and upright stance helps
us understand how the loss of this congruent relationship is potentially problematic in indi-
viduals with spinal deformity.

2.3. Historical perspective on understanding of sagittal alignment

The evolution of our understanding of sagittal alignment has been developing for over 150
years. It is von Meyer who is credited with the discovery of the weight center of the human
body at the level of the second sacral vertebra [6]. Although highly variable, most clinicians
and researchers reporting on alignment agree that the line of gravity should pass near the
mastoid process of the temporal bone, just anterior to the second sacral vertebrae, just poste-
rior to the hip joint, and just anterior to the knee and ankle joint [6, 7, 9, 10]. Thus, balanced
about this line of gravity, man is able to remain upright with mild anterior/posterior sway and
minimal energy expenditure.

The German orthopedist, Franz Staffell, in 1889, is credited with further sub-classification of
ideal posture into categories (i.e., round, flat, lordotic) [11].

Statements such as that made by Schulthess in 1905 are indicative of the openness of clinicians to
the variation in the sagittal plane versus the assumption of one ideal posture and all else faulty [12].

Kendall, Kendall, and Boynton in 1952 described an ideal postural type and three faulty pos-
tural types (kyphotic-lordotic, flat back, and swayback) [7]. Rex McMorris in 1961 described
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what he termed faulty postural types in children [13]. Roussouly in 2005 identified lordotic
types, which will be discussed in further detail later in this chapter [14]. Mac-Thiong in 2010
described six postural types [15].

Our evolution in understanding the relationship of the pelvis to the spine can be traced to the
early 1960s. Joanne Bullock-Saxton, in her narrative review in 1988, citied work by Hollinshead
in 1962 observing a relationship between the position of the pelvis and the amount of lumbar
lordosis [16]. Indeed, others also discussed the interaction between pelvic obliquity or pelvic
inclination and its role in determining the degree of lumbar lordosis. Additionally, the oblig-
uity of the sacrum was determined to be related to the degree of lumbar lordosis [16]. During
et al. explained the relationship between the position of the sacrum and the depth of lumbar
lordosis as functional. The steeper the slope of the upper portion of the sacrum, the deeper
the lumbar lordosis needs to be in order to maintain optimal position of the upper part of the
body over the lower along the line of gravity [17].

The advent of instrumentation with spinal fusion in the surgical management of scoliosis and
spinal deformity has led to a greater push to understand sagittal alignment. Although early
surgical instrumentation was effective in addressing the frontal plane aspect of the scoliotic
alignment, follow-up revealed often deleterious effects on the sagittal plane [18]. Doherty, in
1973, described what was later coined by Moe and Denis as “flatback syndrome,” character-
ized by a fixed forward inclination of the trunk due to the loss of normal lumbar lordosis [18].
The early instrumentation combined the use of a straight rod with distractive forces and, when
intervention extended to lower lumbar levels, the combination of these forces led to a loss of
lumbar lordosis [18]. Recognition of this postoperative outcome led to advancements in surgi-
cal technique, which is beyond the scope of this text, as well as the understanding of the need
to not only preserve but also enhance lumbar lordosis in order to minimize the risk of post-
operative flatback syndrome. The identification of pelvic incidence, a morphological param-
eter that describes the relationship of the sacrum to the femur, represented a turning point in
the movement to better address the sagittal plane from an operative perspective [19]. These
parameters and their clinical implications may also be useful, as we will see, for the physio-
therapist working with the older adult with spine deformity, as it gives us parameters within
which we can better prognosticate the type of client we may be able to work with successfully.

2.4. Measuring spinopelvic alignment

Assess a patient’s sagittal alignment allows the practitioner to objectively understand its poten-
tial role in contributing to a patient’s pain and dysfunction. In 2006, the Scoliosis Research
Society published the first classification system to develop a common language around adult
spinal deformity (ASD). This classification grew out of an understanding that the existing
adolescent scoliosis classifications were not entirely applicable to the adult population when
making clinical decisions around operative management. The most recent update on this clas-
sification emphasizes the importance the sagittal plane plays in maintaining healthy upright
spinal postures. Their work is valuable for the conservative care practitioner to help make
clinical predictions as to the contribution of alignment to pain in our patients with spinal
deformity [20].
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The first step of the classification is to identify the coronal curve type, depending on the loca-
tion of the curve apices and convexities. The categories are thoracic, thoracolumbar/lumbar,
or double curve. The second step is to assess for the presence of sagittal modifiers. These
modifiers include pelvic incidence (PI), global alignment via sagittal vertical axis (SVA), pelvic
tilt (PT), degree of lumbar lordosis (LL), as well as subluxation or listhesis in the frontal or
sagittal plane [20].

2.4.1. Pelvic incidence

Pelvic incidence is an anatomical or morphological measurement that is unique to each indi-
vidual and is independent to the spatial orientation of the pelvis (Figure 1). It is specific to
each individual and remains constant throughout the life span. The steps in measuring PI are
as follows: (1) Draw a line across S1 superior end plate. (2) Find the midpoint from #1 and
draw a downward perpendicular line. (3) Draw a line from the center of the femoral head line
to the center of the center sacrum line. Often in the presence of pelvic obliquity you will need
to find the midpoint of both femoral heads. (4) The angle between these lines is the pelvic
incidence.

Figure 1. Pelvic incidence measurement. (1) Draw a line across S1 superior end plate. (2) Find the midpoint from #1 and
draw a downward perpendicular line. (3) Draw a line from the center of the femoral head line to the center of the center
sacrum line.
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2.4.2. Lumbar lordosis

Lumbar lordosis is measured by the angulation from the inferior angle of T12 and the supe-
rior end plate of S1 (Figure 2).

2.4.3. SVA

Sagittal vertical axis is used to measure the degree of forward or backward angulation of
a patient’s posture. SVA is one of the easiest radiological parameters to measure, since the

Figure 2. Lumbar lordosis measurement: From inferior end plate of T12 and superior end place of sacral. This patient
has a lumbar lordosis of 56.2°.
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femoral heads do not have to be visualized. For this reason, the authors have found it to
be a clinically relevant and useful measure to incorporate into clinical practice. The steps to
measure SVA on a standard lateral view radiograph are as follows: (1) Identify the center of
C7—inferior end plate, and draw a line straight down perpendicular to the bottom of the
film. (2) Draw a vertical line from the posterior-superior corner of the sacrum. (3) Measure the
distance between lines 1 and 2 [21]. A positive number indicates that C7 is in front of sacrum.
On a clinical examination, the patient’s head is likely to be in front of the torso as well as his
trunk in a more forward flexed position. A negative number indicates that a C7 is behind the
sacrum. This type of posture is often called swayback. Clinically, the patient likely stands
with their pelvis more in front than their head (Figure 3A and B).

Figure 3. SVA —Sagittal vertical axis: The steps to measure SVA are as follows: (1) Identify the center of C7—inferior end
plate, and draw a line straight down perpendicular to the bottom of the film. (2) Draw a vertical line from the posterior-
superior corner of the sacrum. (3) Measure the distance between lines 1 and 2. (A) This individual has a (+) SVA of 169.98
mm. (B) This indivdual has a (-) SVA of 62.6mm.
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2.4.4. Pelvic tilt

Radiological pelvic tilt is a sagittal measurement that can be assessed on a lateral radiograph.
Refer to Figure 4 for specifics. The following are the measurement steps: (1) Draw a line from
the midpoint of the sacral end plate running perpendicular down to the bottom of the X-ray.
(2) Draw a line from the center of the femoral heads to the center of the sacrum. (3) The angle
between these two lines is the pelvic tilt. Also, pelvic tilt + sacral slope (SS) = pelvic incidence
(Figure 4) [21].

2.4.5. Sacral slope

The last radiological measure discussed here is the least discussed as it is often difficult to
measure. However, its importance is vital to understanding the relationship of the other
parameters. Refer to Figure 5 for specifics. The steps to measurement are as follows: (1) Draw
a line along the superior sacral end plate. (2) Draw a line from the anterior superior edge
parallel to the bottom of the X-ray. (3) This angle is the sacral slope. Pelvic incidence = sacral
slope + pelvic tilt [22].

2.5. Inter-relationships between spinopelvic parameters

A significant chain of interdependence exists between pelvic and spinal parameters. Pelvic
incidence, as previously stated, is an independent and anatomic parameter that determines
pelvic orientation and the optimal size of lumbar lordosis [19]. In practice, the PI of an indi-
vidual is correlated together with his or her sacral slope. In this section, both SS and PI will
be described in relation to LL and sagittal balance as well as the consequences of mismatch
between the pelvic parameters and LL for the adult individual with spinal deformity.

Figure 4. Pelvic tilt. (1) Draw a line from the midpoint of the sacral end plate running perpendicular down to the bottom
of the X-ray. (2) Draw a line from the center of the femoral heads to the center of the sacrum. (3) The angle between these
two lines is the pelvic tilt. This individual’s pelvic tilt measures 17°.
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Figure 5. Sacral slope: (1) Draw a line along the superior sacral end plate. (2) Draw a line from the anterior superior edge
parallel to the bottom of the X-ray. (3) This angle is the sacral slope. This individual’s sacral slope measures 24°.

2.5.1. Influence of sacral slope on global sagittal alignment

In a well-balanced spine, the SS is between 35 and 45" and the LL has an apex at L3-L4 [23]
(Figure 6). In an individual with a low SS angle (<35), a regional hypolordotic lumbar deformity
with a compensatory hypo-kyphosis or normal thoracic and lumbar apex at L5 may be observed
[23]. Regional deformity is defined as sagittal kyphotic misalignment that affects a limited number
of segments of the spine (i.e., the lumbar spine, the thoracic spine, the thoracolumbar junction
(TLJ), or the lower lumbar spine). Compensatory mechanisms are changes in the sagittal alignment of
spinal or non-spinal segments, different from those involved in regional deformity, to restore the

Figure 6. Drawings of sacral slope and sagittal spinal alignments. Left: Sacral slope (SS) < 35°, apex of lumbar lordosis
(LL) at middle L5, the spine is hypolordotic and relatively normal kyphotic; middle: 35° < SS < 45°, apex of LL at middle
L3-L4, the spine is well balanced; right: SS > 45°, apex of LL at base L3, the spine is hyperlordotic and hyper-kyphotic.
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alignment of the gravity line or the horizontal gaze. Compensatory mechanisms need active mus-
cle contraction by the subject [24, 25]. When the 5SS is high (>45°), a regional hyper-lordosis lumbar
deformity along with compensatory thoracic hyper-kyphosis may commonly be observed [23].

2.5.2. Pelvic incidence and its relationship to LL and sagittal balance

A mean value PI was documented in 2011 to be 55 + 10° [24], and a mean value of LL and thoracic
kyphosis (TK) was documented in 1989 to be 44 and 36" [26]. These mean values do not imply
ideal but simply a fixed angle providing anatomical characteristics of the pelvis and lumbar spine.
Ranges of value are more appropriate for describing normal, but in this section, the mean values
give an easier way of understanding the concept of match versus mismatch between the two. A +10°
difference between Pl and LL was documented as an ideal match for optimal maintenance of sagit-
tal balance [27]. A match occurs when both PI and LL are within the margin of 10" difference (known
as PI-LL =10 or PI - LL = 10). PI and LL can be high or low in degrees and still be considered a
match. For example, a PI of 70" and an LL of 65" would be considered a high degree. A PI of 30" and
an LL of 35" would be considered a low degree. In both cases, the difference between them is 5’ and
thus considered a match and a harmonious sagittal plane alignment (Figure 7).

A Match

o
| ALL=235 LL=65 W

Pl=30

Figure 7. Representative drawing of harmonious spine in the sagittal plane: high PI and LL (left) and low PI and LL
(right). Both are a match between PI and LL of two possible separate individuals.



Sagittal Alignment in Spinal Deformity: Implications for the Non-Operative Care Practitioner 123
http://dx.doi.org/10.5772/intechopen.69455

A mismatch occurs when there is a greater than 10° difference between PI and LL and can lead
to a disharmonious sagittal plane alignment. A mismatch can be presented by high PI and low
LL (PI-LL >10) or the opposite (Figure 8).

The most documented [24-26] types of mismatches in adolescent idiopathic scoliosis (AIS)
and ASD include those with PI-LL >10° where the PI is high and the LL is low (Figure 9).

A Match A Mismatch
PI-LL=/<10° Pl-LL=10°

- LL=45
|

PI=50 P70

Figure 8. Representative drawing of match (left) and mismatch (right) PI and LL.

Figure 9. Mismatch PI-LL in adolescent (left) and older adults (middle and right).
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2.5.3. Clinical implications

Radiological parameters that most highly correlate with pain, disability, and low quality of
life are sagittal vertical axis, pelvic tilt, and the PI-LL relationship and are thus key compo-
nents of the SRS-Schwab ASD classification [20, 27-29].

In a multi-center, prospective cohort trial in 2013 related radiological parameter thresholds
to clinical findings as being predictive of worse clinical symptoms and poorer quality of life
[28]. They proposed and concluded that a PI-LL of 10° or less, global alignment (positive SVA)
of less than 4 cm, and PT of less than 20° were the ideal spinopelvic alignment for reducing
operative intervention procedures and postoperative pain and disability [28].

Overall, literature demonstrates increased surgical complexity with increased severity of sag-
ittal deformity modifiers. A significantly higher osteotomy rate was reported with increasing
positive sagittal malalignment and a PI-LL mismatch [29-31]. Iliac fixation was more com-
monly used as global alignment became increasingly positive. Berjano and Aebi reported
the value of the pedicle subtraction osteotomy (PSO), a procedure to restore lumbar lordo-
sis in patients with lumbar/thoracolumbar scoliosis, concurrent loss of lumbar lordosis, and
PI-LL mismatch [32]. This procedure has been demonstrated to restore sagittal alignment and
improve patient self-reported pain and function.

The incorporation of spinopelvic parameters into surgical decision making has provided
greater insight into the relationship between spine deformity and compensatory strategies
to attempt to maintain upright alignment. It is theorized, for example, that a person with a
low PI may adapt well to a situation if their lumbar lordosis is reduced (due to degenera-
tive changes or scoliosis) because their sagittal alignment, based on the existence of low PI,
may more readily “accept” changes that will cause hypolordosis in the lumbar spine and still
maintain a match between PI and LL. Conversely, an individual with a high PI and low or
loss of lumbar lordosis (secondary to lumbar degenerative changes or scoliosis or to compen-
sate for a decreased thoracic kyphosis) will likely not adapt as well as the one described first.
The high PI may not allow the individual to adapt well to the low lumbar lordosis, and after
exhausting compensatory strategies at the pelvis (through pelvic tilt) and lower extremities,
they may tend toward a positive sagittal balance (positive SVA) and potential compensations
in the thoracic spine as well.

Lamartina and Berjano [24] describe a comprehensive classification of sagittal imbalance. In
their classification, two compensatory mechanisms occur in response to reduced lumbar lor-
dosis (i.e., lumbar kyphosis). First, local lumbar kyphosis may be compensated for by tho-
racic lordosis (Figure 10). In this situation, the thoracolumbar junction is normal or lordotic.
Second, lumbar kyphosis may not be compensated by thoracic lordosis but by thoracic hyper-
kyphosis causing global kyphosis. In this case, the TLJ is in kyphosis, and the whole spine
demonstrates an anterior loss of sagittal balance. In both situations, there will be additional
compensations, including pelvic retroversion and knee flexion to maintain upright posture.
The reason for the differences between the two is not yet understood but the most accepted
theory is that the differences in compensation in the thoracic region are based on the preexist-
ing alignment of the thoracic (being originally hypo-kyphotic vs. normal or hyper-kyphotic)
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Figure 10. (A) Lumbar kyphosis with a compensatory thoracic lordosis, pelvic retroversion (increased pelvic tilt), and
knee flexion. (B) global kyphosis—lumbar kyphosis is not compensated by thoracic lordosis. The TL]J is kyphotic.
Compensatory pelvic tilt and flexed knees are present.

and the TL]. Lumbar kyphosis differs from global kyphosis in that in [umbar kyphosis, there is a
local kyphosis (at the lumbar region) with compensatory thoracic hypo-kyphosis (Figure 10A).
In this alignment strategy, thoracic extensor muscles are active, and patients may benefit
from remodeling of the lumbar lordosis conservatively or by selective lumbar osteotomy and
fusion where the patient may regain a balance with reversal of the compensatory mechanism
of the thoracic spine. In global kyphosis, the thoracic spine fails to compensate to the lumbar
kyphosis and the whole trunk becomes kyphotic (Figure 10B).

2.5.4. Summary

The literature review of this section demonstrates that the sagittal plane is vital to under-
standing pain and disability in patients with ASD, and that SVA, PT, and PI-LL mismatch are
the main drivers that affect disability and decreased function [27-32]. Becoming proficient in
defining radiographically the above parameters, values and limits, can help guide a better
therapeutic decision-making process conservatively and operatively with the aim and focus
on maintaining or creating the best sagittal alignment for the individual that will improve
function, as well as decrease pain and disability.

2.6. Assessment of the patient with ASD

The objective examination should begin with the assessment of alignment using a posture
grid. In this section, we only discuss the evaluation of the sagittal alignment. With the patient
standing sideways to the posture grid, the examiner can obtain sagittal alignment in a variety
of ways, utilizing tools such as an inclinometer, a flexi-ruler, or a plumbline. The amount
of cervical lordosis, thoracic kyphosis, lumbar lordosis, thoracolumbar junction transitional
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area, pelvic tilt, as well as description of hip and knee position can be measured. An increase in
thoracic kyphosis (hyper-kyphosis), and loss of lordosis either in the cervical or in the lumbar/
thoracolumbar region, may lead to alignment faults accompanied by muscle length/strength/
activation changes that will need to be tested and addressed. See Table 1 for a description
of predicted implications of various alignment faults on mobility, muscle length, strength,
and muscle performance. This is not an all-inclusive list and does not substitute for a careful
evaluation of alignment and contributing factors to the clinical presentation of the client. See
Table 2 for take-home messages regarding radiological parameters as were discussed in this
chapter.

Specific intervention strategies are beyond the scope of this chapter. The authors recom-
mend that clinicians interested in working with this patient population pursue additional
training in scoliosis education as most experts view it as a sub-specialty in physiotherapy
practice [34].

Thoracic hyper-kyphosis Loss of LL with TL] in kyphosis Loss of LL with TL] normal PI and hip pathology
or lordotic

Compensatory alignment Compensatory alignment Compensatory alignment  Novel theory
faults faults faults hypothesizing
® excess cervical lordosis ® increased thoracic and * increased thoracic ;eltatlonsliup Pland
with forward head global kyphosis hilepec))(-ilzililro\h?sis (usually f:m“(;ij?aggabu?;
® excess lumbar lordosis e increased pelvic tilt P & impingement (FAI)
Mobility deficits ¢ increased hip/knee flexion Mobility deficits E,S] PI-> i
. i oW anterior
e shoulder range of motion Mobility deficits *  thoracic mobility pelvic tilt with
(R:)M):lﬂe:ut).n and ¢ shoulder range of motion *  ribcage mobility gait > artificial
external rotation (ROM): flexion and external Muscle length deficits anterior acetabular
® thoracic mobility rotation . . over coverage and
* short/stiff or overactive . 1rent FAT that
* ribcage mobility ¢ thoracic mobility thoracic extensors increases risk for
Muscle length deficits ¢ ribcage mobility o short/stiff rectus CAM morphology
* short/stiff pectorals Muscle length deficits Muscle performance
e short/stiff latissimus * short/stiff pectorals deficits
dorsi ¢ abdominals (imbalance

e short/stiff latissimus dorsi L. .

e short/stiff rectus of coordination/recruit-
. o short/stiff rectus abdominus ment of abdominal

abdominus

Muscle performance deficits musculature)

Muscle performance deficits

¢ abdominals (imbalance of * scapular adductors

. inals (i I N .
abdominals (imbalance coordination/recruitment of e global trunk extensors

of coordination/recruit-

! abdominal musculature) and hip extensors, knee
ment of abdominal
musculature) ¢ scapular adductors extensors
e scapular adductors * global trunk extensors
. and hip extensors, knee
e thoracic extensors
extensors

Table 1. Common sagittal alignment faults and predicted impairments.
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Take-home messages on radiological measurements: [20-22, 27, 28]

1. Pelvic incidence = sacral slope + pelvic tilt—This is a radiological measurement
2. Lumbar lordosis should be within +10° of pelvic incidence (PI)

3. Pelvic tilt should be <25°

4. SVA (sagittal vertical axis)- should be within 46mm

5

. Frontal or sagittal plane listhesis, 0 cm

Table 2. Take-home messages on radiological measurements.

2.7. Implications of sagittal alignment and spinopelvic parameters for the orthotist
managing adolescents with spine deformity

2.7.1. The evolution of orthoses for patients with spinal deformity

Spinal bracing has evolved significantly since the days of Dr. Sayre’s tripod device and
Dr. Taylors “spinal assistant,” both notable historical reference points [35]. The ideas that
they employed are still found in orthoses designed today. The concepts of spinal elonga-
tion, application of pressure to the prominence of the deformity, and “windows” to create
areas of relief are still basic concepts of almost all bracing types still used today. This dem-
onstrates to us that we are not starting a new form of treatment but merely using research
to advance ideas started long ago. For further reference, please refer to the SRS bracing
manual [36].

The pivotal Bracing in Adolescent Idiopathic Scoliosis trial (BrAIST) has altered the medical
community’s recommendation on bracing in the AIS population. The study was originally
designed as a randomized controlled study, but when enrollment goals were not being met, a
preference arm was added. This meant that families who opted against randomization were
able to choose which group they would like to enter [37]. The study used 44% of patients
assigned to the randomized cohort to calculate their intention to treat analysis. They found
that the Number Needed to Treat (NNT) in order to prevent one case of curve progression
was 3.0 and reduction in relative risk with bracing was 56% [37]. This is no small matter as
scoliosis fusion surgery was second only to appendicitis in terms of the total cost in children
aged 10-17 years [37, 38]. The BrAIST study linked the success of the brace with more hours
of wear time, an average of 17.7 h per day [37].

2.7.2. Role of the sagittal profile in scoliosis orthoses—our theory

It has long been known that scoliosis is a three-dimensional deformity, and even in the pres-
ence of spinal deformity, the body will try to regain balance. Historically, the focus of inter-
vention has been on the control of the frontal and transverse plane. However, the sagittal plane
may play a larger role in spinal deformity than previously suspected. The pelvic incidence
parameter, described earlier in this chapter, may be a key factor in driving sagittal alignment
and an important factor in brace design [19]. It is known that spinal loading occurs mainly via
axial compression. However, vertebral bodies are also subjected to shear forces in an anterior
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or posterior direction. The more posterior the shear force, the less stable the spine is in rota-
tion [39]. It may be theorized that increased posteriorly directed shear forces increase the risk
of scoliotic deformity. A study by Schlosser in 2015 noted that the spines of girls during the
peak growth spurt are more posteriorly inclined [40]. If accounting for sagittal forces during
the peak growth phase can reduce this rotational instability, it may lead to further efforts both
clinically and research-wise to address scoliosis based on parameters in addition to the Cobb
angle. It may be, according to the hypothesis of the authors, that an increase in Cobb angle
is a reaction to the above-described imbalance and instability. Is it possible to predict at-risk
patients based on parameters other than the Cobb angle and treat these patients proactively?
These questions warrant more clinical research.

2.7.3. Brace construction

Up to now, the goal in orthoses fabrication has been to maintain “normal” lumbar lordosis and
kyphosis values. However, there is a wide range of “normal” ranges in pediatrics. The original
scoliosis TLSO used 0° of lordosis as its default value. It was noted that orthoses may achieve
the same coronal correction with a lumbar lordosis of 15°, which led to increased patient com-
fort level. This point is referenced in the SRS bracing manual and in an editorial response in
which research has proven the original Boston brace set at 0° of lordosis “produced significant
curve correction of the spinal deformity in the frontal plane at the expense of a significant
reduction of thoracic kyphosis in the sagittal plane” [36, 41] (Figure 11). With respect to the
sagittal profile, the authors feel it is imperative to match a patient’s individual pelvic incidence
to their ideal lumbar lordosis when constructing a brace. In a study using biomechanical mod-
eling, we have the first opportunity to trial several braces on the same patient to observe out-
comes based on 15 different design factors [42] (Figure 12). This study had some interesting
conclusions which may help guide the future of brace treatment.

“

Figure 11. It would be difficult to treat both of these patients when using a “standard” amount of lumbar lordosis. Both
of these patients require individualized parameters for treatment success.
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Figure 12. Example of a brace correcting sagittal balance while maintaining thoracic kyphosis.

1. When a thoracic pad was placed in a more posterior position, it controlled axial rotation
better but caused decreased kyphosis.

2. Placing pads below the curve apex was not optimal. In a questionnaire of the Society on
Scoliosis Orthopaedic and Rehabilitation Treatment (SOSORT) members, 11 of the 21 sur-
veyed said the pad should be at the level of the apex. Ten indicated pad placement below
the apex [43].

3. No correlation was found between the reduction of the lordosis and the correction of the
coronal curves (Figure 13).

4. The reduction of the lordotic profile of the brace only had a negative effect on sagittal
curves (hypo-kyphosing and hypo-lordosing). This is actually the way that Schuermans
kyphosis is treated with the brace to have the effect of reducing hyper-kyphosis.

5. An asymmetric rigid shell was more efficient in correcting the coronal curves than a sym-
metric one.

6. Strap position has a great effect on rotational control of the brace. Anterior opening seems

to control rotation better.

All of these concepts need to be tested in the real world and on a much larger scale but they are
great starting points for developments of new treatments. A global method to assess bracing
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Figure 13. New digital imaging can be used to match clinical photos and digital X-rays to patient-specific morphology.

is the concept of overall balance summation, but this is only valid in the frontal plane [44]. The
implications for sagittal plane malalignment that continues into adulthood have been well
documented and discussed in this chapter; therefore, they should also play a part in brace
design [27].

In conclusion, further work is needed with regard to the role of the orthotist in treating
sagittal deformity in scoliosis patients, and clear protocols need to be developed. This
field is ripe for an infusion of new ideas. The paper that found the number to treat to be
three patients also reported that this number was only for patients who were considered
compliant. It also reads “routine bracing without efforts to maximize brace compliance
are likely to be less effective than the brace trial indicates” [45]. It has been suggested
that all conservative care centers should make a strong effort to maximize brace compli-
ance and this should be the new routine, or standard of care as Karol has shown in a
recent article. Karol’s study demonstrated that if patients engage in compliance coun-
seling, then patients will wear their brace an extra 3 h per day. This increase in bracing
compliance also correlated with a decreased surgical rate of 11% [45]. This topic requires
further consideration of factors involved in setting up clinics that can handle this portion
of treatment.

3. Conclusion

This chapter has introduced current concepts and evidence-informed practice patterns
around knowledge of sagittal alignment and its implications for the conservative care prac-
titioner managing adults with spinal deformity and for the orthoptist managing adolescents
with idiopathic scoliosis. Much research and clinical practice lie ahead for practitioners in
this field, and it has been the intention of the authors to begin to start a deeper conversation
around the role of sagittal alignment in the clinical decision-making process with this unique
patient population.
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Abstract

Current medical practice does not recognize the influence of innate, physiological,
human asymmetry on scoliosis and other postural disorders. Interventions meant to cor-
rect these conditions are commonly based on symmetrical models of appearance and
do not take into account asymmetric organ weight distribution, asymmetries of respira-
tory mechanics, and dominant movement patterns that are reinforced in daily functional
activities. A model of innate, human asymmetry derived from the theoretical framework
of the Postural Restoration Institute® (PRI) explicitly describes the physiological, bio-
mechanical, and respiratory components of human asymmetry. This model is impor-
tant because it gives an accurate baseline for understanding predisposing factors for the
development of postural disorders, which, without intervention, will likely progress to
structural dysfunction. Clinical tests to evaluate tri-planar musculoskeletal relationships
and function, developed by PRI, are based on this asymmetric model. These tests are
valuable for assessing patient’s status in the context of human asymmetry and in guiding
appropriate exercise prescription and progression. Balancing musculoskeletal asymme-
try is the aim of PRI treatment. Restoration of relative balance decreases pain, restores
improved alignment, and strengthens appropriate muscle function. It can also halt the
progression of dysfunction and improve respiration, quality of life, and appearance.
PRI's extensive body of targeted exercise progressions are highly effective due to their
basis in the tri-planar asymmetric human model.

Keywords: human physiological asymmetry, spinal disorders, scoliosis, neutral posture,
right-side dominance, muscle chain activity, biomechanical model of scoliosis, sagittal plane
dysfunction, hyper lumbar lordosis, scoliosis specific exercises, postural restoration, etiology
of scoliosis, kyphosis, respiratory mechanics, postural disorders
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1. Introduction

Recognition of inherent physiological asymmetry has not yet been applied to the understand-
ing, assessment, or treatment of scoliosis or other spinal and postural disorders. Even without
an accurate baseline model of human form and function, interventions to correct dysfunction
can be successful; however, while a local dysfunction may be rectified, the underlying biome-
chanical imbalance will persist as will the musculoskeletal strategies developed to compen-
sate for the imbalance.

The Postural Restoration Institute® (PRI) methodology is a theoretical framework, which describes
a model of universal human anatomical and physiological asymmetry. This unique model pro-
vides a new baseline for understanding common postures, movement patterns, and respiratory
mechanics, which generate from our asymmetrical bias. It also explains the factors that support
human right-side dominance. While human asymmetry can be understood as a positive factor
that facilitates movement, overuse or misuse of the dominant muscle pattern will promote pro-
gressive imbalance within the body and will likely result in dysfunction. The treatment goal for
dysfunction resulting from musculoskeletal imbalance needs to be restoration of the baseline in
which there is relative balance between the dominant and nondominant muscle patterns [1-4].

Scoliosis is an example of a tri-planar, biomechanical dysfunction. In its most common form (90%
of the cases), right thoracic convexity and left lumbar convexity [5-7], it exemplifies the extreme
progression of normal human asymmetry according to the PRI model, which will be described in
this chapter. Other postural disorders such as kyphosis and lordosis, exhibiting primary sagittal
plane dysfunction, also belong to the spectrum of disorders developing from unbalanced human
asymmetry. These conditions result in musculoskeletal stress, subsequent structural damage, loss
of efficiency in movement and in respiratory function, as well as in a diminished quality of life.

This chapter introduces the fundamental concepts of PRI's theoretical framework and its base-
line model. It will then describe how PRI’s clinical tests can more accurately evaluate a patient’s
status by taking into account the inherent human asymmetry. These tests guide exercise prescrip-
tion and treatment progression. Some examples of exercises used in the treatment of scoliosis
have been selected to demonstrate activity progression from supported target muscle isolation,
to complex, unsupported, multiple muscle integration, all with a major emphasis on respiration.
Three case studies are presented here to illustrate this process. Many similarities exist between
PRI rehabilitation concepts and exercises and the well-known Schroth methodology [8, 9].

2. Fundamental PRI concepts

The following fundamental concepts provide a new perspective on effective restorative tech-
niques for treating scoliosis, other spinal dysfunctions, and postural disorders. The concepts
explain the PRI baseline model of innate human asymmetry. Each is discussed in detail in this
chapter: (1) human asymmetry arises from our innate anatomy and physiology and exerts
significant influence on human posture and movement. (2) Ideal or neutral posture results
from relative musculoskeletal balance of our asymmetrically organized body. (3) Anatomical
and physiological asymmetries evident in the respiratory system are powerful contributors to
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our biomechanical function. (4) Right-side dominance is the functional result of physiologi-
cal asymmetry. (5) The movement of the respiratory diaphragm and the pelvic diaphragm
(pelvic floor muscles) is synchronized during breathing. The pelvis is a primary structure that
facilitates gait. The synergistic activity of these two diaphragms links respiration and gait.
(6) Gait requires integrated muscle activity, different on two sides of the body, in order to
stay erect on one leg as the other advances the body through space. In the context of human
asymmetry, right-side stance phase and left-side swing phase will be most competent. (7)
Biomechanical dysfunction begins in the sagittal plane.

2.1. Innate physiological human asymmetry

Studies of many aspects of human asymmetry abound in the literature [10-15]. Much of this
fascinating material is beyond the scope of this chapter. However, asymmetries of the internal
organization of the body, organ weight distribution, muscle mass, and muscle attachments are
all factors that contribute significantly to human asymmetrical posture and movement pat-
terns. For example, the heart and its vessels share the left upper quadrant with two lobes of the
lung. The right upper quadrant is less full, housing three lung lobes. The weight of the heart is
offset by the large, heavy liver, which sits—lower than the heart—in the right lower quadrant
[14]. This weight distribution and placement difference facilitates a gravitational shift of the
body onto the right lower extremity, thereby promoting right stance. The left lower quadrant
is less weighty because of the small spleen and usually empty stomach [1-4] (see Figure 1).

Figure 1. Asymmetrical organ distribution. Scottff72 copyright 123RF.com

The upper and lower quadrants are separated by the respiratory diaphragm, a unique muscle
that spans the internal dimension of the body. The diaphragm is comprised of a stronger, larger,
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and better-supported right leaflet, and a smaller, less efficient, left leaflet. The diaphragm’s
respiratory mechanics exert a powerful asymmetrical influence on the torso. The crura of the
right leaflet, which inserts onto three lumbar vertebrae L1-3, is also stronger and thicker than
the left crura, which inserts on only two lumbar vertebrae L1, 2 [16] (see Figure 2). This distribu-
tion exerts a right rotational influence on the lumbar spine, orienting it to the right. Articulation
of the lumbar spine with the sacrum orients the sacrum to the right. Strong ligaments bonding
the sacrum to the pelvis effect right rotation of the pelvis as well. This right rotational orienta-
tion of the lower spine and pelvis is enhanced by the gravitational shift of the body over the
right leg due to the weight of the liver on the right side of the body [1-4].

",
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Figure 2. Diaphragm with crura. Florida Center for Instructional Technology copyright 2004-2017.

Asymmetry facilitates movement. In a balanced system, asymmetry is a positive, vitalizing
force. In the human body, loss of balanced musculoskeletal function precipitates and reinforces
overuse of dominant postures and patterns because of the underlying structural bias toward
right stance, influenced by organ placement, weight distribution, and muscle attachment. Habit
and repetition perpetuate and reinforce dysfunction. Innate physiological human asymmetry
may well be a factor in the onset and development of scoliosis and other postural disorders.

2.2. Neutral posture reflects relative musculoskeletal balance

Webster’s New World Medical Dictionary defines “neutral posture” as the stance that is attained
when the “joints are not bent and the spine is aligned and not twisted” [17]. Neutral posture
gives rise to the concept of “ideal posture” in which the alignment of body segments involves a
minimal amount of stress and strain and which is conducive to maximal efficiency in use of the
body [18, 19]. Ideal posture is critical for proper respiratory action [20]. When the body is in its
ideal or neutral alignment, diaphragmatic respiratory mechanics are optimized [16].

Due to physiological asymmetry, a neutral posture does not imply strict symmetry; rather,
it describes a position of relative structural balance and a readiness for movement in any
direction. Loss of relative musculoskeletal balance reflects persistence of a structural bias
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resulting from habitual, repetitive muscle activity. For example, hyper lumbar lordosis is a
frequently seen, sagittal plane, postural disorder. Positional alignment of the ribcage and pel-
vis has become imbalanced. The lumbar paraspinals have shortened and tightened, and the
abdominal muscles have become overlengthened and weak [19, 21]. Neither of these muscle
groups exists in their neutral or rest position. The neutral position of a muscle is equivalent
to physiological rest [19]. With hyper lumbar lordosis, all future movements will initiate from
this unbalanced basis of the skeleton (ribcage and pelvis) now supported and reinforced by
adaptive muscle imbalance. Movement into any direction will require compensation by other
muscles or will not be accomplished. Compensatory muscle activity is less efficient, energy
demands increase, and stress accumulates on poorly aligned joints. Restoration of musculo-
skeletal balance would address these multiple issues [1-4].

Respiration is a key component of posture [22-27]. Our ability to breathe efficiently affects
all aspects of our daily function and our endurance for activity. Through its anatomic attach-
ments, the position and functional efficiency of the respiratory diaphragm is highly dependent
on musculoskeletal posture as well as on tonic muscular activity [23]. The average person takes
21,000 breaths per day [28] with the respiratory diaphragm as a key muscle of respiration [22,
25]. Thus, the respiratory pattern is powerful in its contributions to posture. Efficient respira-
tory mechanics are dependent on neutral body position and muscle function [16].

When the diaphragm is compromised, it not only causes inefficient breathing patterns but
also becomes a key contributor to the persistence and progression of postural disorders,
including hyper lumbar lordosis, [29] kyphosis, forward head posture [20], and changes in
ribcage symmetry [9, 16] as seen in scoliosis.

2.3. Asymmetries of respiration

The influence of the respiratory system is significant and often underlies or is complicit with
scoliosis and other postural disorders. Understanding the mechanisms of breathing and how
the loss of diaphragmatic competency can precipitate biomechanical dysfunction is not suffi-
ciently appreciated in most current rehabilitation practices. Since the ability to exchange air is
crucial to life, the respiratory system is a core motivator for muscle activity to insure adequate
oxygenation. Within the respiratory system, the diaphragm is considered the primary muscle
of respiration; however, there are numerous accessory muscles of respiration to assist when
supplemental ventilation is needed. For instance, running places higher oxygen demands on
the body to support a higher level of physical exertion. The accessory muscles of respiration
are designed to accommodate such needs. Loss of diaphragmatic effectiveness due to postural
or biomechanical dysfunction will result in pathological, compensatory accessory muscle
recruitment [30].

The respiratory diaphragm is centrally located in our asymmetrically organized trunk. It is
highly asymmetrical in form, in muscle attachment, and in function. Most importantly, it is
uniquely positioned to directly influence every aspect of the postural, skeletal, and muscular
core, and it influences the position and function of all other body systems [31]. The respiratory
diaphragm is comprised of two muscles: a right and left hemidiaphragm [32], each with its
own central tendon and each innervated by a right and left phrenic nerve, respectively [16].
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Together, these two muscles span the internal dimension of the body just below the Iungs.
They insert on the xiphoid process, on the inner surfaces of ribs 7-12, and on the anterior
aspect of the spine. The right leaflet is larger in diameter, it has a thicker and larger central
tendon, its dome is higher, and it is better supported than the left by the liver beneath it and
by strong right eccentric abdominal activity [31]. The right crura anchors to L1-3 on the right,
the left crura to L1, 2 on the left [16]. The diaphragm leaflets also insert into the fascia overly-
ing quadratus lumborum and to the psoas muscles via the arcuate ligaments, creating a strong
functional linkage between these muscles. The superior strength, position, and function of the
right hemidiaphragm supports and is supported by the physiological right orientation via
right stance [1-4] (see Figure 3A).

The respiratory “Zone of Apposition” (ZOA) is the region of interface between the hemi-
diaphragm and the inner surface of ribs 7-12 [16, 33]. Apposition refers to multiple layers of
muscles with differing fiber orientation lying adjacent to one another. The ZOA facilitates
inhalation by generating tension between the muscle layers, which promotes external rota-
tion of the ribs, complementing the action of the external intercostals. As the central tendons
contract and descend, the hemidiaphragms displace caudally while the ribcage expands and
externally rotates. The ZOA diminishes in volume with this activity. Simultaneously, the
abdominal viscera are displaced caudally enabling lung expansion [16, 33] (see Figure 3B).
Exhalation reverses this process. Shortening of the internal intercostals and of the lateral
abdominal musculature reduces ribcage dimension. The hemidiaphragms relax and recoil
upward returning to their domed configurations. Then, in a position of potential energy, the
hemidiaphragms are ready to piston down again, thereby creating a vacuum, which will
draw air into the lungs. Additionally, the diminished volume of the pleural cavity aids in
expelling depleted air from the lungs [16, 33] (see Figure 3B).

(B)

Figure 3. (A) Functional relationship of diaphragm, psoas, quadratus lumborum, and right stance illustration created by
Elizabeth Noble for the PRI copyright. Used with permission from the PRI. Copyright 2017, www .posturalrestoration.com.
(B) Respiratory mechanics of inspiration and expiration. www.wikimedia.org



Postural Restoration: A Tri-Planar Asymmetrical Framework for Understanding, Assessing...
http://dx.doi.org/10.5772/intechopen.69037

Application of these respiratory mechanics to the biomechanical model of innate human
asymmetry gives a more realistic understanding of our functional baseline. The three layers
of lateral abdominals: transverse abdominis, internal, and external obliques, taken together,
insert cephalically on the costal cartilage of ribs 5-12 and caudally on the ipsilateral iliac crest.
These lateral abdominal muscles link the ribcage and pelvis, and they are critical components
of posture and respiration [25, 26]. As described previously, shifting of weight to the right
leg and orientation of the lumbar spine and pelvis to the right result in anterior rotation of
the left hemipelvis. When the left hemipelvis is chronically anteriorly rotated, these lateral
abdominal fibers will be adaptively overlengthened and weak. (In some cases, the right hemi-
pelvis will also rotate anteriorly to avoid the strain of this asymmetry, resulting in bilateral
compensatory and pathologic anterior pelvic rotation). The weakened, lateral abdominal
muscles cannot maintain balance between the anterior ribcage and the pelvis. Without the
anchoring action of the lateral abdominals, the anterior ribcage migrates further into elevation
and external rotation mimicking thoracic position on inhalation [1-4].

This positioning has consequences for respiratory mechanics. When the left ribcage is in a
chronic state of inhalation (expanded ribcage), the diaphragm is obligatorily in its descended
state of inhalation as well. This chronic positioning limits diaphragmatic ascension on exha-
lation, thereby reducing the left ZOA. Consequently, the diaphragm loses its effectiveness
for inspiration. Additionally, as the left anterior ribcage elevates, the diaphragm’s domed
configuration decreases and its fibers take on a more flattened, diagonal orientation, elevated
anteriorly, resulting in further loss of the left ZOA. In this altered state, when the diaphragm
contracts, it pulls the lumbar spine forward and reinforces anterior ribcage elevation. Having
lost efficiency as a respiratory muscle, the diaphragm now functions more as a postural exten-
sor muscle promoting progressive lumbar lordosis [29] (see Figure 4). Left anterior ribcage
flares are commonly seen clinically and are exaggerated in patients with scoliosis. These flares
indicate hyperinflation of the left lung due to insufficiency of the left lateral abdominals.
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Figure 4. Positional consequences for respiratory mechanics. Illustration by Erica Bevin for James Anderson and the PRI.
Copyright 2017 PRI®.
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The right hemipelvis configuration is opposite relative to the left; it is posteriorly rotated.
The right lateral abdominals are better positioned to exhale, but are more restrictive to
inhale. Compensatory strategies to maximize breathing capacity in order to meet respi-
ratory need will then rely on the accessory muscles of respiration, including the psoas,
paraspinals, muscles of the upper back, chest, and anterior neck. With these compensatory
changes in breathing mechanics, left anterior ribcage flares and right anterior ribcage
restriction may progress along this diagonal trajectory, resulting in the common scoliosis
pattern of right posterior ribcage prominence and left posterior ribcage concavity [1-4]
(see Figure 5A and B).

(A)

Figure 5. (A) EOS of common scoliosis pattern used with permission. (B) Common costal deformity in scoliosis used
with permission from The Martindale Press, Three Dimensional Treatment for Scoliosis, 2007 by Lehnert-Schroth, C.

2.4. Right-side dominance, the functional result of physiological asymmetry

Humans almost universally exhibit right-dominant postural and movement patterns result-
ing from physiological asymmetry. Preferential standing on the right leg and increased
breathing efficiency of the right hemidiaphragm are major contributors to this fundamen-
tal bias. Additionally, 90% of the population is right-handed, a defining characteristic of
humans [11, 15]. Use of the right upper extremity for manipulative and reach activity dates
far back in human history and has been correlated with early human brain asymmetrical
development [11]. Right arm swing accompanies right stance phase of gait and coordi-
nates with left leg swing-through. Right arm swing, consistent with right reach activity,
promotes left trunk rotation to balance lumbar spine and pelvis right orientation, present
in right unilateral stance. However, it is important to emphasize that handedness does not
define side dominance [34]. Left-right asymmetry is a fundamental, ancient characteristic
of animal development present in the earliest large multicellular organisms according to
fossil records [14, 34]. Strong right-hand preference for manipulative and expressive tasks
is thought to correspond to the emergence of language. These developments occurred with
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cerebral cortical lateralization at a much later date [11, 13, 35] and differ from inherent left-
right organism asymmetry [34].

2.5. Synchronicity of respiration and gait

During breathing, the thoracic diaphragm and the pelvic diaphragm (pelvic floor muscles) func-
tion synergistically, linking gait and respiration [4, 36]. Internal obliques and transverse abdomi-
nis muscles are key participants in this process. Acting as a force couple, these lateral abdominals
assist the hamstring’s postural activity to maintain a neutral pelvis position as they simultane-
ously assist ribcage position and motion [25, 26, 31, 37]. Concurrently, lateral abdominal and
hamstring lengths are determined by pelvic position due to their respective pelvic insertions.

When the thoracic diaphragm descends for inhalation, the abdominal muscles and the mus-
cles of the pelvic floor eccentrically lengthen to allow for visceral displacement caudally [16].
As the abdominal muscles elongate, the ribcage expands and externally rotates, and the pel-
vic crest migrates forward into anterior rotation, abduction, and external rotation, while the
ischial tuberosities approximate, allowing the pelvic floor to descend. The femur remains
oriented anteriorly to keep the feet in a forward trajectory. Relative to the acetabulum, the
femur is in an externally rotated unlocked position, described as “Acetabular Femoral External
Rotation” (AFER), which facilitates the swing phase of gait [1-4] (see Figure 6).

Figure 6. Frontal view of left AFER and right AFIR illustration created by Elizabeth Noble for the PRI copyright. Used
with permission from the PRI®. Copyright 2017, www.posturalrestoration.com

Active exhalation relies on concentric activation of the internal obliques and transverse
abdominis muscles to assist ribcage contraction, internal rotation, and thoracic diaphrag-
matic ascension. As the lateral abdominals shorten, they assist posterior rotation, adduc-
tion, and internal rotation of the pelvis. This pelvic position assists ascension of the pelvic
floor as the ischial tuberosities move laterally as pelvic crests move medially [4, 25, 26].
The two diaphragms coordinate their pistoning activity, moving as a unit cephalically on
exhalation and caudally on inhalation. While the pelvis rotates posteriorly with adduction
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and internal rotation, the stance leg maintains its forward orientation. The now internally
rotated configuration of femur to acetabulum, described as “Acetabular Femoral Internal
Rotation” (AFIR), stabilizes the hip joint (see Figure 6). Muscles of the hip—hamstrings,
adductors, and gluteals—synchronize with lateral abdominals to stabilize the pelvis [1-4].

These functional relationships occur during gait. Gait is a highly complex movement task,
which requires multisystem coordination and integration. Visual-vestibular, somatosensory,
respiratory, and cardiovascular systems all give input and guidance [38]. Biomechanically, the
challenge is to stay upright as the body advances through space balanced over one limb. When
one side is in stance phase of gait, the contralateral side is in swing phase. The opposite arm
and leg swing forward together (see Figure 7). This reciprocal extremity activity balances the
torso around a vertical axis and assures nonstressful upright balance. In stance phase, the pel-
vis and lumbar spine are rotated toward the stance leg. The trunk is rotated opposite to the
stance leg at or above the upper aspect of the diaphragm and is side bent ipsilaterally due to
ipsilateral forward arm swing and ribcage kinematics [39]. This configuration mechanically
supports shortening of the stance leg side abdominals, further assisting ribcage contraction
and diaphragmatic ascension. Efficient gait requires the right and left sides of the body to be
relatively equally competent in both stance and swing phases of gait. Gait is the best measure
of balanced, biomechanical asymmetry [2].

7 S
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Figure 7. Alternating reciprocal gait viewed from above used with permission from the Postural Restoration Institute®.
Copyright 2017, www.posturalrestoration.com

However, anatomical and physiological asymmetry biases the body toward greater compe-
tency in right stance. When musculoskeletal function is not relatively balanced, the left side
does not achieve full stance phase of gait or full exhalation phase of respiration, and the right
side will likely not achieve effective swing phase of gait or efficient inhalation phase of res-
piration. The daily repetitive nature of these basic activities of life reinforces and strength-
ens unbalanced asymmetrical function. Without intervention, the unequal stresses placed on
musculoskeletal elements will likely progress to structural changes.
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2.6. Muscle chain activity of the right-side dominant pattern

The development of muscle compensation follows a predictable pattern based on the model
of human right-side dominance. Interventions to restore balance to a dysfunctional system
will be maximally effective if the underlying baseline is understood and accounted for in
the intervention. To this end, PRI describes muscle patterns based on a right-side dominant
model. These patterns identify polyarticular muscle chains within the body, defined as a
series of muscles, which overlap one another having fibers in the same direction and span-
ning multiple joints and thereby working synergistically together [2].

The anterior interior chain (AIC) governs the pelvis, lumbar spine, and lower extremities (see
Figure 8A). It is so named because it is comprised of muscles located anterior to the spine and
situated within the abdominal cavity. Muscles of the AIC are active during swing phase of gait
(see Figure 8B). Swing phase of gait corresponds to the left nondominant muscle bias. The left-
side pattern is, therefore, exemplified by the body’s configuration during swing phase of gait.

Figure 8. (A) Muscles of the left anterior interior chain. Copyright—3D4 medical modified with permission by the
Postural Restoration Institute®. (B) Left anterior, interior chain in left swing phase of gait.

The biomechanical elements are already familiar from earlier description: the lumbar spine,
sacrum, and pelvis orient to the right. The left hemipelvis rotates anteriorly, abducts and
externally rotates, facilitating muscles that promote left swing through. These AIC muscles
include the left diaphragm, the left psoas major, the left iliacus, the left tensor fasciae latae,
the left biceps femoris, and the left vastus lateralis. Simultaneously, the left anterior ribcage
elevates and externally rotates as the left diaphragm flattens into an inhalation position. The
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left lumbar spine is pulled forward and downward by the psoas and forward and upward by
the diaphragm, resulting in increased lumbar lordosis [3] (see Figure 4).

This is the normal swing through configuration. However, when body neutrality is lost, the
left AIC pattern remains tonically active. Persistence of the left swing through pattern inter-
feres with full recruitment of its opposite, the muscles of left stance [31]. Consequently, left
stance performance is weakened and less stable. Left AIC patterning thereby reinforces right-
side dominance that is neurologically encoded as the new normal posture. Biomechanical
strategies to compensate for this maladaptive left stance phase often involve overuse of the
right lower extremity and/or malpositioning and stress of the left lower extremity joints. The
right AIC muscle chain is not constrained by underlying positional insufficiency, and it sup-
ports right stance well. However, the efficiency of right swing through may be limited due
to left-side instability during left stance as well as due to persistent overactivity of the right
adductors and lateral abdominals.

The upper trunk muscle chain described by PRI is named the “Brachial Chain” (BC) (see
Figure 9A). The BC balances rotational forces generated by the AIC by counterrotating the
spine and ribcage to a forward direction. A right BC pattern complements the left AIC pat-
tern by promoting left thoracic rotation (see Figure 9B). Counterrotation takes place in the
approximate region of T7-9 [1]. The respiratory diaphragm inserts on the inner surfaces of
ribs T7-12 and to the anterior aspect of vertebrae L1-3 on the right and L1,2 on the left. In its
normal, exhalatory rest position, the dome of the diaphragm is at about T8. Therefore, the
trunk could be considered to be the portion of the torso above the diaphragm. This counter-
rotation of the trunk is accompanied by ipsilateral side bend due to ipsilateral forward arm
swing and to ribcage kinematics [39].

Figure 9. (A) Muscle of the right brachial chain. Copyright—3D4 medical modified with permission by the Postural
Restoration Institute®. (B) Right brachial chain in left swing phase of gait.
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Right arm reach is facilitated by this configuration. As the mid and upper trunk turn leftward,
opposite to the right rotation of the lumbar spine and pelvis, ribcage kinematics re-form the
shape of the ribcage and its muscular attachments. Left trunk rotation results in right ribcage
approximation and internal rotation, and left ribcage expansion and external rotation [39].
This configuration encourages airflow from inhalation to the already-expanded left ribcage
and lung while decreasing airflow to the right internally rotated approximated side. Muscles
of the BC supporting right ribcage internal rotation include the right triangularis sterni, right
sternocleidomastoid, right scalenes, right pectoralis minor and right intercostals, and also
muscles of the right pharynx and anterior neck.

The “left AIC, right BC” pattern can be understood as the normal configuration of one half
of the gait cycle, i.e., right stance. A right AIC, left BC pattern would reflect the other half of
the gait cycle, i.e., left stance (see Figure 10). Human physiological asymmetry and right-side
dominance predispose the body for greater right competency. Although left-side function
will never be as efficient as the right, left stance can achieve near-equal stability with muscu-
loskeletal balance or body neutrality.

Figure 10. Right swing phase of gait illustrating the right anterior interior chain and left brachial chain.

This Left AIC, right BC pattern explains the biomechanics predisposing the development of a
right thoracic, left lumbar spinal curvature, which describes 90% of curves [5-7] (see Figure 11A).
The left AIC, right BC pattern underlies all human posture and movement (see Figure 11B). While
different circumstances may result in different pathological compensations, generating a variety
of stresses and/or structural changes, this innate human asymmetrical bias will be present [1-4].
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Figure 11. (A) Muscles of the left anterior interior chain and right brachial chain. Copyright—3D4 medical modified with
permission by the Postural Restoration Institute®. (B) A classic example of a Left AIC, right BC pattern.

2.7. Biomechanical dysfunction begins in the sagittal plane

The sagittal alignment of the pelvis and ribcage affects muscle length and strength through-
out the body. With any activity, the positional relationships of the structures and of the mus-
cles that attach to them change. However, when the body is at rest, the ribcage and pelvis
should be in a relative sagittal neutral position with muscle groups at their resting length.
In an alternating reciprocal activity such as gait, there should be a moment of relative sagittal
plane neutrality as weight shifts from one side to the other.

When this relative state of neutrality is no longer possible due to overactive right-dominant
patterning, the left AIC, right BC pattern takes precedence. The left hemipelvis chronically
positioned in swing phase of gait is anteriorly rotated. The spine balances this forward
momentum with backward tilting as tonic, shortened paraspinal muscles take on the respon-
sibility of keeping the spine erect. The left psoas and iliacus muscles adaptively shorten as the
left transverse abdominis and internal oblique muscles are stretched between their insertions
on the anterior lower ribs and the now more distal iliac crest. The left anterior ribcage flares,
further weakening the overstretched left lateral abdominal muscles. With diminished opposi-
tion to left diaphragm recoil, because of lengthened abdominals and a loss of ZOA, the fibers
of the left diaphragm orient more vertically, and the diaphragm assumes a greater role as a
back extensor muscle than as a respiratory muscle. Its directional pull on the spine is forward
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and upward, while the psoas pulls the spine forward and downwards. The action of these
two muscle groups encourages an exaggerated lumbar lordosis, reinforced by the lumbar
paraspinals [16] (see Figure 4).

Exaggerated lordosis in the sagittal plane precedes a cascade of compensatory muscle and
respiratory activity, as the brain encodes alternative strategies for continuing upright function.
Further sagittal plane dysfunction follows, for example, the development of thoracic kyphosis
to rebalance weight distribution over the pelvis. Another common strategy is the development
of thoracic lordosis with reversal of the cervical spine to assist inhalation as cervical respiratory
accessory muscle use increases to support the inefficient diaphragm position. According to the
Hueter-Volkmann Law, epiphyseal bony growth is inhibited by compression and facilitated by
tractioning [40]. In a young spine, exaggerated lordosis compressing the posterior vertebral seg-
ments would facilitate the development of relative anterior spinal overgrowth (RASO). This sag-
ittal plane flattening of the thoracic kyphosis is an acknowledged precursor of scoliosis [41, 42].

Human physiological asymmetry expressed as right-side dominance via the left AIC, right BC pat-
tern, demonstrates biomechanical challenges to maintaining neutrality of the pelvis and ribcage
in the sagittal plane. Other factors contributing to loss of neutrality may include prolonged static
positioning, especially sitting, hypermobility especially when participating in extreme sports or
dance, and impaired somatosensory input. In the absence of pathology, right stance is a common
default stance position. Respiration and gait will reinforce imbalance once neutrality is lost.

3. PRI tests to evaluate tri-planar musculoskeletal relationship and
function

Taking into account the universal predisposition for human left AIC, right BC patterning, PRI
tests accurately assess structural relationships such as sagittal plane position of the hemipel-
vis and ribcage and rotational orientation of the lumbar, thoracic, and cervical spines. Other
palpatory tests reveal the patients” ability or inability to expand both apical lungs fields and
both posterior mediastinal spaces. Initial testing exposes underlying patterning based on the
left AIC, right BC model. Therefore, patients who exhibit typical findings for these patterns
are not in a neutral state. It has to be understood that results from any further testing of range
of motion, or strength, including core strength, would be based on their compensatory strate-
gies. Deviation from predictable configuration implicates pathological compensation.

Neutral posture is defined by an alignment of body segments involving minimal amount
of stress and strain and which is conducive to maximal efficiency in use of the body. It also
optimizes diaphragmatic respiration. The neutral position of a muscle is equivalent to physi-
ological rest [19]. This equates with musculoskeletal relative balance in a body, which is
physiologically and functionally asymmetric. It is, therefore, imperative to first restore this
neutrality. Once accomplished, further testing will give accurate information about weak-
nesses or restrictions in joints limiting appropriate frontal plane and transverse plane bal-
ance and function. Only with the restoration of musculoskeletal neutrality can appropriate,
compensatory-free strengthening be initiated.
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Over 25 PRI tests are available for initial assessment and to guide exercise progression as
the patient progresses toward functional strength, respiratory competence, and upright
alternating reciprocal activity. During treatment, the PRI tests are often applied before and
after therapeutic exercise to determine its effectiveness, to reveal weakness or improvements
in strength, and to further guide appropriate exercise progression. Three basic tests are
described below.

3.1. The adduction drop test (ADT)

This is an example of a positional test for hemipelvic position in the sagittal plane. This side-
lying test position facilitates a neutral hemipelvic position by flexing the hips and knees,
thereby taking potential overstretch off the hamstring muscles. If the hemipelvis is in its neutral
range, the ipsilateral femoral head will align with the acetabular groove allowing the femur to
achieve full passive adduction as it is lowered by the clinician. If the hemipelvis is anteriorly
rotated despite the test position of bent hips and knees, the femoral neck will impinge on the
acetabular rim. The femur will not achieve full passive adduction (see Figure 12).

B9

“Positive Negative

Figure 12. Adduction drop test used with permission from the Postural Restoration Institute®. Copyright 2017, www.
posturalrestoration.com

3.2. The humeral glenoid internal rotation test (HGIR)

This positional test assesses ribcage alignment. The posterior ribcage, as the foundation
for the scapulae, determines scapular position and glenoid orientation, and therefore,
humeral-glenoid mechanics. In the supine, bent knees test position, the humeral head is
abducted to 90°, the elbow is flexed to 90°, and the forearm is pronated. Neutral alignment
of the hemiribcage will allow full passive humeral internal rotation within the glenoid
fossa. If the ribs of the anterior ribcage are internally rotated and the intercostals adap-
tively shortened, the apical chest wall will exhibit restriction and limited expansion with
inhalation. The scapula is pulled forward by pectoralis minor and positioned in a state of
upward rotation, abduction, internal rotation, and protraction. Consequently, the humeral
head is now in external rotation relative to the glenoid fossa. Passive internal rotation of
the humerus will result in impingement on the glenoid fossa and the range of motion will
be limited (see Figure 13).
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Positive Test Neguative Test

Figure 13. Humeral glenoid internal rotation test used with permission from the Postural Restoration Institute®.
Copyright 2017, www.posturalrestoration.com

3.3. Trunk rotation test (TRT)

This test assesses the integrity of the right iliolumbar ligament and the stability of the lumbo-
pelvic junction. In patients with scoliosis, it is used to classify curve patterns. A “nonpatho-
logical” curve indicates this ligament is intact and the pelvis moves with the lumbar spine. A
“pathological-compensatory” curve refers to an overstretching of the ligament, allowing the
pelvis to move opposite to the lumbar spine and indicating laxity of this lumbopelvic stabiliz-
ing ligament. The nonpathological curvature is similar to the Schroth Barcelona' 3 curve or
non 3-non 4; the pathological-compensatory curve is similar to the 4 curve or thoracolumbar
curve. A positive TRT corresponds to countertilts identified by X-ray.

The test position is supine with knees bent and with ankles together. As the bent legs are pas-
sively rotated to one side, the clinician monitors the contralateral lower ribcage feeling for a
movement of the ribcage away from the supporting surface. The beginning of ribcage movement
indicates that the pelvis has reached its end of range and the spine is beginning to assist the rota-
tion. Because the ribs articulate with the spine, the initiation of spinal rotation can be palpated.
The range of motion is recorded and compared with motion to the other side (see Figure 14).

Right Trumk Rotation (linised) Left Trumk Resution

Figure 14. Trunk rotation test used with permission from the Postural Restoration Institute®. Copyright 2017, www.
posturalrestoration.com

1C2 certified.
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Findings from this test must be correlated with the ADT for accurate assessment. If the ADT
demonstrates a bilaterally neutral pelvic position, the rotational range to right and left should
be equal. If the ADT reveals left or bilateral anterior pelvic rotation, the legs should have a
greater range of motion to the right. The rationale for this test assumes a right-side dominant
pattern unless the ADT demonstrates neutral balance. In a right-side dominant person, the
lumbar spine will be right-oriented; therefore, the legs will appear to turn further to the right.
If the legs move farther to the left, it indicates that the right iliolumbar ligament is compro-
mised and does not maintain lumbopelvic stability.

These few examples give an idea of how the findings from PRI clinical tests correlate with one
another to give an understanding of the patient’s position and biomechanical function. These
physiological details are otherwise hard to assess and factor into treatment protocols.

4. Exercise progressions for restoration of musculoskeletal balance

Exercises, termed “nonmanual techniques” in PRI, are powerful tools for proprioception and
physiological transformation for patients with scoliosis of all ages. Based on the model of right-
side dominance due to human asymmetry, and taking into consideration the patient’s unique
configuration and function revealed by the evaluation tests, exercises are carefully chosen to most
appropriately meet the tri-planar needs of that patient. Some of the greatest similarities between
the methodology of Schroth Barcelona and PRI are in the application of exercises. Both place
emphasis on exercise position, breath, and stabilization in the corrected tri-planar position [8, 9].

Exercise progression begins in fully supported positions to isolate and recruit underused or
misused muscles. Supported positions are also favored for the introduction of multimuscle
integration. When the patient demonstrates competence in activating correct muscle chain
activity while supported, challenge is intensified by progression to more upright activi-
ties. Repetition of challenging positions, held through multiple breathing cycles, promotes
proprioceptive familiarity with new alignment and stabilization in new muscle patterns.
Increased self-awareness and more precise muscle and breath control enable the patient to
self-correct in activities of daily living. Achieving true alternating, reciprocal movement, as
required in gait, is a final challenge.

4.1. Repositioning for sagittal plane neutrality

The PRI protocols begin with establishing the patient’s ability to achieve sagittal plane neutral
position of the pelvis and the ribcage. As previously described, this means that in a position of
rest, their musculoskeletal system is in a state of relative muscle balance following a “reposition-
ing” activity. Sagittal plane repositioning is most easily achieved in supported positions. Gravity
is thereby eliminated and underused muscles can be positionally isolated and challenged.

Recruitment of the hamstring muscles is the most common starting point for repositioning
exercises. The hamstring muscles insert proximally on the ischial tuberosity and distally on
the medial tibial condyle and on the head of the fibula and the lateral tibial condyle. When
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the pelvis tilts anteriorly, the ischial tuberosity moves proximally and away from the tibia,
resulting in overlengthening and weakening of the hamstring complex. Consequently, this
powerful muscle group is unable to perform its postural function of stabilizing the pelvis,
especially during stance phase of gait. Assessing ADT or another relevant test, prior to and
following the activity, demonstrates whether that activity was helpful in restoring correct
hamstring length and neutral pelvic alignment. If so, it is useful to ask the patient to stand and
describe their body sensation to assure a definitive, proprioceptive experience of difference.
Some patients, especially people with hypermobility, have difficulty noticing subtle differ-
ences. Others notice new sensations: “I feel lighter, taller, more weight on my heels.”

The skill of sensing, i.e., the ability to focus attention on subtle sensations, is a potent tool for
reshaping one’s alignment from within. These sensations include awareness of the ground, of the
body’s orientation in space, internal structural relationship, and subtle changes in muscle tone.
Most empowering is the ability to achieve expansion of targeted thoracic regions on inhalation.

4.2. Balancing the frontal plane

As the patient becomes stronger and more proficient at maintaining sagittal plane ribcage
and pelvic alignment via hamstring and lateral abdominal integration, work begins on bal-
ancing muscles of the frontal plane. The pelvis and hips are key components. For example, in
the stance phase of gait, the femur should be internally rotated relative to the acetabulum to
insure stability. The right leg is typically better positioned to achieve stable stance. The pelvis
is typically oriented right, positioning the right femur in stance and the left femur in swing
phase of gait. Muscle chain activity supporting left stance is weak. Exercise progressions to
recruit, strengthen, and integrate the left nondominant muscle chain are initiated. Target
muscles to promote frontal plane balance include, but are not limited to the left adductor, the
left anterior gluteus medius, the right gluteus maximus, and right serratus anterior.

Frontal plane exercise progressions often begin with sidelying to assist isolation, strengthening,
and neural encoding of underused muscles. More upright positions challenge the patient’s ability
to maintain sagittal control with the addition of appropriate abduction and adduction movements.
Exercise complexity and challenge increases as isolated muscles are integrated together in activi-
ties that require frontal plane muscle chain activity. Isolated left nondominant muscles are gradu-
ally integrated together in increasingly complex and challenging exercises in the frontal plane.

Muscle inhibition is another powerful technique utilized by PRI to rebalance patterned systems.
Recruitment of an antagonist to an overactive muscle will neurologically inhibit that muscle’s
firing. Overactive and overused muscles are inhibited by the exercise position as well as by the
action of the exercise.

4.3. Restoring the transverse plane (via the left zone of apposition)

As we see in right-side dominant posture and in almost every patient with scoliosis, irrespec-
tive of curve pattern, the left anterior ribcage is prominent and flared. The anterior left lateral
abdominals are lengthened and weak, and the right abdominals are often restricted anteri-
orly. The left diaphragm is maintained in a position of inhalation. Activities to restore and to
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achieve greater left diaphragm respiratory effectiveness require a neutral pelvis and relative
frontal plane balance. Mobilizing muscles to promote left anterior ribcage internal rotation
targets left internal obliques and transverse abdominis. Right and left lower trapezius, left
serratus anterior, and right subscapularis are important muscle chain agonists.

Retraining of alternate, reciprocal, upright gait is the ultimate goal. Balanced asymmetry in
gait requires sagittal core strength to maintain neutrality of the pelvis and ribcage, with fron-
tal plane competence to achieve left AFIR in stance phase and right AFER in swing phase, and
the ability of the left diaphragm to fully exhale and the right to fully inhale. This exemplifies
normalized function of the nondominant right AIC (see Figure 10). Although not all patients
can achieve full-balanced asymmetry, especially in the presence of structural change, balanc-
ing triplanar muscle activity will enhance functionality, improve respiration, and in most
cases, halt curve progression.

4.4. Examples of exercises

90-90 Hip Lift with Right Arm Reach and Balloon: This is one of the several versions of sagittal
plane repositioning activities. In this activity, the patient is able to stabilize the pelvis in a neu-
tral position, via bilateral, isometric hamstring activation, making it easier for many patients
to achieve control. The addition of a balloon in any activity will promote active resistance to
exhalation and concentric contraction of internal obliques and transverse abdominals. Right
reaching in this activity further promotes left abdominal shortening and helps the patient to
sense desired left posterior pelvic rotation (see Figure 15).

Figure 15. 90-90 hip lift with right arm reach and balloon used with permission from the Postural Restoration Institute®.
Copyright 2017, www.posturalrestoration.com

All Four Belly Lift Walk: This activity offers greater sensory awareness of position through 4
points of contact with the ground as well as movement against gravity. The patient is asked
to “reach” during synchronized breathing with both hands and heels as they “walk” their
feet forward, keeping knees bent. This promotes improved thoracic positioning through acti-
vation of internal obliques and transverse abdominals as well as diaphragmatic expansion
and elongation of the thorax, while paraspinals are inhibited. Ankle dorsiflexion required for
posterior weight shifting is an additional valuable component of this activity (see Figure 16).
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Figure 16. All four belly lift walk used with permission from the Postural Restoration Institute®. Copyright 2017, www.
posturalrestoration.com

Left Sidelying, Left Flexed Femoral Acetabular Adduction with Right Lowered Extended Femoral
Acetabular Abduction: This frontal plane sidelying exercise is a progression following the acqui-
sition of sagittal plane neutral pelvic position. The sidelying position offers support and sen-
sory reference to help the patient find and recruit the proper muscles. Activation of the left hip
adductor helps to maintain sagittal plane neutral pelvic position. The left lateral abdominals are
concomitantly activated with a right lower extremity reach to correct the left lumbar scoliosis in
the frontal plane. The sidelying position offers gravitational resistance to right hip abduction,
strengthening the right gluteus medius and maximus in the corrected position (see Figure 17).

Figure 17. Left sidelying, left flexed femoral acetabular adduction with right lowered extended femoral acetabular abduction used
with permission from the Postural Restoration Institute®. Copyright 2017, www.posturalrestoration.com

Right Sidelying Right Apical Expansion with Left Femoral Acetabular Internal Rotation (AFIR): A
higher-level challenge for control of a right thoracic curvature is presented in this activity. The
loaded right arm facilitates right scapular depression and retraction of the thoracic promi-
nence toward the midline with beneficial elongation of the right lumbar spine. The left reach
promotes right trunk rotation and left posterior mediastinal expansion. The pelvic position
further encourages the corrective left lateral abdominals, left acetabular femoral adduction,
and internal rotation (AFIR) with right acetabular femoral abduction and external rotation
(AFER). Without sufficient right thoracic control, this activity can result in patients “dropping
into” their thoracic curve, making this an advanced activity (see Figure 18).
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Figure 18. Right Sidelying Right Apical Expansion with Left Femoral Acetabular Internal Rotation (AFIR) used with permission
from the Postural Restoration Institute®. Copyright 2017, www.posturalrestoration.com

Standing Supported Left Acetabular Femoral Internal Rotation (AFIR) with Right Femoral Acetabular
Abduction: This frontal plane, upright, supported activity is a natural progression of a left
sidelying program. For patients with left lumbar scoliosis, activation of left internal obliques
and transverse abdominals creates a stabilizing triplanar force on the lumbar spine, a region
clinically associated with instability in these patients. Frontal plane control of the pelvis is
highlighted as the patient attempts to abduct their right leg and maintain triplanar pelvic
corrections. Bringing this familiar frontal plane challenge to the upright position allows the
patient to carry over sensations and control established in left sidelying to a more functional
integration of postural correction (see Figure 19).

Figure 19. Standing supported left acetabular femoral internal rotation (AFIR) with right femoral used with permission from the
Postural Restoration Institute®. Copyright 2017, www.posturalrestoration.com

Four Point Gait with Mediastinum Expansion: Efficient gait requires the pelvis to move over the
stance limb with the trunk counterrotating. Patients with scoliosis are commonly challenged
during left stance due to limited left pelvic rotation and right trunk counterrotation. The use
of walking poles is an effective method to achieve “all 4” sensory awareness of the ground
when upright. The patient is guided into a movement pattern for left pelvic orientation over
the left stance limb as they simultaneously expand the left posterior mediastinum via left arm
reach as they advance the left pole, promoting right trunk counterrotation (see Figure 20).
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Figure 20. Four-point gait with mediastinum expansion used with permission from the Postural Restoration Institute®.
Copyright 2017, www.posturalrestoration.com

Seated, Supported Left Acetabular Femoral Internal Rotation (AFIR) with Right Psoas and Iliacus
and Right Femoral Acetabular External Rotation (AFER): In scoliosis, spinal compression is
problematic because it increases spinal torsion. Sitting is likely the most common posture
associated with increased spinal compression. Effective seated postural corrections are,
therefore, an important skill requiring advanced, tri-planar control of the pelvis and thorax.
This advanced, integrated activity positions the pelvis in left rotation with counterrotation
of the thoracic spine into right trunk rotation. The lengthened right psoas is shortened and
strengthened in its role as a hip flexor (see Figure 21).

Figure 21. Seated, supported left acetabular femoral internal rotation (AFIR) with right Psoas and iliacus and right femoral
acetabular external rotation (AFER) used with permission from the Postural Restoration Institute®. Copyright 2017, www.
posturalrestoration.com
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5. Case studies

5.1. Case 1

History: MD is a very active, extremely flexible, 9-year-old girl. She is passionate about bal-
let. She reports right hip pain and limited motion with some dance moves. Her shoulders
occasionally “pop out of joint.” Her mother reports numerous falls. MD was diagnosed
with left thoracolumbar scoliosis at age 8, with a Cobb angle of 13°. Her doctor recom-
mended to “wait and see.” One year later, at age 9, the Cobb angle had increased to 27°.
Again, her doctor recommended to “wait and see.” MD’s mother decided to seek conserva-
tive treatment.

Initial evaluation findings: Observation—general laxity, swayback, forward head posture,
restless, constantly moving into different end-range extension positioning. Standing pos-
ture—stands on left leg, left knee hyperextension, left hip shifted to left, left pelvis posi-
tioned in swing phase (AFER), right knee bent, minimal right weight bearing. Unilateral
stance —left leg 20 s, right leg 6 s. Bilateral stance (equal weight bearing)—10 s, then reverts
to left stance. Forward bend—% range of motion, no lumbar reversal, states “my back
will break.” Seated hip rotation—internal: right 59°, left 45°, external: right 45°, left 45°.
Spirometry (FEV)—average of three trials 1173 cc (age norm 1550 cc), weak exhale. Gait—
extreme lumbar lordosis, bilateral Trendelenburg. Unable to maintain test position for ADT
due to restlessness.

5.1.1. Clinical reasoning and treatment progression

MD being hypermobile demonstrated the common finding of decreased proprioception. In
her physiological attempts to feel stable, she resorted to end-range positioning via hyperex-
tension. In the sagittal plane, this lordotic posturing caused anterior pelvic rotation and ante-
rior ribcage elevation. Chronic anterior ribcage elevation decreased diaphragmatic efficiency
and resulted in the diaphragm acting as a postural extensor muscle. Due to chronic pelvic
anterior rotation and overuse of her right leg, especially in dance class, right hip impingement
developed. MD shifted off the right leg to avoid impingement pain. This became a strong
pattern, and she could no longer maintain bilateral stance. To balance her left-sided shift, her
spine migrated right. She remained in hyperextension.

Treatment began with a practice of bilateral and right stance. This was pain-free, but very
challenging. Sagittal plane: repositioning was introduced at the second visit via the All Four’s
Belly Lift Walk (see Figure 16). This activity inhibited the tight paraspinals while shortening
and strengthening lateral abdominals. Over the next few visits 90/90 Hip Lift activities were
added to inhibit the paraspinal muscles in a supported position while isolating the hamstring
muscles to establish pelvic neutrality. A balloon blow was added to 90/90 Hip Lift to increase
recruitment of lateral abdominals while in a pelvic neutral position (see Figure 15). A sitting
exercise with back supported, balloon blow, and left arm reach was added to challenge her in
a more upright position. MD also practiced sitting in a chair blowing out through a straw to
help her learn how to breathe diaphragmatically.
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Frontal plane: Left AFIR was introduced with a hip hinge standing activity that simultaneously
facilitated left posterior mediastinal (concavity) expansion.

The lateral spinal curve was eliminated in five physical therapy sessions of 1 hour each, over
a 3-month period by addressing sagittal plane and respiratory dysfunction. MD’s mother
helped her with daily exercises. Due to her extreme hypermobility, MD is continuing physical
therapy check-ins at 3-6-month intervals to maintain alignment, to stabilize, and strengthen
her structure and to assure a neutral baseline. Scoliosis has not recurred. She continues her
intensive ballet.

Summary: At age 9, when MD began PT, no spinal structural changes were evident, and there
was no countertilt. However, her curve had progressed over a year, at Risser 0, from 13° to 27°
with a rapid growth period ahead of her. Without intervention, structural change and curve
progression were inevitable. This case highlights the importance of early detection and treat-
ment. In the US, the current medical approach to juvenile and adolescent scoliosis is “wait and
see.” Once exaggerated curvatures in sagittal or frontal planes progress to structural change,
rehabilitation is significantly more challenging and often less successful.

5.2. Case 2

History: RM is a 12-year-old female who was diagnosed with scoliosis at age 11. Her X-rays
showed a right thoracic, left lumbar PRI nonpatho curve pattern, measuring 28° from T6-T12,
and 21° curve from T12-L4. Her sagittal view film showed 52.4° of lumbar lordosis and 42° of
thoracic kyphosis. She was told by her physician to “wait and see” and return 6 months later.
New X-rays revealed progression to 38° from T6-T12 and 26° from T12-L4. She was still a
Risser 0 and had not yet started menses. She was fitted for a Boston Brace, which she wore for
16-20 hours a day, for about 2% years weaning to nights only at the beginning of her freshman
year of high school and continuing. RM is an athlete playing basketball, tennis, and ultimate
frisbee and more recently, doing yoga. She spends the summers at a 6-week sleep-away camp
and travels internationally with her family.

Initial evaluation findings: Her starting height was 5'3". It is speculated that she had a growth
spurt from time of diagnosis over the 6-month period in which her curve progressed by
roughly 10°. Standing posture—anterior pelvis, knee hyperextension left greater than right,
the right medial border of scapula more prominent with the right scapula being rounded
forward, protracted, and slightly elevated, her right hip is higher and shifted slightly to
the right. In the sagittal view, her weight is shifted anteriorly toward her toes. Gait—arm
swing was greater on the left than right, right shoulder is higher, and she lacks knee flex-
ion at the loading response bilaterally. Her upper body stays stiff and her pelvis moves
in the frontal plane more than in the transverse plane. Forward bend —visible left lumbar
curve with slightly elevated right rib cage. Spirometry (FEV)—2200 cc, (age norm — 2150
cc.) Scoliometer —5° rotation to the right in mid-thoracic spine, 4° rotation to the left in mid-
lumbar spine.

Clinical testing: PRI testing— ADT indicated left anterior hemipelvis rotation, right hemipel-
vis neutral position (see Figure 12). HGIR indicated bilateral ribcage elevation and external
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rotation, left greater than right (see Figure 13). TRT—knees go farther to the left, indicating
suspected iliolumbar ligament laxity (see Figure 14). Both Right Apical Chest Wall Expansion
and Left Posterior Mediastinum (left thoracic concavity) Expansion were limited. Single limb stance
for 60 s—more stable in right stance, and trunk is more symmetrical in right stance than left
stance. In left stance, her hip and pelvis are shifted anteriorly. Her favorite position is to stand
on her right leg with her left leg crossed in front, her right hip out to the side with her right
hand propping on her right hip. She was pain-free.

5.2.1. Treatment progression and clinical reasoning

Postural awareness and behavior changed during activities of daily living—she lightened her
backpack and began to use a waist strap to redistribute weight to her pelvis from her spine.
We encouraged her to sense her heels and improve standing posture. We incorporated spinal
precautions (hip hinge instead of spinal flexion) due to relative anterior spinal overgrowth
(RASO) and encouraged corrective postures for studying and lounging (i.e., avoiding prone
on elbows and sitting in her curve pattern).

Sagittal plane: Supported supine activities to reposition pelvis were initiated by concomitant
strengthening of hamstrings and lateral abdominals focusing on exhalation to bring her rib
cage down anteriorly, restoring her respiratory zone of apposition. A left hip shift bias was
used to help anchor her left femoral-pelvic position with her left lateral abdominals as in the
90/90 Hip Lift with Right Arm Reach and Balloon (see Figure 15). Improved sagittal plane posi-
tion was maintained throughout her program while addressing other planes of correction and
progressing positional challenges against gravity.

Frontal plane: Exercises focusing on balancing left lumbar curve were implemented in left side-
lying with a right leg reach, and by PRI left-side plank activities to lengthen her right lateral
abdominals and shorten/strengthen the left. Her right thoracic curve was addressed with left
sidelying activities to allow gravity to assist with centralization, as well as with positioning
and muscle activation to direct air for right apical and left thoracic concavity expansion. Right
upper extremity retraction/shoulder extension in external rotation was implemented to help
activate her right low and middle trapezius to help reposition her right scapula toward the
midline. Position was progressed from sidelying to sitting to standing. Examples of these
PRI nonmanual techniques are the Left Sidelying Left Flexed Femoral Acetabular Adduction with
Right Lowered Extended Femoral Acetabular Abduction (see Figure 17), and the Standing Supported
Left Acetabular Femoral Internal Rotation (AFIR) with Right Femoral Acetabular Abduction (see
Figure 19).

Transverse plane: Once the left respiratory zone of apposition was achieved to anchor left ante-
rior rib flare, activities to strengthen right low trapezius and triceps were used to assist with
thoracic spine derotation and rib cage balancing. Likewise, right iliacus and psoas were used
for lumbar spine derotation in sitting and standing. The left serratus anterior and low tra-
pezius were activated concomitantly to bring the left rib cage posteriorly (to expand the left
thoracic concavity). Exercises were progressed from supine to seated to supported standing
to freestanding, followed by the addition of resistance (dynamic stabilization) in standing for
strengthening and maintenance of this correction.
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Final Clinical Findings: Height—5'6 & 5/8" (2% years later, almost 4" of growth), X-rays - right
thoracic: T5-T12=35°, left lumbar: T12-L4 =29.1°, Risser 4. Menses began summer of 2016. Her
growth has stabilized, and we are hopeful to prevent progression requiring surgical correc-
tion/fixation. Spirometry (FEV)—2700 cc, which is age-appropriate. Single limb stance—more
symmetrical and balanced on each leg with good observable pelvofemoral position bilaterally.

Summary: Working with teenagers can be challenging as well as rewarding due their very busy
lives and neurodevelopmental immaturity to realize consequences. When trying to prevent
curve progression, over a long period of time during growth, the process can become repetitive
and laborious and it is easy for an adolescent to lose belief and/or motivation in the process.
School and extracurricular activities can override exercise programs, especially if the patient
has no pain. However, RM was diligent with her program and was able to implement concepts
of correction and to perform challenging exercises while away at summer camp. Her case is
an excellent example of the possibility to hold a curve that began to rapidly progress (10° in 6
months), with a starting point >25°, during a period of growth. She was able to avoid the need
for surgical correction and now has a “tool bag” of exercises and positions she can use to thwart
potential discomfort, as well as to maintain balanced asymmetry, throughout her lifetime. At
recent follow-up, she proudly offered that she has less pain than her peers and teammates fol-
lowing exercise classes and games “because I now know how to take care of my spine!”

5.3. Case 3

History: JP is a 66-year-old female with primary complaint of loss of upright function for the
past 10 years due to debilitating left leg sciatica. JP was able to stand and/or walk for only 10
min at a time, and this was greatly affecting her ability to participate in her choir practice and
in her ability to play actively with her grandson. The patient was diagnosed with scoliosis
as a teenager but was not offered any intervention. X-rays reveal right thoracic convexity
between T2 and T11 (apex T8) with a Cobb angle of 26°. There is a larger, left lumbar con-
vexity between T11 and L4 (apex L2) with a Cobb angle of 51° and clear evidence of rotary
instability with moderate lateral listhesis of L4 on L5.

5.3.1. Initial evaluation findings

Standing posture —anterior translation of the pelvis. There is a notable, fixed left thoracolumbar
kyphosis deformity and an associated left trunk imbalance with a right pelvic orientation in
the frontal and transverse planes. JP is noted to have a flat thoracic spine and anterior rib flares
bilaterally. Gait—elevated thorax with no appreciable right arm swing, the pelvis remains right-
oriented throughout right and left stance phases. Clinical tests—ADT (see Figure 12) reveals
the right hemipelvis is in neutral position and the left hemipelvis in anterior rotation. HGIR
(see Figure 13) reveals restriction of right glenoid-humeral internal rotation due to restrictions
of right apical chest expansion with elevation and external rotation of the left anterior ribcage.
Palpation reveals limited expansion for both the right Apical Chest Expansion Test and the left
Posterior Mediastinum Expansion Test. Spirometry (FEV) measures were 2100 cc, 1800 cc, and
1800 cc, respectively, over three trials consistent with hyperinflation and likely reduced FEV for
age and gender (norms for 65-year-old woman, 2160 cc). Functional outcome measure—Roland
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Morris Self-Report Low Back Pain Disability Questionnaire (RMDQ) was 9/24 or 37.5% self-
report disability.

5.3.2. Treatment progression and clinical reasoning

Sagittal: Treatment began with sagittal plane control of pelvis and thorax to improve critical
respiratory core muscle control. JP started in hooklying and supine 90-90 postures to begin
activities like supine 90-90 with balloon blowing versions (see Figure 15). Once postural test-
ing indicated adequate sagittal plane control, she moved to a left sidelying program.

Frontal: For this patient, the left sidelying position was felt to be best to help her begin to
control frontal and transverse plane forces particularly in the region of her left lower lumbar
spine, which were the most likely source of her debilitating sciatica. As JP gained control of
the left abdominal wall in left sidelying and to obtain a ZOA, she began to integrate that con-
trol with combined muscular efforts culminating in left acetabular femoral internal rotation as
with Left Sidelying Left Flexed Femoral Acetabular Adduction with Right Lowered Extended Femoral
Acetabular Abduction (see Figure 17). JP was severely challenged with kinesthetic awareness
of muscle activation and “carry over” to alternative postures. In her case, it was very helpful
to have her stand up after a left sidelying activity to try to reproduce the same movement
pattern in upright—her most challenging posture. Adding activities like Standing Supported
Left Acetabular Femoral Internal Rotation with Right Femoral Acetabular Abduction (see Figure 19)
were, therefore, quite a good challenge for improved upright control.

Transverse and alternating, reciprocating movement: As JP demonstrated further capacity for
trunk control with left acetabular femoral internal rotation, we added challenges to coordi-
nate with right trunk rotation as with gait. The use of walking poles was tremendously help-
ful for this patient to help with her balance, core muscle activation, kinesthetic sense of the
ground and weight shifting, as well as to offer additional support for spinal elongation, a criti-
cal element in scoliosis treatment. Activities depicted like Four Point Gait with Mediastinal
Expansion were further developed (see Figure 20).

Summary: Over the course of her last few visits (21 visits total), JP was consistently report-
ing dramatic and steady improvement in her function. She was playing with her grandson
more than 2 hours at a time and able to stand through 3-hour choir rehearsals. Her walking
progression was up to 34 min. The last RMDQ score was 3/24 or 12.5% self-report disability.
All physical therapy goals were met. She was highly compliant and motivated throughout the
course of her care, which no doubt, contributed to her strong outcomes.

6. Conclusion

The theoretical framework of PRI and its model of innate human asymmetry provides the
clinician valuable insight into the development and progression of scoliosis and other spinal
dysfunctions. This framework has the potential to redefine how clinicians evaluate and treat
these conditions.
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It is our experience that early detection and treatment of scoliosis and other postural disorders
makes a significant difference to the success of intervention. For instance, a functional disorder
resulting from an asymmetrical dominant pattern can more easily be rebalanced than one that
has evolved into structural pathology. In the US, the medical approach to juvenile and adoles-
cent scoliosis is commonly “wait and see.” The PRI model recommends simple tests of balance
and respiration in young people to identify those at risk. Early introduction of exercises to rees-
tablish balanced asymmetry may effectively reduce the need for long-term rehab or surgery.

Patients of all ages and magnitude of spinal deformity can benefit from the PRI approach.
Reestablishing neutrality, learning to balance tri-planar muscle activity, and optimizing res-
piration are among the life-long benefits of working on these exercises. Self-awareness engen-
dered in this process is additionally empowering for many patients.

Clinical results of the application of PRI methodology have been compelling. We would like
to encourage research on the many aspects of this new, innovative framework.
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Abstract

All scoliosis braces bearing the name “Chéneau” as part or all of their designation share
a common history, originating in 1979 with the Chéneau Toulouse Munster (CTM) brace,
developed by Dr. Jacques Chéneau and Professor Matthias of Munster. Since then, sev-
eral variations of this brace have evolved to enhance support/correction of scoliosis in
three dimensions. Design features based on the Rigo classification of scoliosis and further
modifications by the co-author led to the Rigo Chéneau type brace. This is a dynamic
brace, with expansion rooms to accommodate tissue migration, growth and breathing
movements. The brace by the authors is hand-made and customized to the curve pattern,
skeletal maturity, flexibility and structural component of each individual. It applies both
de-torsional forces and three-point pressure systems to improve spinal alignment in all
three planes. It is also designed to work synergistically with Schroth physiotherapeutic
scoliosis specific exercises to optimize effectiveness of a conservative approach.

Keywords: scoliosis bracing, Wood Chéneau Rigo (WCR) brace, Schroth physical therapy,
Rigo Chéneau type brace, Rigo classification of scoliosis and brace design

1. Introduction

The purpose of this chapter is to share with scoliosis professionals the biomechanics and
design of the Rigo Chéneau brace. A historical background of the Rigo Chéneau brace is pro-
vided to show the evolution and improvements in it over the last three decades, particularly
changes outlined since 2005, which have led to good fit and function. Equally important to
the end result is good patient follow-up care and brace quality control by the referring MD,
physical therapist and orthotist.
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The original brace was called the Chéneau Toulouse Munster (CTM) brace after Dr. Jacques
Chéneau of Toulouse, France and Professor Matthias of Miinster, Germany who first pre-
sented it in 1979. Later, the brace came to be known as the Chéneau brace. In 1996, Dr.
Chéneau outlined the hand-casting procedures and discussed the three-curve and four-curve
Chéneau brace types, outlines in his manual named “Orthese de Scoliose” [1, 6] which out-
lined the hand-casting procedures and discussed the three-curve and four-curve Chéneau
brace types (Figure 1).

(d) (€) (0

Figure 1. The three-curve and four-curve casting technique for providing optimal fit at the iliac crests in (a) and (b). The
orthotist elongates the patient by applying an extension force at the axillas in (c). The negative cast cut-and-position
technique of correction and alignment of the Chéneau brace in (d)—(f) [6].

The original Chéneau brace had two brace designs. These were based on the curve classification
from Katharina Schroth, which treated scoliosis as a three-curve pattern or four-curve pattern.
Therefore, we had a three-curve Chéneau brace and the four-curve Chéneau brace (Figure 2).
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Figure 2. An old style, four-curve handmade Chéneau brace from 1999, Malaga, Spain. A numbering system was utilized
by Dr. Chéneau to identify all the pressure and expansion areas [2].

In the late 1990s, Dr. Manuel Rigo (MR) of Barcelona found that these two designs were
insufficient for the distinct types of curve patterns. As a result, the King classification was
adapted for the Chéneau brace for a few years. However, MR found that there were brace
failures with the King classification when it was used for brace design. The King classifica-
tion was developed for surgeons to decide on the level of spinal fusion during surgery, and
not specifically for bracing. Because of these failures, MR developed a classification to guide
the brace design [3], which was first presented by MR et al. in 2010. This was presented later
by Grant Wood at the International Society for Prosthetics and Orthotics (ISPO) of 2010 in
Leipzig, Germany [4].

Since the original brace in 1979, various Chéneau brace derivatives were developed. The first
author of this paper, GW, began in 1995 with the original Chéneau brace, under the training
and teachings of Dr. Chéneau. Dr. Chéneau and Dr. Rigo were providing brace modification
workshops in Barcelona and Sevilla Spain during the late 1990s. During these workshops,
the shape of the original Chéneau brace changed significantly, mainly through modifications
suggested by MR, including significant increases in the size and locations of plaster expansion
zones and pressure areas. These modifications led to the familiar large flowing and asym-
metrical shapes that are more commonly seen today.

In 2012, due to the wide range of brace standards and various levels of quality of Chéneau
braces using the Rigo principles, GW, the main author, named his brace according to his own
methodology and hand modifications aimed at addressing the complexities of the original
design, and named the brace Wood Chéneau Rigo (WCR) brace.
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The WCR brace evolved from the original Chéneau brace (1995), which was subsequently
refined using the Rigo classification of scoliosis, and hand modifications aimed at addressing
the complexities of the original design.

The WCR brace incorporated the best of modern CAD CAM and “old school” hand modifica-
tions. Generally speaking, technical advances in brace design and production have increased
productivity, albeit at the cost of individualization to each patient's anatomy, curve pattern, and
preferences, the lack of which can degrade the brace's fit and function. For this reason, the WCR
brace has, since its inception in 1995, applied the most critical patient modifications by hand.

The differences between the original Chéneau brace and the author’s Chéneau-Rigo hand-
made type brace are the following:

1. The brace was designed using the Rigo classification of scoliosis and brace design, incorpo-
rating many significant changes from the original Chéneau brace.

2. The new Chéneau brace follows the current design shapes taught by MR. Thus, it is a
Chéneau-Rigo modern CAD CAM design brace in combination with handmade modifications.

3. The Wood Chéneau Rigo (WCR) brace is the author’s personal version of the Chéneau-
Rigo brace, and it represents the natural evolution of the original Chéneau brace.

In 2017, due to the multiplicity of versions and variations in the quality of the Rigo Chéneau
type brace, Dr. Rigo, Grant Wood and Luke Stikeleather founded the Association of Rigo-
Chéneau specialists (ARCS), which has the goal of maintaining and providing a standard of
quality and education for orthotists who have practiced these principles.

The Rigo Chéneau type brace is a corrective orthotic device which must be individualized to
each patient’s specific curve pattern and other unique body characteristics.

It is not an orthopedic product but rather a corrective concept for the specific use in the con-
servative treatment of scoliosis.

A 3D scan or handmade cast is used to capture the patients exact body shape and anatomy.
The scan or cast then produces a positive mold that is rectified to provide a 3D corrected
positive mold, which in turn is used to adapt the thermoplastic to provide the finished brace.

Using the handmade original tech, a 3D corrected positive mold is created to provide specific
pressure areas or pads of contact, and expansion areas or rooms. These pressure areas or pads
have specific levels, orientations, depths and shapes. The pressure areas are generally located
on the convexities and prominences of the scoliosis body. Contacts or pads are individually
oriented in space and shaped to provide 3D correction (Figure 3).

The expansion areas, or rooms, are not windows where a simple hole is cut out of the plastic,
but instead, actual buildups of significant space created in the original positive mold. They
are generally located in the concavities and prominences of the scoliotic body. Expansion
rooms are for tissue migration, growth and breathing movements, thus converting a rigid
brace into a dynamic brace [5].
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The Rigo Chéneau type brace is a thermoplastic brace with a ventral opening and Velcro
closures. It follows many of the original 3D concepts of Dr Chéneau, and utilizes the Rigo
classification of scoliosis and brace design.

Figure 3. A WCR brace modified and fit by the main author, shows the left lateral, anterior, posterior and right lateral
views of the patient with 3D correction in a C2 type brace using the Rigo classification of scoliosis [3].

2. Design and methods

This chapter reviews the biomechanics and breathomechanics of all three planes of the body.
The transverse thoracic section demonstrates improvement of the thoracic hypokyphosis. The
diagram of patient elongation describes how specific pressure points simultaneously provide
for elongation, derotation and lateral curve correction. The pelvis and trunk translations are
described, and shown to outline how the Rigo Chéneau brace overcorrects body posture to
allow an improved clinical presentation for A-type, B-type, C-type and E-type Rigo classifica-
tion brace types (Figure 4).

2.1. In-brace correction

There is a perception that the in-brace Cobb angle correction must be 50% to be considered
acceptable. This is often true and it is also true that the Cobb angle, which is easily assessed,
has been the gold standard of measurement for brace quality. However, not all patients can
and/or should be corrected to 50% in-brace correction. In some cases, a 25% in-brace correc-
tion coupled with good 3D correction is acceptable and sufficient to prevent scoliosis pro-
gression, when greater Cobb angle correction would cause negative compensations. Overall,
some patients are best served by targeting a low in-brace correction, whereas for others an
80% in-brace correction is both achievable and desirable (Figure 5).
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Figure 4. In-brace correction of the Cobb angle has been the gold standard for the measurement of successful bracing.
This patient’s curvature was reduced from pre-brace 21° Cobb angle to an in-brace Cobb angle of less than 5° in a Rigo
Chéneau type brace. The pre-brace X-ray shows the pelvis translated to the left and the trunk to the right. The in-brace
X-ray shows the pelvis corrected to the right and the trunk balance to the left.

These high and low targets for in-brace corrections depend on several factors, including the
Rigo classification brace type, curve pattern, skeletal maturity, flexibility, and the structural
component of the scoliosis, which limits correctability. This last factor is particularly impor-
tant to the effectiveness of the Rigo Chéneau brace which is supposed to work through the
detorsional forces and the amount of the mechanical torsion.

3D correction is defined.

1. Regional and local derotation in the transverse plane.

2. Three-point pressure systems for the best possible alignment and balance in the frontal plane
(See Figure 6).

3. The best possible alignment and balance in the sagittal plane.

4. Reactive breathing mechanics to restore physiological thoracic kyphosis.

The expansion is noticeable and the volume depends on the body morphology. Expansion
areas or rooms are not just to be there to be filled at the time but to define the orientation and

shape of the contacts. An essential function of the brace design is to produce the right body
reaction during breathing (Figures 6 and 7).
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The orientation of the dorsal and ventral pads is different. The ventral pad is a little more fron-
tally oriented compared with the dorsal pad which is a little more sagittal orientated. The two
main forces can be combined into one main force vector. These vectors act as a pair of forces
for derotation. The ventral component is always the major one, and the dorsal is the minor
one. That way, the ribs and coupled spine will derotate and translate backwards (Figure 8).

Figure 5. The transverse view of a Rigo Chéneau type brace, which was made for right thoracic and left lumbar curves.
The light-colored line represents the thoracic expansion areas and the darker line represents the lumbar expansion areas.

2.2. Breathomechanics

The sagittal diameter increases during rotation, bringing the spine out, rounding the back,
thus improving the morphological flatback.

The two forces need to be at the same transversal level to be effective. Ventral and dor-
sal prominences are for different transversal levels. Pushing on them is not enough to get
correction.

The intention is to produce a better physiological shape, where the physiological shape in
the sagittal plane is more or less pronounced, depending on the pelvic structure (i.e. the
pelvic incidence) (Figure 9). The normalization of the sagittal configuration of the spine is
not possible in most cases due to structural lordotization, and any kyphotizaton of the main
thoracic region at the expense of spinal flexion will just increase the proximal and distal
compensatory kyphosis.

With 3D corrections, the priorities are; first, to reduce the Cobb angle, second, to reduce rota-
tion, and third, to reduce morphological flatback.
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Figure 6. The transverse thoracic view of the thoracic section of a Rigo Chéneau type brace. Derotation of the spine at the
thoracic level helps to achieve a more normal physiological sagittal profile of the spine to reduce flatback.

Figure 7. These forces are needed to bring the patient into optimal coronal plane correction through a corrective three-
point pressure system and to bring the anterior prominence to a higher level.
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Figure 8. The three-point pressure system allows better frontal plane correction, improves collapse of ribs, and brings the
ventral rib hump to higher level, resulting in elongation of the spine.

2.3. Rigo Chéneau type brace and Schroth physiotherapeutic scoliosis specific exercises

The contributions of MR are the description of the biomechanical principles of the brace
design and a creation of the specific scoliosis classification developed to help to stan-
dardize the brace design and construction. This classification also correlates with Schroth
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Figure 9. This figure shows the same patient on her left and right sides, with two different sagittal plane shapes on each
side. The patient is wearing a WCR brace for the treatment of a left thoracic and right lumbar B1 type scoliosis [3].

physiotherapeutic scoliosis specific exercises (PSSE) both according to the Barcelona
School (BSPTS) as well as the original German Schroth school according to Katharina
Schroth [5].

The Rigo-Chéneau type brace and the Schroth PSSE address the 3D biomechanics of the
deformity in the similar way. The increased expansions in the brace correspond to the Schroth
PSSE so-called de-rotational breathing mechanics, which strive to expand the collapsed areas
of the trunk affected by scoliosis, aiming at correcting the horizontal (axial) plane of the body.
Specific pressure areas in the brace and Schroth PSSE principles work hand in hand to cor-
rect the frontal and sagittal planes of the body. That is why the Rigo Chéneau type brace and
Schroth PSSE are considered to be a 3D conservative treatment of scoliosis.

This three-dimensional correction cannot be achieved using classic braces, commonly used to
treat scoliosis for decades, because their biomechanical design generally does not address the
rotational aspect of scoliosis.

3. Conclusion

The Rigo classification of scoliosis and brace design is intended to categorize scoliosis curve
patterns. The objectives of the Rigo Chéneau type braces are to improve the clinical presenta-
tion of the patient and to improve or prevent progression of the scoliosis. Rigo Chéneau type
braces, including the Wood-Chéneau-Rigo braces, were outlined in this chapter. An ortho-
tist must provide optimal fit and function of the brace prescribed by the referring physician.
Adherence to certain basic design principles and close follow up by the orthotist —especially
during growth spurts—are critical to its effectiveness.
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The optimal results in treatment of scoliosis are achieved when modern Chéneau type braces
that address the three-dimensional aspects of scoliosis are used in conjunction with Schroth
PSSE.

It was concluded that:

1. The original Chéneau brace, when fabricated with a proper design, provides the necessary
3D brace design.

2. The Chéneau type brace is not an orthopedic product, but a corrective concept. Specific
knowledge and experience is necessary to produce the expected results.

3. The Chéneau type brace should be used in conjunction with Schroth PSSE to treat scoliosis
from “outside” by applying the corrective forces imposed by the brace and from “inside”
by using the muscle force produced by the corrective Schroth PSSE.
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Abstract

The standard surgical management of AIS is spinal fusion. Nonfusion solutions for
addressing moderate AIS curves are desirable. ApiFix® is a new posterior dynamic
device consisting of an expandable ratcheting rod anchored by two pedicle screws to the
concave side of the scoliotic spine. It was designed to address single, moderate Lenke
type 1 or 5 curves. Surgery is performed without the addition of spine fusion of the
instrumented segments. The surgical procedure is short with negligible blood loss and
rapid recovery. Deformity correction is achieved by distraction leading to rod elongation.
Curve correction is achieved not only during surgery but also after the surgical proce-
dure by performing scoliosis specific exercises. These exercises activate the ratchet with
further rod expansion and curve reduction. The reported cases demonstrate the efficacy
of the combined approach of surgery and exercises in controlling moderate AIS. This
clinical experience with the ratchet device shows consistent curve improvement and sta-
bilization. It lends support to the concept that surgery with this new posterior dynamic
device may be a viable alternative to fusion and or as an internal brace in non-compliant
brace users for managing moderate AIS curves.

Keywords: moderate AIS, Lenke 1 and Lenke 5 curves, non-fusion surgery combined
with Schroth SSE

1. Introduction

Adolescent idiopathic scoliosis (AIS) is a condition that affects 1-3% of children aged 10-16
years [1]. A structural lateral curvature of the spine with a rotational component develops in

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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otherwise healthy teenagers during puberty. Mild or moderate curves pose no health threats
but may be associated with cosmetic concerns. Teenagers with mild deformities are placed
under clinical surveillance and are encouraged to exercise, those with larger curves (more
than 25°) are braced, while skeletally immature patients with thoracic curves exceeding 45°
are candidates for surgical intervention [2]. Patients with thoracolumbar or lumbar curves
usually undergo surgery with a lower than the traditional 45°Cobb angle threshold [3]. The
standard surgical procedure for AIS is a spinal fusion of 8-10 vertebrae. Although surgical
fusion is a successful solution for progressive spinal deformity, fusion leads to loss of spine
mobility and may cause painful disc degeneration at the junctions of the mobile spine with
the fused segments.

Non-fusion surgical solutions addressing moderate AIS curves may, therefore, be desirable
alternatives to the traditional standard care of fusion. To this end, growth-modulating nonfu-
sion procedures have been developed such as convex vertebral body stapling and/or convex
vertebral body tethering as a surgical alternative for idiopathic scoliosis [4-6]. Stapling or
tethering necessitate an anterior surgical approach to the spine and are both relatively exten-
sive procedures. An intermediate posterior fusionless and less complex surgical approach for
moderate AIS may be helpful. The ApiFix® system was developed to fill this missing gap [7].

ApiFix® is a new posterior dynamic device consisting of an expandable ratcheting rod anchored
by two pedicle screws to the concave side of the scoliotic spine. Surgery is performed without
the addition of spine fusion of the instrumented segments. Deformity correction is achieved
by distraction leading to rod elongation. Curve correction is achieved not only during surgery
but also after the surgical procedure by performing scoliosis specific exercises. These exercises
activate the ratchet with further rod expansion and curve reduction.Early experience with the
ApiFix® device showed it to be a viable alternative to fusion in reducing and maintaining
correction of moderate AIS curves [7].

2. Indications, implant design, surgical technique, postoperative exercises

2.1. Indications

The implant is designed to be used in patients with AIS, aged 10-17 years, with a single major
curve, either Lenke type 1 or Lenke type 5 curves, with a Risser sign between 0 and 4. The magni-
tude of the major curve should be between 30° and 60° and adequate flexibility on supine side
bending views showing curve diminution to 35° or less. The device may be also used in individu-
als with smaller curves as an internal brace, especially in non-compliant external brace users.

2.2. Implant design

The device has a mini-ratchet mechanism that allows unidirectional elongation of an expand-
able rod. It is made out of titanium alloy with an Amorphous Diamond-Like Ceramic coating
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(Figure 1). The expandable rod with polyaxial rings (eye joint) at its” extremities is anchored
to the spine with two pedicle screws that are implanted around the apex of the main curve
(Figure 1). The rod screw connection has a 50° freedom of motion. The rod can expand by
40 mm, depending on the pre-distraction rod length. Rod expansion is incremental and gradual,
making the deformity correction safer. The implant has a control pin that can abort the ratchet
mechanism and put the device in a neutral mode or in a locked position to create a fusion-like
rod (Figure 1).

The implant has a CE mark.

2.3. Surgical technique

The concave side of the spine is exposed through a 10-12 cm incision usually from end to end
vertebrae. The convex side of the spine is left undisturbed. Two pedicle screws are inserted
into the end vertebrae and connected by the eye joints to the expandable ApiFix® device. The
construct usually spans five to six disc spaces around the curve apex.

The distraction of the ratchet mechanism during surgery allows immediate correction
of the deformity. No fusion is performed. The surgical procedure takes about 1 h, and
blood loss is negligible. Intra-operative neuro-monitoring is utilized during surgery.
Hospitalization is very short, i.e., 1-2 days. Patients are immediately mobilized without
external support.

e
o-ﬂn\
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Figure 1. (A) The ApiFix® device, the expandable rod, and the control pin and (B) close-up of the ratchet and the control pin.

185



186 Innovations in Spinal Deformities and Postural Disorders

2.4. Postoperative exercises

Postoperative exercises were designed to activate the ratchet mechanism and to further elon-
gate the distance between the pedicle screws. Two to three weeks after surgery, patients are
directed to perform five basic Schroth-like exercises that enabled gradual elongation of the
ratchet mechanism, leading to further curve reduction (Figure 2). The patients bend towards
the corrective direction, and the device maintains the designated correction after the patients’
return to the neutral position. There are five basic exercises:

(1) Hanging from an open door or bar; the exercise begins with both hands holding the door top
with the hips and knees bent at 90°, while the knees and toes lean on the door. By extending the

T T

Figure 2. (A) Hanging from a door or bar, (B) chair bends, (C) bending on a roll, (D) lying on two chairs, and (E) bending
over the band.
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hips and knees, a traction force along the instrumented spine is exerted elongating the device.
The maneuver is repeated five times. (2) Sitting on a chair with the backrest against the right rib
cage (in Lenke type 1 curves). The right-hand leans on the backrest and the left one is placed
over the head. The torso is leaned toward the backrest and right hand. The exercise is repeated
10-15 times. (3) Side bending on a rigid cylinder or roll placing the roll under the right rib cage.
The right hand is bent under the head and the left one is placed over the head. The left arm is
stretched above the head. (4) Lying on two chairs and a roll. A bolster is placed on the chair closer
to the exercising individual. The patient lies on the bolster over the right side. The left hand is
stretched over the head toward the second chair. (5) Standing tilts with a band. The band is
placed on the right rib cage creating a fulcrum over which the torso is bent to the corrective side.

For Lenke type 5 curves, exercises are slightly modified by applying the band or bolster to the
lower ribs or even to the waist usually on the left side of the body.

The patients are instructed to perform the exercises for 30 min daily, for 3-6 months after
surgery. No braces are used and no restrictions on physical activity are imposed on the
adolescents.

3. Illustrative case reports

Case 1: 15-year-old male presented with a Lenke type 1 curve of 48°, Risser sign was 3 (Figure 3A).
The curve was considered too big to be controlled by bracing. He was subjected to surgery with
ApiFix®. The procedure lasted about an hour, and blood loss was negligible. Hospitalization
was 2 days. Initially, the curve was reduced to 26° (Figure 3B). After 3 months of performing the
designated exercises, the curve was reduced to 18° (Figure 3C).

The patient is pain-free and satisfied with his cosmetic appearance.

Case 2: An 11-year-old female presented with a Lenke type 5 curve T8-L2 of 20° Risser 0. Family
history revealed that her elder sister who also had AIS underwent posterior spine fusion from
T4-L1. A TLSO was prescribed but the curve progressed to 43° during a period of 2 years
(Figure 4A). At age 13, she underwent surgery with ApiFix® between T8-L1 (Figure 4B). The
surgery lasted 50 min, and blood loss was insignificant. The immediate postoperative Cobb
angle was 24°. She began exercises and the rod had elongated considerably with the exercises.
At 9 months, the curve measured 20° (Figure 4C). Angle trunk rotation as measured by the
Scoliometer was reduced from 7° preoperatively to 2° after surgery (Figure 4D1 andD2).

4, Discussion

The current communication describes a unique approach to moderate AIS curve correction.
The new approach combines operative curve correction followed by additional correction
with exercises performed after the surgery. The designated scoliosis specific exercises become
an integral part of the treatment protocol with the ratchet device. This differs dramatically
from scoliosis correction by spinal fusion. By avoiding spinal fusion, natural spinal motion
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Figure 3. Case 1: (A) Preoperative standing AP X-ray, (B) postoperative standing AP X-ray, and (C) after 3 months of
exercises. The expandable rod has elongated with further curve reduction.

is preserved by in large and allows further curve correction by exercising. The novel ratchet
spinal implant may be looked upon as an internal brace. It is, therefore, logical to combine
the internal brace with scoliosis specific exercises. Schreiber et al. in a randomized controlled
study on nonoperative management of AIS reported that a combination of standard of care of
AIS including bracing with Schroth scoliosis specific exercises gave a better curve correction
than care without exercises [8]. Our novel concept and method also combine a brace, although
internal, and exercises in the management protocol. The postoperative quasi Schroth correc-
tive exercises help in reducing the final Cobb angle. Schreiber suggested that Schroth exercises
should be considered as an add-on to the standard of care of AIS. Likewise, the correcting
exercises after ApiFix® implantation should also be viewed as an add-on to surgical treat-
ment. Theoretically, the combination of exercises with ApiFix® surgery may be more efficient
than external bracing and Schroth maneuvers as the ratchet mechanism captures the correc-
tion gained during exercises.

The biomechanical properties of the ApiFix® ratchet device were investigated by Holewijn
et al. [9]. They performed a biomechanical study on cadaveric thoracic spines in which they
compared spinal motion with the ApiFix® device or with rigid pedicle screw fixation. The
ratchet device caused a 40% decrease in range of motion in flexion/extension and about 18% in
lateral bending, while the range of motion in axial rotation remained unaffected. In compari-
son, rigid instrumentation caused a significantly (p < 0.05) larger decrease in range of motion
in flexion/extension (=80.9%), lateral bending (-75.0%), and axial rotation (~71.3%). The study
of Holewijn et al. [9] showed that spinal range of motion was significantly less constrained by
the ratcheted device as compared to rigid pedicle screw-rod instrumentation. Therefore, it can
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Figure 4. Case 2: (A) Preoperative standing AP X-ray and (B) postoperative standing AP & lateral X rays, and (C) after
9 months of exercises. The expandable rod has elongated with further curve reduction. D1: Scoliometer measurement
before surgery 7. D2: Scoliometer measurement after surgery 2.

be assumed that the concave ratchet device enables scoliosis correction with preservation of
a more physiological spinal motion. Holewijn et al. [9] also found that adjacent segment bio-
mechanics were not significantly altered. These beneficial biomechanical characteristics can
be attributed to the polyaxial connectors between the implant and screws. Therefore the risk
of implant failure is deemed low as implant loads in the absence of spinal fusion are expected
to be minimal.

At the time of writing, the new dynamic device was utilized in over 100 cases in Europe and
Israel. The clinical outcome observed in those cases documented that curve correction and
stabilization of moderate AIS without concomitant fusion were both efficient and durable
(unpublished results). Although there were few failures, analysis of the failed cases revealed
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that each failure was related to operation on curves bigger than 60°, rigid curves or to improper
pedicle screw placement. In properly selected candidates for instrumentation with ApiFix®, no
implant failures or loosening were observed. The clinical experience gained lends support to
the view that the ratchet device is a valid alternative to traditional standard surgery with long
instrumentation and fusion. The main curves (Lenke 1 or Lenke 5) were reduced, and curve
reduction was maintained during the follow-up period. Although the ApiFix® device operates
in a distraction mode that may produce kyphosis, there was no clinically significant change in
the sagittal curves of the spine in the operated patients. Long term, 2—4 years follow-up, of a
cohort of operated patients showed no curve progression, adding on, or implant failure.

Curve correction without fusion in the management of AIS is not a new concept. Fusionless
scoliosis surgery has the benefit of curve correction without limiting spinal motion. Betz et al.
[5] and Samdani et al. [6] reported growth-modulating convex vertebral body stapling and/or
convex vertebral body tethering as a nonfusion surgical alternative for idiopathic scoliosis
that occurs before the onset of the adolescent growth spurt. The published clinical results of
that technique are promising [4-6]. The indications chosen for the use of ApiFix® in manag-
ing moderate AIS are almost identical to the indications of vertebral body tethering, although
the surgical approach (posterior vs. anterior) and the age of the patients are different [6].
Some of the shortcomings of vertebral body tethering/stapling include the inability to predict
the amount of curve correction and whether overcorrection will occur. In contrast, the final
curve correction with ApiFix® can be predicted to closely match the magnitude seen on the
preoperative bending views, and there is no possibility of overcorrection.

In addition to the loss of natural spinal motion, standard fusion surgery has additional dis-
advantages, including considerable blood loss, requiring blood transfusions [10, 11], a 12%
prevalence of non-neurologic complications [11, 12], late infections, and pseudoarthrosis.
Almost all complications can be avoided by the use of ApiFix®: specifically, there is minimal
blood loss and no need for blood transfusion, the prevalence of non-neurologic complications
is negligible, neurological complications can be expected to be significantly reduced by the
use of only two pedicle screws and the gradual nature of the deformity correction, and there
is no risk of pseudoarthrosis since fusion is not attempted. The ultra-short operative time and
hospital stay are also significant advantages.

In conclusion, our experience with this novel dynamic device demonstrated consistent curve
improvement and stabilization. It lends support to the concept that surgery with this new pos-
terior dynamic device combined with postoperative scoliosis specific exercises may be a viable
alternative to fusion and and non-compliant brace users for managing moderate AIS curves.

Author details

Yizhar Floman* and Michael A. Millgram
*Address all correspondence to: yizharfloman@gmail.com

Israel Spine Center, Assuta Hospital Tel Aviv, Israel



Fusionless Correction of Moderate Adolescent Idiopathic Scoliosis with a New Minimally Invasive Dynamic...
http://dx.doi.org/10.5772/intechopen.69457

References

(1]

Weinstein SL, Dolan LA, Cheng JCY, Danielson A, Morcuende JA. Adolescent idiopathic
scoliosis. Lancet 2008;371:1527-1537

de Kleuver M, Lewis SJ, Germscheid NM. et al. Optimal surgical care for adolescent idio-
pathic scoliosis: An international consensus. European Spine Journal. 2014;23:2603-2618

Souder C, Newton PO, Shah SA, Lonner BS, Bastrom TP, Yaszay B. Factors in surgi-
cal decision making for thoracolumbar/lumbar AIS: It's about more than just the curve
magnitude. Journal of Pediatric Orthopaedics. 2016; 3 Mar. DOI: 10.1097/BPO.000000
0000000746. [Epub ahead of print]

Betz RR, Kim J, D’Andrea LP. et al. An innovative technique of vertebral body stapling
for the treatment of patients with adolescent idiopathic scoliosis: A feasibility, safety,
and utility study. Spine. 2003;28:5255-5265

Betz RR, Ranade A, Samdani AF. et al. Vertebral body stapling: A fusionless treatment
option for a growing child with moderate idiopathic scoliosis. Spine. 2010;35:169-176

Samdani AF, Ames R], Kimball JS. et al. Anterior vertebral body tethering for idiopathic
scoliosis: Two-year results. Spine. 2014;39:1688-1693

Floman Y, Burnei G, Gavriliu S. et al. Surgical management of moderate adolescent idio-
pathic scoliosis with ApiFix®: A short peri-apical fixation followed by post-operative
curve reduction with exercises. Scoliosis. 2015;10:4

Schreiber S, Parent EC, Moez EK. et al. Schroth physiotherapeutic scoliosis-specific exer-
cises added to the standard of care lead to better Cobb angle outcomes in adolescents
with idiopathic scoliosis-an assessor and statistician blinded randomized controlled
trial. PLoS One. DOI: 10.1371/journal.pone.0168746. 29 December 2016

Holewijn RM, de Kleuver M, van der Veen AJ. et al. A novel spinal implant for fusionless
scoliosis correction: A biomechanical analysis of the motion preserving properties of a
posterior peri-apical concave distraction device. Global Spine Journal; First Published
April 7,2017. DOI: 10.1177/2192568217699377. In press

Shapiro F, Sethna N. Blood loss in pediatric spine surgery. European Spine Journal.
2004;13(Suppl 1):56-517

Newton PO, Marks MC, Bastrom TP. et al. Surgical treatment of Lenke 1 main thoracic
idiopathic scoliosis. Spine. 2013;38:328-338

Reames DL, Smith JS, Fu KM. et al. Complications in the surgical treatment of 19360
cases of pediatric scoliosis. A review of the scoliosis research society morbidity and mor-
tality data base. Spine. 2011;36:1484-1489

191






Section 6

Innovative Approaches to the Treatment of
Postural Balance in Spinal Deformities and
Postural Disorders







Chapter 10

The Quantified Indices for Compensatory Patterns for
Low Back Pain and Outcome Measures

Paul S. Sung and Pamela Danial
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69910

Abstract

The quantification of balance stability is valuable to a number of populations, including
older adults with low back pain (LBP). Investigations into postural stability and one-
leg standing should be performed to integrate balance performance using kinematic
and kinetic indices. The comparison of postural control between older adults with LBP
and healthy older adults might contribute to a further understanding of postural adap-
tations, especially when considering visual condition. The one-leg standing test would
highlight the differences in kinematic and kinetic stabilities between groups. Because the
eyes-closed condition results in significantly decreased spinal stability, the normalized
kinematic and kinetic indices could be utilized to compare postural integration as well as
proprioceptive responses. Older adults with LBP demonstrated higher lumbar spine sta-
bility in the eyes-open condition, which might be due to a possible pain avoiding strategy
from the standing limb. Clinicians need to consider both kinetic and kinematic indices
and visual condition when addressing lumbar spine stability. Quantified indices for com-
pensatory patterns might provide further understanding of optimal injury prevention
and rehabilitation strategies for individuals with LBP.

Keywords: low back pain, balance, kinetic, kinematic, biomechanics, postural control

1. Introduction

Low back pain (LBP) is an ailment that impacts work performance and affects up to 80% of the
United States population at some point in an individual’s, making it one of the most prevalent
musculoskeletal conditions causing physical disability [1, 2]. LBP is a major factor in escalat-
ing health-care costs with a point prevalence of approximately 12%, a 1-month prevalence of
23%, and a 1-year prevalence of 38% [3]. One study reported that between 24 and 80% of older
adults with LBP experienced recurrent episodes within 1 year [3]. As the most commonly

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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encountered medical condition in older adults, LBP poses an even greater challenge in the
health care of this population as compared to their younger counterparts.

This chapter proposes biomechanical assessments of spinal function by which to evaluate
LBP. The development of a valid and reliable tool for evaluating older adults with LBP is
necessary to provide a link between LBP and balance deficits. It might be helpful for clinicians
to consider the potential characteristics of kinematic data, such as range of motion, velocity,
and acceleration as well as kinetic data, such as ground reaction force (GRF) changes, during
the one-leg standing test. This combined approach could provide a better understanding of
postural stability and ground reaction forces for integrating motor control and biomechanics.
Specifically, an understanding of the compensatory patterns between normalized kinematic
and kinetic stability indices for spinal regions, while considering visual condition may reveal
possible pain avoiding strategies from the standing limb. These would be important findings
since a lack of coordination and altered postural strategy has the potential to cause muscu-
loskeletal injuries. Individual variations between older adults might lead to different com-
pensatory responses and should be elucidated to establish fall prevention strategies. Several
studies reported that an analysis of the one-leg standing test via a motion capture system
could be used to determine balance strategies in older adults with LBP [4-8]. However, a
comprehensive tool for quantifying kinematic and kinetic changes during one-leg standing
is still needed to enhance evidence-based practice, prevent fall injuries, and identify factors
affecting proprioception and posture.

An evidence-based, quantitative approach may enhance quality of care for older adults with
LBP and aid in preventing injury. Furthermore, the development of potential interventions
as a result of this quantitative approach could favorably alter motor control, which plays a
key clinical role in terms of musculoskeletal and neurological functioning of older adults with
LBP.

2. Comprehensive balance parameters

Evidence-based intervention has stressed the importance of establishing a strong link between
treatments and outcomes to both researchers and clinicians. Various studies have suggested
that exercise programs are effective in the treatment of LBP [9-12]; however, most researchers
fail to provide evidence favoring one exercise over another. Contradicting results might be
related to poor sensitivity of the instruments, an unmatched research design, small sample
sizes, and/or the lack of a valid and reliable index for standardization.

It is necessary to provide sensitive kinetic and kinematic indices for quantitative evaluation
of altered postural coordination in older adults with recurrent LBP. Kinetic and kinematic
data regarding spinal dysfunction and coordination may provide clinical insight into motor
control and identify patterns of compensatory movements in older adults with recurrent LBP
[13, 14]. Several studies have measured kinematic changes of the dominant thigh and pelvis
to identify variations in balance sway compensation strategies as well as spinal alignment
and core stability between older adults with LBP and control subjects [13, 15]. Another study
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reported that because active limb movements might be associated with early lumbopelvic
motion, increased frequency of these movements may contribute to increased lumbar region
tissue stress, potentially leading to LBP symptoms [16] since altered movements are known
to decrease muscular force-generating capabilities [17, 18]. These outcome studies considered
the morphological and functional implications in the neuro-musculoskeletal system.

The one-leg standing test was developed in order to investigate dynamic postural steadiness
(Figure 1). Clinicians often use the one-leg standing test to assess movement performance and
to observe biomechanical deficits. It provides a sensitive analysis of postural stability, consid-
ering 40% of human gait movement occurs during one-leg stance [19, 20]. The one-leg standing
test examines the ability of the subject to perform spinal load transfers and to optimize pelvic
girdle stability while also detecting relative innominate bone motion [21]. A kinematic analysis
of the body regions and the kinetic analysis from the force plate during the one-leg standing
test could be useful in enhancing the understanding of the role of core spine activity during
the test. As shown in Figure 1, the core spine model is a reference model for trunk motion used
in motion analysis. It compares specific three-dimensional kinematic data to the motion of the
lumbar spine [13]. This measure of integrated spinal stability might allow for the development
of motor control strategies in older adults with LBP since reaction forces from the platform
reflect oscillations in forces about the foot needed to maintain balance [7, 14, 20].

The kinetic and kinematic changes in three-dimensional trunk motion could also be compared
to reflect standing balance contributions to postural control [7]. A lack of coordination of the

[=
" Upper thorax
| L J .__‘,Lwerthurax
[ —Lumbar spine
Core spine
.
(A) (B) (C)

Figure 1. One-leg standing balance test (A). The subject was asked to stand on a single leg with the contralateral hip and
knee flexed 90° for 30 s. During the test, the subject maintained postural stability while kinetic and kinematic data were
collected. In order to quantify the data, each segment was calculated as the amount of rotational displacement side-to-
side (Rx), back-and-forth (Ry), and up-and-down (Rz) away from a mean value (B). The core spine model was utilized
as a reference to compare specific three-dimensional spine motions including the lumbar spine and the lower and upper
thoracic spines (C).

197



198

Innovations in Spinal Deformities and Postural Disorders

lumbar spine may cause musculoskeletal injuries, and altered coordination of the postural
reaction might lead to compensatory responses to prevent injuries [14, 22, 23]. Quantifying
postural compensation may lead to a better understanding of spinal movement patterns due
to a fear of falling in order to clarify the relationship between kinematic and kinetic changes
in older adults with recurrent LBP.

The normalized kinematic index of the lumbar spine was calculated based on the three-
dimensional rotation angle (Rxyz) and relative standing index between control and recurrent
LBP groups. The ratio between standing duration and requested duration could be compared
with the corresponding older adults’ Rxyz values. The analysis time window excluded the
initial transition time (5 s) from standing with bilateral legs to maintaining single, dominant
leg standing.

3. Postural deficits and integrated balance performance

Fear of falling is a major health concern among older adults and has even been reported in
those who have no history of falls [24, 25]. The presence of fear of falling was defined as “low
perceived self-efficacy at avoiding falls during essential, nonhazardous activities of daily liv-
ing” [26]. Fear of falling risk drastically increases with age and is known to affect quality of
life in older adults, especially for women who fear that falling contains potentially serious
outcomes [27-29]. These studies indicated that fear of falling in older women is a common
and persistent complaint that is caused mainly by impairments of balance and mobility. The
results for balance problems or fear of falling imply that early intervention might be impor-
tant in the prevention and rehabilitation of balance deficits.

The development of sensitive tools that can quantify loss of balance is paramount to improv-
ing quality of life in older adults. It is essential to perform biomechanical and functional anal-
yses of the most representative kinematic and kinetic variables obtained from specific tasks,
including the one-leg standing test. Since the control of spinal function might include excit-
ability in the motor pathway with fearful aspects of pain syndromes, the combined kinematic
analysis based on spinal regions and kinetic indices from a force plate may provide compre-
hensive postural integrity strategies to reduce the risk of injury.

Previous studies support the idea that older adults with LBP have reduced proprioceptive
sensation on position-reposition accuracy and have a higher prevalence of balance deficits
[30-32]. Several other studies focusing on typical movement patterns in older adults with
LBP identified increased postural sway and decreased lumbar spine motion [33, 34]. It has
been reported that individuals with LBP demonstrate significantly decreased postural stabil-
ity during one-leg standing and other clinical balance tests [7, 8, 14]. However, the results of
these studies lacked an understanding of three-dimensional dynamic variables over time dur-
ing one-leg standing. Further, most clinical outcome studies are still not convincing in their
measurements, and implications of functional activity need to be further investigated [35,
36]. For example, center of pressure (COP) displacement may provide useful information in
quantifying standing postural stability as well as predicting dynamic balance [37]. However,
the COP provides limited information, as it is only a two-dimensional quantity.
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Before one can quantify balance deficits, however, one must first understand their origins
and the factors that directly or indirectly impact them. The assessment and classification of
balance deficits due to spinal disorders have been carried out in different ways. Patients have
been classified according to the injured or painful structure using imaging techniques (i.e.,
magnetic resonance imaging, computed tomography, and myelography). However, a patho-
logic-anatomic diagnosis is established in only 10-15% of all patients with disorders of the
lumbar region [1]. Additionally, there is great variation in the reported prevalence of bal-
ance deficits in older adults, which is associated with multiple factors, including poor health
characteristics [38, 39]. Gender, age, body mass index (BMI), time since initial pain onset,
and quality of life warrant further investigation for a complete understanding of the role of
these factors in providing comprehensive tools to prevent fall injuries. Therefore, valid and
reliable measurement tools for balance deficits that account for physiological and socioeco-
nomic factors would be important for clinicians to develop rehabilitation and injury preven-
tion strategies.

The quantification of balance deficits based on three-dimensional kinematic and kinetic indi-
ces is valuable to a number of populations, including older adults with LBP. It is generally
accepted that individuals with LBP possess altered postural control as well as less-refined
proprioception [15, 40, 41]. Previous research has shown that control groups demonstrated
significantly longer standing duration in the eyes-open condition [7, 13]. Due to decreased
proprioception, the pain-avoiding strategies implemented by the LBP group may be more
evident. When proprioception is limited, the differences in standing duration may explain
the proprioceptive capability between groups [42]. The normalized kinematic index could
be utilized to compare postural integration based on visual input as well as proprioceptive
responses. This compensatory pattern needs to be further investigated for optimal injury pre-
vention and the development of effective rehabilitation programs.

Studies have also reported poor coordination of balance performance in individuals with
LBP; however, there is a lack of understanding about the individual kinetic and kinematic
characteristics of trunk motion in older adults with balance deficits. Recent studies have been
performed to evaluate the role of core stability in older adults with LBP [43-45], as kinematic
changes of the trunk are compensated for by postural alignment and core spine stability [13,
15]. Further, a comprehensive investigation to determine postural steadiness might be help-
ful to understand the control of postural segments, including the trunk, pelvis, and lower
extremities, during one-leg standing. The ability to adjust postural steadiness as a function of
these regions is critical for activities of daily life, as increased balance sway was related not
only to spinal motion but also to dynamic functional capacity in older adults with LBP [46].
Therefore, a change in postural steadiness might be related to an increase in kinetic stability
[7], which reduces dynamic functional capacity in the trunk, pelvis, and lower extremities.

Older adults with LBP demonstrated differences in lumbar spine stability, possibly due to a
pain avoidance strategy and compensation from the standing limb [7]. However, it is not clear
how the kinematic chain reaction might change for whole body control mechanisms during
one-leg standing. Therefore, the normalized kinematic stability index of the body regions
(thorax, pelvis, and bilateral thighs, shanks, and feet) and one-leg standing duration might
contribute to an integrated understanding of postural steadiness in older adults with LBP.
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Several studies have used the one-leg standing test to investigate postural control using dif-
ferent outcome variables [7, 13, 47]. The one-leg standing test can be divided into two phases:
the dynamic phase and the static phase. The dynamic phase is defined as a rapid decrease
of force variability during the first 5 seconds (s) of the test. The static phase is defined as
the maintenance of a certain level of force variability. One study, which investigated the
first 5 s of a 25 s duration test (dynamic phase), concluded that the first few seconds of the
one-leg standing test pose the greatest challenge to postural steadiness [48]. They concluded
that if participants were unable to perform one-leg standing for at least 5 s, they were at an
increased risk for injurious falls. Other studies have investigated the static phase. High vari-
ability during the first 5 s of the static phase of the one-leg standing test was reported, which
could potentially be caused by muscular or postural adjustments [7, 14]. Based on these find-
ings, it might be possible to analyze the first 5 s increments of the static and dynamic phases
of postural stability to discover different aspects of sensorimotor function that older adults
with LBP use to enhance pain-avoiding strategies.

It has been reported that impaired back muscle function may lead to an inability to adopt
postural control strategies focused on increasing strength and self-efficacy in older adults
with LBP [49, 50]. These studies suggested that impaired back muscle function may lead to
an adaptation of postural control strategies with the primary purpose of preventing pain and
decreasing mobility of the painful region. By contrast, longer one-leg standing duration in the
control group can be explained by enhanced motor learning due to greater ability to perform
functional activities and implement more functional postural control strategies.

Other studies supported the reorganization of trunk muscle representation at the motor cor-
tex in individuals with recurrent LBP [51, 52]. Their results suggest that this reorganization is
associated with deficits in postural control, which persist after the training effect takes place
as LBP becomes chronic or recurrent. Eventually, these learned strategies become automatic
defense mechanisms to prevent pain and further injury [15, 52].

4. Kinetic and kinematic indices

The stability index was developed with two parameters—relative standing time and relative
standstill time [14]. The relative standing time was defined as a ratio between the successful
standing time and the requested standing time. The successful standing time was measured
as the total standing time before the subject failed to maintain stability, allowing the non-
dominant, lifted limb to touch the force plate. The relative standstill time was defined as a
ratio between the sum of standstill time and successful standing time. The standstill time was
the summation of the temporal segments, where the three-dimensional rotation of the tested
axis was below threshold (5°).

In Figure 2, the distribution of the normalized standing time was plotted with the corre-
sponding relative kinematic index for the core spine model between the control group and
the recurrent LBP group. The data obtained from five subjects were selected as examples
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Figure 2. A: Distribution of normalized standing time (x-axis) and relative kinematic index (y-axis) of body regions and
corresponding three-dimensional angle (Rxyz) from control group (diamond) and LBP group (open dot). B: Examples
of Rxyz traces from A. Subject 25 had stable and long duration, while subject 28 had unstable long duration. Subject 18
had short duration with stable balance and subject 31 had relatively short duration with unstable balance. Subject 29 had
longer duration and more stable balance than subject 31. Threshold (dot) and baseline (solid) are plotted for each trace.

of the normalized standing time, and the relative kinematic index was compared with the
corresponding subjects’” Rxyz values. The analysis time window excluded the initial transition
time (5 s) from the test [14].

Therefore, the rotational angular displacements were more important than translations during
the test. The operational definitions for the terms utilized in this study are included as follows:

* Normalized kinematic index from spinal regions: The rotational angles of the specific
spinal regions (core spine model, lumbar spine, lower thorax, and upper thorax) were
calculated between two adjacent joints in three dimensions and then combined to quan-
tify the normalized kinematic stability index. As shown in Figure 3, the angular dis-
placement of the lumbar spine was calculated from the average, and then, temporal
summation of the data was used to calculate the normalized kinematic index for each
spinal region.

¢ Normalized kinetic index from force plate: The older adults stood upright on the non-
dominant leg for 20 s on a force plate surface with the dominant hip and knee flexed to
approximately 90°, first with their eyes open and then with their eyes closed. The summa-
tion of ground reaction forces was computed in the same way as the kinematic index, with
the average value subtracted to have each force plane average. Therefore, the normalized
kinematic and kinetic changes for postural stability were compared for the balance test
under different visual conditions. The kinematic and kinetic data were normalized so that
various individual differences might be fairly compared between groups. For reliability,
the intra-class correlations were calculated to determine the force plate measures taken.
The intra-class correlation coefficients of type (3, 1) were used to determine the degree of
test-retest reliability, ranged from 0.85 to 0.98, and were interpreted as excellent according
to Shrout and Fleiss [53].
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Figure 3. The rotation angle of the core spine computed from kinematic markers. For computing stability index, initial
transition time (5 s) was excluded. Out of 25 s requested holding time, successful holding time (duration) was measured
as the total duration until subject fail to stand on one leg (large arrow). The kinematic stability was measured as the
square root sum of axial angle subtracted from its own mean value during successful holding time (see equation).

¢ The dynamic postural steadiness index (DPSI): The DPSI (4) was based on the kinetic
data, which was calculated for three principal directions and was reported as a sen-
sitive measure index. The DPSI is a composite of the medio-lateral steadiness index
(MLSI; 1), anterior-posterior steadiness index (APSI; 2), and vertical steadiness index
(VSI; 3), which are mean square deviations assessing fluctuations around a zero point,
rather than standard deviations assessing fluctuations around a group mean. The sta-
bilization time was also determined as an objective postural control measure by using
three indices of analysis based on the resultant GRF. The MLSI and APSI assessed the
fluctuations from a zero point along the frontal and sagittal planes of the force plate,
respectively. The VSI assessed fluctuation of the subject’s body weight to normalize
the vertical scores for standardization of the vertical GRF along the transverse plane of
the force plate. This measure allowed comparison of individuals with different body
weights (mass).

MLSI = \/ [ Z0- 0" (1)

number of data points
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The outcome measures included one-leg standing time, DPSI (composite of MLSI, APSI, and
VEI), and stabilization times. In this way, postural stability might be quantified during the
one-leg standing test with the underlying premise that dynamic postural stability depends
on lower limb kinematics.

5. Applications for the balance indices

The normalized kinematic stability index for specific portions of the body was compared with
the kinetic stability index from the force plate.

As shown in Figure 4, a threshold was determined as 10 Newtons for the normalized kinetic
stability. Although the value might not be the optimal quantity, the results would not be sig-
nificantly different if neighboring values were selected.
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Figure 4. The change of threshold on normalized kinetic stability for the force platform between groups based on visual
input. A threshold of approximately 10 Newtons could separate the LBP group from the control group.
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A recent review article indicated that there are no evidence-based guidelines currently avail-
able to assess spinal instability [54, 55]. Their summary indicated that both spinal stability
and mobility concepts represent a new frontier in the study of the painful degenerative spine.
The development of new rehabilitation strategies for LBP based on information regarding the
kinematic and kinetic stability indices could help restore the normal function of spinal seg-
ments and protect the adjacent segments. Previous studies also reported that postural steadi-
ness, including trunk coordination, is a foundational necessity to prevent early mechanical
deterioration of the entire body [8, 14, 56]. Postural steadiness has been used to character-
ize the dynamics of the postural control system associated with maintaining balance [57].
However, the compensatory function of postural steadiness needs to be implemented within
the whole body to prevent recurrence of pain and further injuries.

6. Clinical implications

It is important to investigate the effects of an intervention in terms of its musculoskeletal
or neurological link with the cardiovascular and integumentary systems during human
motion. Although some therapeutic interventions have demonstrated benefits, researchers
have not quantified or characterized the results yielded by specific non-surgical interven-
tions [9-12].

The one-leg standing test could be utilized to quantitatively assess postural steadiness in a
static position and to investigate various balance disorders in older adults with LBP. The test
has been utilized in clinical settings, in which patients perform the test with their eyes open,
standing unassisted on one leg. The test is timed in seconds from the time one foot is lifted off
the floor to the time when it touches the ground [7, 58].

Other balance and gait abilities were assessed using the Berg Balance Scale [59], the functional
reach test [60], the timed up and go test [61], the 10-m walking test [62], and the timed single
leg stance test [8]. The performance values established in this study help make the single-limb
stance test (eyes open and eyes closed) a reliable, readily available, and easy to perform “bed-
side” examination tool for balance testing [63]. The quantified performance scores based on
the age and the degree of pain across a sample will aid clinicians in understanding the specific
level of performance for the clinical outcome measures.

Therefore, it is evident that nonsurgical spine research, as well as other fields of clinical
research, should enhance the quality of clinical efforts and develop effective interventions
for individuals suffering from LBP. It is important to develop a sensitive tool for evaluat-
ing baseline disability and the effectiveness (or detriment) of clinical treatment strategies
for individual patients. However, the COP provides limited information on body reactions.
Conversely, the combined three-dimensional kinetic analyses from GRF with specific sensi-
tive thresholds, as well as kinematic index analyses, provide more accurate and meaningful
data, which could allow for the development of new and more effective intervention strate-
gies for treating LBP [14].
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7. Conclusion

The quantification of balance deficits based on kinematic and kinetic indices is valuable to a
number of populations, including older adults with LBP. The comparison of postural control
based on the normalized kinematic and kinetic stabilities during the one-leg standing test
might contribute to a further understanding of postural adaptations that occur as a result of
chronic LBP. The compensatory pattern need to be investigated to allow for optimal injury
prevention and the development of effective rehabilitation programs.
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