
 
 
 
 
 
 
 
 
 
 
 

 
 

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 

(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 

terms and conditions of use: 

 

This work is protected by copyright and other intellectual property rights, which are 

retained by the thesis author, unless otherwise stated. 

A copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. 

This thesis cannot be reproduced or quoted extensively from without first obtaining 

permission in writing from the author. 

The content must not be changed in any way or sold commercially in any format or 

medium without the formal permission of the author. 

When referring to this work, full bibliographic details including the author, title, 

awarding institution and date of the thesis must be given. 

 



The University of Edinburgh

School of Engineering

The Effect of Rib Cage Deformity in
Primary Thoracic Idiopathic Scoliosis

on Pulmonary Function, Airway
Morphology and Lung Volumes

James A. Farrell

This dissertation is submitted for the degree of

Doctor of Philosophy

30th September 2019





Abstract

Although scoliosis is defined as a Cobb angle of 10° or more as measured in the coronal
plane, the combined three-dimensional distortions to both the spine and rib cage in
scoliosis are best conceptualised as a thoracic deformity. There is much interest in the
relationship between scoliosis and pulmonary function due to the increased morbidity
of respiratory failure and mortality of those with untreated progressive scoliosis. Es-
tablishing the mechanisms of pulmonary function impairment in scoliosis is important
in identifying patients with compromised lung function or those who will benefit from
surgical intervention.

In this work, the relationship between thoracic deformity in patients with right-
sided, Lenke type 1 or 2, adolescent idiopathic scoliosis (AIS) and pulmonary function
impairment is investigated. From radiographic and computer tomographic imaging,
measurements of the thoracic deformity were found to be superior predictors of pul-
monary function in AIS than conventional Cobb angles. A statistical shape model was
constructed from biplanar radiographs to identify modes of variation in the thoracic
configuration. Thoracic features such as the extent of the rib hump, narrowed convex
hemithoracic width and spinal intrusion were found to be factors contributing to lung
function impairment.

Morphological analysis of the tracheobronchial tree demonstrated the presence of
right-sided airway narrowing. In particular, patients with hypokyphosis demonstrated
significant narrowing of the bronchus intermedius and its bifurcation as a result of
extrinsic compression by the vertebral column. Right-sided airway obstruction was
found to correspond to the presence of atelectasis and air-trapping in the right mid-
dle and lower lobe. Post-operative analysis demonstrated that restoration of natural
kyphosis in patients with hypokyphosis and scoliosis resulted in improved lung func-
tion post-operatively. Although reduction in lung function in patients with scoliosis is
multifactorial, variance in the sagittal thoracic profile plays a more important role in
impairing lung function than is generally appreciated.

i



ii



Lay Summary

Although scoliosis is measured in terms of the misalignment of the spine as viewed
from the front, it is also accompanied by significant distortions to the rib cage. There
is much interest in the relationship between scoliosis and lung function due to the
increased incidence of respiratory failure and death in those with untreated scoliosis.
Establishing the mechanisms of lung function impairment in scoliosis is important in
identifying patients most at risk of reduced lung function or those who will benefit from
scoliosis surgery.

In this work, the relationship between the distortions of the chest shape in patients
with thoracic scoliosis and lung function is investigated. From medical x-ray images,
measurements of the chest deformity were found to be better predictors of lung function
in scoliosis than measurement focusing solely on the curvature of the spine. A statistical
model describing variations in the shape of the chest and spine was constructed to
identify features which explained lung function impairment. The features found to
contribute to lung function impairment included the size of the rib hump, narrowing
of the right-half of the chest and forward protrusion of the spine into the chest.

Measurements of the dimensions of the airway tree showed that airways on the
right side were narrowed in scoliosis. Patients with flatter backs demonstrated more
airway narrowing as a result of the spine intruding into the chest. The presence of
airway narrowing was found to correspond to the presence of lung collapse and trapped
air in the right lung. Comparing lung function before and after surgery showed that
restoring natural curvature in patients with flat backs and scoliosis resulted in improved
lung function after operation. Although there are many factors behind lung function
impairment in patients with scoliosis, the profile of the spine as viewed from the side
plays a more important role in reducing lung function than is generally appreciated.
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Chapter 1

Introduction

1.1 Background

1.1.1 Definition of adolescence idiopathic scoliosis (AIS)

In health, the spine is normally straight in the coronal plane whilst in the sagittal plane,
the thoracic spine average approximately 30° of kyphosis (ranging from 10° to 50° as
measured from T5 to T12) and the lumbar spine has a lordosis of approximately 55°
to 60° (range 30° to 80° when measured from T12 to S1) [5, 6]. Scoliosis is defined as a
10° or greater curvature in the spine as measured by the Cobb method in the coronal
plane [7, 8]. Although scoliosis has conventionally been regarded as a frontal plane
curvature, the deformity is in fact three-dimensional where vertebral rotation occurs
alongside displacement from the midline with variable expression in the sagittal plane
[9, 10].

The etiology of scoliosis is classified generally as idiopathic, neuromuscular, syn-
drome related and congenital [11]. Idiopathic scoliosis, the most prevalent form consti-
tuting approximately 85% of cases, is defined as a lateral curvature of the spine where
no etiology can be established [12]. Idiopathic scoliosis is then further divided accord-
ing to the age at which the scoliosis is diagnosed. The age classifications are infantile
(ages less than 3 years), juvenile (ages greater than 3 and less than 10 years), adolescent
(ages between 10 and 18 years) and adult (those older than 18 years) as proposed by the
Scoliosis Research Society (SRS) [12]. Thus, adolescence idiopathic scoliosis (AIS) is
the presence of spinal curvature greater than 10° Cobb angle in patients first diagnosed
between ages of 10 and 18 years in the absence of associated congenital or neurologic
abnormalities. The overall prevalence of AIS has been estimated to be between 0.47%
and 5.2% in the current literature [13].

1.1.2 Measurement of AIS deformity

The extent of coronal misalignment due to scoliosis is measured using the Cobb method
which was recommended by the Terminology Committee of the SRS (Figure 1.1) [8].
The terminal vertebrae of the curve are located on a standing anterior-posterior long
spine radiograph. The terminal vertebrae of the curve are defined as the cranial and
caudal vertebrae within the curve that are most tilted from the horizontal axis. The
Cobb angle is defined as the degree of tilt between the cranial and caudal vertebrae
as measured by outlining the superior and inferior endplates of the cranial and caudal

1
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(a) (b)

Figure 1.1: Diagram showing the measurement of Cobb angles in the coronal and sagit-
tal plane. (a) Cobb angle measurements of the proximal thoracic (PT), main thoracic
(MT) and thoracolumbar/lumbar (TL/L) curves. Intersecting lines are constructed
perpendicular to the superior end plate of the superior end vertebra and the inferior
end plate of the inferior end vertebra. The angle subtended by the perpendiculars is
the Cobb angle for the selected curve. (b) Measurement of T5 to T12 thoracic kyphosis
(TK) in the sagittal plane [1]. Figure adapted from [2].

vertebrae respectively. Lines perpendicular to the end plates are then constructed and
the angle formed at the intersection of the perpendicular lines defines the Cobb angle
of the curve.

The apex of a scoliosis curve is defined as the most laterally deviated and most
horizontal vertebra or disk. A single vertebra can often be defined as the apex but if a
pair of vertebrae are equally laterally displaced, the apical disk between the vertebrae
is used to define the level of the apex.

The sagittal profile is quantified by the Cobb angle between the superior end plate of
the proximal and inferior endplate of the distal vertebrae on standing long spine lateral
radiographs. Although thoracic kyphosis begins at T1, the endplate of this vertebra is
difficult to identify on lateral radiographs due to the surrounding bone structure. Thus
T5 is used as the proximal thoracic vertebra and T12 is used as the distal [14].

1.1.3 Classification schemes for AIS

There are several classification schemes in the literature which describe the curve pat-
terns of AIS curves [15, 4, 10]. The schemes factor in the magnitude of the curvature,
the location and other factors, such as curve rigidity or the sagittal profile. This catego-
rization of different curve pattern allows more effective communication between treating
physicians, enabling treatment recommendations and the evaluation or comparison of
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Figure 1.2: King classification for adolescent idiopathic scoliosis. Figure adapted from
[3]

different treatment methods.

King Classification King et al. presented a classification scheme in 1983 to describe
thoracic AIS [15]. For over 20 years, the King classification system was the primary
scheme used to classify thoracic AIS and evaluation treatment outcomes. In the scheme,
a total of five curve types were described embedded in a treatment algorithm which
allowed surgeons to determine the appropriate vertebral levels for fusion (Figure 1.2)
[16]. King type I curves are S-shaped curves where both the thoracic and lumbar curves
crossed the midline. Both the thoracic and lumbar curves are structural and the lumbar
curve is typically more severe or less flexible than the thoracic. King type II curves are
also S-shaped curves but the thoracic curve is larger or less flexible than the lumbar
curve. King type III curves are single thoracic curves without any structural lumbar
curve. King type IV curves are long, extended thoracic curves where L5 is positioned
over the sacrum but L4 is tilted towards the thoracic curve. King type V are double
thoracic curves with T1 tilted into the convexity of the upper curve. The King system,
however, has several limitations. Firstly, the system is not comprehensive as only
thoracic curves were classified and as a consequence thoracolumbar, lumbar, double
and triple major curves were not included. In addition, the patients in the case series
of King et al. received Harrington rod instrumentation which focused on correcting
only the coronal deformity. Thus the classification scheme fails to recognize the three-
dimensional nature of the scoliosis by omitting measurements in the sagittal and axial
plane [1]. Finally, fair to poor interobserver and intraobserver validity, reliability and
reproducibility has been reported in studies assessing the King classification system
[17, 18].

Lenke Classification As a result of the limitations of the King classification sys-
tem, Lenke et al. formulated a new classification system for the operative treatment
of AIS [10, 4]. The Lenke classification system was designed to include all curve types;
incorporate sagittal plane alignment into the criteria; be treatment based by allowing
selective fusion where appropriate; be objective by specifying the criteria to differen-
tiate individual curve types; have good-to-excellent interoberserver and intraobserver
reliability; and be clinically practical [1].
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Figure 1.3: Lenke criteria for adolescent idiopathic scoliosis. Figure adapted from AO
Foundation based on [4]

There are three elements to the Lenke classification system which consists of the
curve type, a lumbar spine modifier and a sagittal thoracic modifier. Each element is
determined independently and combined to create a classification triad. The system
requires four radiographs: standing anterior-posterior and lateral radiographs along
with supine left and right sided bending radiographs.

The spinal column is divided into three regions: a proximal thoracic (PT) curve
with an apex at T3, T4 or T5; a main thoracic (MT) with an apex between T6 and
T11/T12 disc; and a thoracolumbar/lumbar (TL/L) curve with an apex between T12
and L1 for thoracolumbar curves or between L1/L2 disk and L4 for lumbar curves.
The Cobb angle is measured for each region and curves are categorized as major or
minor with the largest curve being designated a major curve. The smaller minor curves
are the classified as either structural or nonstructural by evaluating the rigidity of the
curves and sagittal alignment. Structural curves demonstrate coronal plane rigidity
of 25° on side-bending radiographs and/or a kyphosis of 20° on sagittal radiographs.
Regional kyphosis is measured for PT curves between T2 and T5; MT from T10 to L2
and TL/L curves from T10 to L2. The identified major and minor structural curves
then define the curve type based on Figure 1.3.

A lumbar spine modifier is added to quantify the lumbar coronal plane deformity.
It is measured via the center sacral line (CSL) drawn vertically from the midpoint of
S1 through the lumbar apical vertebra. If the CSL passes between the pedicles of the
apical lumbar vertebra, a lumbar modifier A is assigned. If the CSL falls between the
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medial edge of the concave pedicle and the lateral vertebral body, lumbar modifier B
is assigned. If the CSL does not touch the lateral edge of the apical lumbar vertebra,
lumbar modifier C is assigned [4, 10].

Similarly, a thoracic sagittal modifier is added to the classification to quantify the
sagittal deformity. The sagittal modifier is based on the T5 to T12 thoracic kypho-
sis. For thoracic curves less than 10° a ‘−’ is given to signify hypokyphosis; thoracic
kyphosis greater than 40° are designated a ‘+’ modifier to signify hyperkyphosis; and
a thoracic kyphosis of between 10° and 40° inclusive is given an ‘N’ modifier to signify
normokyphosis [4, 10].

1.1.4 Pulmonary Function Testing in Scoliosis

Spirometry is a basic pulmonary function test that measures the amount of air that
is expired or inspired; the three basic measurements are volume, time and flow [19].
Forced vital capacity (FVC) is the maximal tidal excursion from total lung capacity to
the residual volume. When the full expiratory maneuver is performed with maximal
effort, the volume of air expired in the first second reflects the maximal ventilatory
capacity of the lung. This forced expiration in 1 second (FEV1) and FVC are widely
used metrics of lung function [20]. In addition, the ratio between FEV1 and FVC
(FEV1/FVC) is often used as a metric of airway resistance as FEV1 will decrease due
to reduced airflow when airway resistance is increased [20]. The measured lung function
metrics are usually expressed as a percentage of normal references values which factor
in the age, sex and stature (height) of the patient [21, 22]. Standing height is reduced
in scoliosis due to curvature of the spine and thus arm-span is used to predict height in
the absence of scoliosis [23]. Patients who are selected for scoliosis correction surgery
routinely undergo pulmonary function testing prior to surgery with spirometry and
lung volume testing [24]. However, patients with mild or moderate curves typically
do not undergo pulmonary function testing unless they are symptomatic of respiratory
impairment.

1.2 Motivation

AIS may lead to severe pulmonary impairment [25, 26, 27], and even death due to car-
diorespiratory failure if progressive and left untreated [28], but the contributing factors
are poorly understood. Correlational studies analyzing the association between scoliosis
and respiratory function have typically found a weak to moderate effect. Newton et al.
demonstrated the incidence of moderate or severe pulmonary impairment in moderate
thoracic scoliotic curves of less than 50° which contradicted the widely held view that
only severe scoliosis results in pulmonary impairment [29]. Although alternate factors
such as increased number of vertebrae involved, the cephadal location of the curve and
loss of thoracic kyphosis have been found to be associated with impaired lung function
[25, 26, 27], studies attempting to predict lung function often produce statistical models
with low variance-explained metrics [24, 29].

In addition, due to secondary anatomical interconnections, the spinal deformity
affects the thoracic configuration of the chest which may be the primary source of
lung function impairment. Thoracic deformity in scoliosis is typically characterise by
the formation of a posterior rib hump on the convex side, lateral vertebral translation
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Figure 1.4: Figure showing the thoracic deformity associated with scoliosis. Character-
istic features include the posterior rib hump on the convex side, vertebral translation
towards the convexity and elevation of the concave ribs.

relative to the chest wall and thoracic rotation via lateral/anterior translation of the
concave ribs (Figure 1.4). Investigation into the relationship between the thoracic
deformity and lung function may give insight into the mechanisms behind lung function
impairment in AIS.

Whilst radiographic imaging is routinely used in the management of scoliosis [7],
pulmonary function testing is often limited to patients who are candidates for scolio-
sis correction surgery, due to curve progression or severity, or those who are already
symptomatic of pulmonary impairment. Thus it is plausible that asymptomatic pa-
tients with impaired lung function and a moderate thoracic curve would not receive
pulmonary function testing until their scoliosis progressed to the extent where they are
selected for surgery or until they become symptomatic [29]. Identification of deformity
parameters more strongly associated with pulmonary function impairment may allow
the identification of patients most at risk of severe pulmonary impairment. From such
parameters, the mechanisms associated with the impairment may also be inferred al-
lowing surgeons to correct the deformity with the possibly of improving lung function
post-operatively.

1.3 Aims and objectives

The purpose of this research was to perform a retrospective imaging study to investigate
the effects of scoliosis on respiratory function. Anonymised clinical data, acquired
between 2008 and 2019, in the form of radiographic images, computed tomography
(CT) images and spirometry results were obtained from the Scottish National Spine
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Deformity Service, Royal Hospital for Sick Children, Edinburgh, UK. This project
focused specifically on Lenke type I and II curves types as primary thoracic curves
have previously been shown to be more associated with respiratory impairment than
other curve types [29].

The hypothesis for this research is that measurements from images obtained through
routine clinical care are predictive of pulmonary function impairment in AIS. In par-
ticular, that measurements which factor in the global thoracic deformity, rather than
measurements isolated to the spine, are more successful at predicting respiratory com-
promise.

The specific objectives of this thesis were to:

� Identify thoracic features or scoliotic phenotypes which are associated with lung
function impairment in AIS.

� Examine possible mechanisms in which lung function impairment is exacerbated
by the thoracic deformity.

� Identify subgroups most likely to observe lung function improvement postopera-
tively and benefit from surgical intervention.

1.4 Thesis structure

The thesis is split into two parts based on the main imaging modality used in the
study; Part I consists of radiographic studies whilst Part II consist of studies which
use images from computed tomography (CT). Part I begins with Chapter 2 which
assesses the ability of radiographically derived deformity measurements and indices
to predict pre-operative lung function and post-operative lung function improvement.
Chapter 3 investigates the morphological patterns of the spine and rib cage in the
frontal and lateral plane using a statistical shape model. These modes of variation are
correlated with lung function to identify thoracic shapes which are predictive of lung
function impairment in AIS. In Part II, Chapter 4 uses CT-based thoracic deformity
parameters to explain preoperative lung function impairment and postoperative lung
function gain. Chapter 5 studies the effect of scoliosis on the tracheobronchial tree to
investigate airway narrowing as a potential cause of pulmonary impairment. Chapter
6 investigates variation in lung volume and density to study the role of atelectasis and
air-trapping in impairing lung function. Finally, Chapter 7 provides general conclusions
and recommendations for future work.
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Radiographic Studies
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Chapter 2

Radiographic Indices

2.1 Summary

In this chapter, radiographic measurements of thoracic deformity in patients with ado-
lescent idiopathic scoliosis (AIS) were investigated for their utility in predicting pre-
and post-operative changes in pulmonary function. The thoracic deformity parameters
measured were rib-vertebra angle difference (RVAD), inverse of the apical vertebral
body rib ratio (AVBRr-1), space available for lung (SAFL), kyphosis-lordosis index
(KLi), spinal intrusion ratio (SIr) and rib hump index (RHi). Deformity parameters,
Cobb angles of the coronal and sagittal deformity, and pulmonary function was mea-
sured in 136 patients with Lenke type 1 or 2 AIS. In 72 of the patients, post-operative
radiographs and pulmonary function results were available. Upon multivariate analysis,
it was found that deformity parameters were better predictors of pulmonary function
in AIS than Cobb angles. Increased spinal intrusion (SIr), reduced convex hemithorax
width (AVBRr-1), and increased rib hump (RHi) were found to be significant predic-
tors of FEV1 and FVC reduction. FEV1/FVC was found to be best predicted by
KLi and RHi. Hypokyphotic patients were found to have lower FEV1/FVC ratios im-
plying an obstructive nature to their pulmonary impairment. Whilst hyperkyphotic
patients did not significantly improve, hypo- and normokyphotic patients showed im-
proved lung function metrics following scoliosis correction surgery. It is recommended
that patients with hypokyphosis and severe respiratory impairment be investigated for
possible airway obstruction with operative treatment focussing on the restoration of
natural kyphosis.

2.2 Introduction

The effect of spinal deformity on pulmonary function in AIS is of particular importance
because of the increased morbidity and early mortality due to respiratory failure in un-
treated progressive scoliosis [28, 30, 31, 32]. Whilst extensive investigation has been
conducted into the relationship between pulmonary impairment and spinal deformity
[29, 27, 25, 24, 33], research into the role of the associated thoracic deformity in im-
pairing lung function has been limited to a few studies [34, 35, 36]. The objectives of
this study are to: (1) investigate whether radiographic measurements of the thoracic
morphology have a stronger association with lung function in scoliosis than traditional
Cobb angle measurements; (2) identify the thoracic features which are associated with

11
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pulmonary function impairment in scoliosis and infer the mechanisms of impairment;
and (3) to determine whether such impairment is reversible with scoliosis correction
surgery.

2.3 Literature Review

Several radiographic studies have previously demonstrated that scoliosis, as measured
on coronal radiographs, influences respiratory function in patients with AIS. In a study
of 631 patients with AIS, Newton et al. [29] demonstrated that the incidence of moder-
ate to severe pulmonary impairment increased with increasing coronal deformity. From
their study of 41 adults with untreated AIS, Jackson et al. [37] found that FVC was
significantly impaired (p <0.008) in patients with scoliosis greater than 40°. This is fur-
ther supported by a cross-sectional study of 492 AIS patients conducted by Dreimann
et al. [27] who found that subjects with FVC less than 50% of predicted had signif-
icantly larger scoliosis curves (p <0.001) than those with higher FVC. Kearon et al.
[25] had similar findings in their study of 66 patients with AIS. They acknowledged
that the coronal deformity contributed to reduced lung function but that it was not
an adequate predictor of pulmonary impairment on its own. Upadhyay et al. [34] also
found that there was a negative association between curve size and vital capacity.

In the sagittal plane, previous studies have shown mixed effects of thoracic kyphosis
on pulmonary function with some studies showing weak or non-significant correlations
with expiratory volumes (r = 0.15 to 0.24) [29, 24, 34] whilst others show a stronger
relationship (r = 0.30 to 0.44) [33, 38]. Newton et al. [29] determined that there was
a positive correlation between thoracic kyphosis and spirometry volumes (r = 0.157
to 0.174) with hypokyphotic (< 10°) patients more likely to have pulmonary impair-
ment and hyperkyphotic patients (> 40°) having relatively better pulmonary function.
Dreimann et al. [27] found that patients with thoracic kyphosis of less than 10° had
significantly lower FVC than those with more than 10° (p = 0.002). Similarly, Kearon
et al. [25] also found that loss of normal thoracic kyphosis significantly contributed to
reducing vital capacity (p = 0.002). Whilst determining that thoracic kyphosis cor-
related with static lung volumes such as total lung capacity (p = 0.022), functional
residual capacity (p = 0.036) and residual volume (p = 0.046), Upadhyay et al. [34]
found that it did not significantly have an effect on spirometry volumes. Although
Jackson et al. [37] did not comment on the effects of hypokyphosis, they concluded
that thoracic hyperkyphosis greater than 50° was related to decreased FVC.

Despite existing correlational studies between spinal deformity and pulmonary func-
tion, studies to date predicting FEV1 and FVC from radiographic-derived variables
have typically yielded models with low percentage of variance explained (r2) with mod-
els typically explaining between 5% to 20% of the total variance (r2 = 0.05 to 0.2).
Predictors incorporated in these statistical models have included scoliosis curve size
[24, 29, 27], scoliosis measured on bending [27] , thoracic kyphosis [24, 29], number
of vertebrae in the thoracic curve [29], 7th cervical vertebra (C7) displacement from
central sacral vertical line [29].

The majority of existing radiographic studies have focused on spinal parameters
[24, 29, 27, 33] with only a few measuring the associated thoracic deformity. Upad-
hyay et al. [34] measured elements of the thoracic cage deformity which included the
sternovertebral depth, sternovertebral depth normalized by vertebra width and the rib-
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vertebral angle difference as measured by Mehta [39]. They found that sternovertebral
depth correlated with absolute values of FVC and TLC (p = 0.036 and 0.029 respec-
tively) but not with the percent-predicted values; the normalized sternovertebral depth
did not correlated with any lung function parameters. Rib-vertebral angle asymmetry
correlated with percent-predicted functional residual capacity but not with expiratory
volumes. Ilharreborde et al. [38] performed three-dimensional reconstructions of the
thorax to measure the spinal penetration index (SPi) [40] – a quantification of the
degree of spinal intrusion into the thorax relative to the thoracic space originally mea-
sured using computer tomography imaging. They found no correlation between the
SPi and FVC or FEV1 but found that SPi was significantly greater in patients with
obstructive symptoms (p = 0.01).

Several radiographic thoracic deformity parameters have been proposed in the lit-
erature. The apical vertebral body-rib ratio (AVBRr) was proposed by Kuklo et al.
[41] to measure the narrowing width of the convex hemithorax as a result of the lat-
eral displacement of the spine. The ratio has been shown to be correlated with the
main thoracic angle (r = 0.57) and apical vertebral rotation (r = 0.49). The use of
distances rather than angles recognises a limitation of the Cobb method where two
curves of the same angulation at the end-plates may differ in the extent to which they
protrude into the hemithorax. Similarly, in the sagittal plane, the kyphosis-lordosis
index [42, 43] measures the space available anterior to the spinal column from the T1-
T12 midline. Campbell et al. [44] introduced the measurement space available for lung
(SAFL) which measures the height of the concave hemithorax relative to the convex
hemithorax; this measurement of height asymmetry has typically been used to indicate
asymmetric growth in infantile cases. The formation of a rib hump on the convexity
is a feature of thoracic scoliosis as the ribs on the convex side are pushed posteriorly.
Kuklo et al. [41] measured the distance between the left and right posterior rib promi-
nences at the apex of the rib deformity and showed that the rib prominence correlated
significantly with the main thoracic Cobb angle (r = 0.65). Grivas et al. [45, 46, 47]
proposed the rib index which was defined as the relative distance between the convex
and concave ribs measured from the posterior contour of the spinal column.

Kim et al. [48] studied the post-operative pulmonary function change in 139 pa-
tients who underwent scoliosis correction using thoracic pedicle screw and thoracic hook
instrumentation. They found weak positive correlation between the degree of scoliosis
corrected and the post-operative percentage-predicted change in FEV1 and FVC (r =
0.16 to 0.26). The authors found no significant difference between the change in FEV1

or FVC when considering the degree of scoliosis corrected. With regards to the sagittal
profile, an average loss of 8° in thoracic kyphosis was observed and there too was no
significant difference in the degree of pulmonary function improvement when subjects
were segregated based on the direction of kyphosis change. In a 25-year follow-up study
in 251 patients who underwent surgical correction of scoliosis, Pehrsson et al. [49] found
that percent-predicted vital capacity and FEV1 were significantly higher than the pre-
operative values by 17% and 13% respectively (p <0.001). The patients were found to
have increased vital capacity and FEV1 percent-predicted values by 11% and 6% from
1.4 years after surgery to the 25-year follow-up leading the authors to conclude that
patients gradually increase their pulmonary function up to 25 years after treatment.

From this review, it can be seen that although the relationship between coronal
Cobb measurements and pulmonary function has been extensively studied, the role of
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the sagittal profile in pulmonary function impairment is still unclear. Moreover, the
effect of the thoracic deformity, as measured by deformity parameters, has not been
widely investigated.

2.4 Materials & Methods

2.4.1 Subject Characteristics

A retrospective review of the surgeon’s imaging database between 2015 and 2019 (Ko-
dak Carestream PACS) at the Scottish National Spine Deformity Service was conducted
to identify Lenke type 1 or 2 AIS patients with right-sided, thoracic curves with an apex
between the seventh and tenth thoracic vertebrae (T7-T10). Patients who underwent
coronal and sagittal radiographic imaging and pulmonary function tests (PFT) were
included. Patients with evidence or a history of primary obstructive lung disease were
excluded. A total of 136 patients (96 female and 40 male) with a mean age of 15.6
years (standard deviation [SD] = 5.1 years, range = 10.0 to 56.0 years) met the inclu-
sion criteria. Patients underwent scoliosis correction surgery by posterior instrumental
fusion using segmental pedicle screws and rods. Out of the 136 patients, 72 patients
had post-operative PFTs with a minimum follow-up of 6 months.

2.4.2 Lung Function

PFTs were conducted via forced manoeuvres in accordance with the joint American
Thoracic Society and European Respiratory Society standards [50]. Forced expiration
in 1 second (FEV1) and forced vital capacity (FVC) were measured (Jaeger Master-
Screen PFT pro) along with armspan. In calculating lung function predicted values,
arm span was used to estimate standing height to correct for scoliotic height loss and
age-related or post-operative height gains [23]. Estimated standing height was used
along with patient age at the time of testing to determine the predicted values based on
reference data by the Global Lung Function Initiative [22]. FEV1, FVC and FEV1/FVC
are expressed as a percentage of their respective predicted values (% predicted).

2.4.3 Spinal and Thoracic Parameters

Patients underwent coronal and sagittal long-spine plain film radiographic imaging.
Using the Cobb method, the main thoracic curve (MT), proximal thoracic curve (PT)
and thoracolumbar/lumbar curve (TL/L) were measured on coronal radiographs whilst
T5-T12 thoracic kyphosis (TK) was measured in the sagittal plane. In addition, 7 radio-
graphic thoracic deformity parameters were measured (Table 2.1). In the coronal plane,
the rib vertebra angle difference (RVAD), as described by Mehta [39], was measured
(Figure 2.1a). The inverse of the apical vertebral body-rib ratio (AVBRr-1; inverse of
the index described by Kuklo et al. (AVBRr) [41]) was measured (Figure 2.1b). The
index describes the width of the convex hemithorax relative to the concave hemitho-
rax. The space available for lung (SAFL) by Campbell et al. [44] was measured which
describes the relative asymmetry in hemithoracic height (Figure 2.1c). To formulate
a measurement of thoracic height, the heights measured by SAFL were averaged and
normalised by the width of the ribcage to give the lung height-width ratio (LHWr). In
the sagittal plane, the kyphosis-lordosis index, originally described by Voutsinas and
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MacEwen [42, 43], was modified such that the height was taken to be measured between
T1 and T12 vertebral body centroids (Figure 2.2a). Although existing measures of the
rib hump exist, they are either not normalized [41] or are only suitable to measuring
mild/moderate deformities [45] (denominator of zero is possible). In this work, the rib
hump index (RHi) is defined as the ratio between the posterior distance of the con-
cave and convex rib hump as measured from the anterior contour of the spinal column
subtracted from unity (Figure 2.2b). In the absence of a hump, the index will give a
value of zero indicating perfect alignment; in cases with severe rotation, the concave rib
contour may be anterior to the vertebral column in which case RHi will have a value
greater than unity. The spinal intrusion ratio (SIr), a radiographic approximation of
the computed tomographic-based endothoracic hump ratio (EHr) by Ito et al. [51], was
also measured on the sagittal radiograph (Figure 2.2). The index measures the degree
of spinal intrusion into the thorax relative to the depth of the chest.

2.4.4 Statistical Methods

Pearson correlation coefficients were determined between spirometry results, Cobb an-
gles and deformity parameters for the pre-operative sample. Post-operative compar-
isons were performed by splitting patients into groups based on the characteristics of
their coronal and sagittal profiles. In the coronal plane, patients were split into two
groups based on the severity of the MT curve: those with MT less or equal to 70° and
those with MT curves greater than 70°. In the sagittal analysis, patients were segre-
gated based on their Lenke sagittal modifier [10]: hypokyphosis (−) with TK < 10°;
normokyphosis (N) with 10° ≤ TK ≤ 40°; and hyperkyphosis (+) with TK > 40°. Lung
function results and radiographic parameters were compared using the Kruskal-Wallis
test and post-hoc Dunn’s test to determine whether a significance difference existed
between the groups. Pairwise t-test was conducted between pre- and post-operative
results to study the effect of scoliosis correction. The p-values from Pearson correla-
tions, Kruskal-Wallis tests, Dunn’s test and pairwise t-test were corrected for multiple
comparisons (q-values) using the Benjamini and Hochberg method [52] with q-value
threshold of 0.05 corresponding to a false discover rate of 5%. To determine whether
thoracic deformity parameters are better predictors of lung function than radiographic
Cobb angles, pre-operative and post-operative change (denoted with ∆) in lung function
were regressed against radiographic Cobb angles and radiographic thoracic deformity
parameters using step-wise multivariate regression with bi-directional elimination. The
Bayesian information criterion (BIC) was employed for model selection with k = ln(n)
[53]. Models with the best fit are reported with regression coefficients for individual
predictors (b), their standard errors (SE(b)) and standardised coefficients (β) along with
the coefficient of determination adjusted for multiple comparisons (r2) and model stan-
dard error (SE). All statistical analysis was implemented using the statistical software
R (http://www.R-project.org).

2.5 Results

A summary of all pre-operative patients characteristics can be found in Table 2.2.
Results for the correlational analysis between Cobb angles, lung function and deformity
parameters can be found in Tables 2.3 and 2.4. Tables 2.5 and 2.6 show a pre- and
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post-operative comparison of Cobb angles, spirometry results and thoracic deformity
parameters when patients were segregated by pre-operative MT curve severity. There
were 35 patients with an MT of 70° or less and 37 patients with MT greater than
70°. The pre- and post-operative comparison of Cobb angles, spirometry results and
thoracic deformity parameters when patients were segregated by pre-operative Lenke
sagittal thoracic modifier are shown in Tables 2.7 and 2.8. There were 22 hypokyphotic,
37 normokyphotic and 13 hyperkyphotic patients.

2.5.1 Pre-operative analysis

Cobb Angles and Lung Function MT was found to be correlated to PT (r =
0.35) and TL/L (r = 0.35; Table 2.3). Both MT (r = -0.52 and -0.54) and PT (r =
-0.30) were found to correlate negatively with FEV1 and FVC respectively. There was
a weak correlation between TK and MT (r = 0.27) as well as TL/L (r = 0.35); subjects
with MT curves greater than 70° were found to be more kyphotic (q = 0.044; Table
2.5). No correlation was found between TK and FEV1 or FVC but a significant positive
correlation was found for FEV1/FVC (r = 0.35). Hypokyphotic patients were found to
have lower FEV1/FVC values than both normokyphotic (q = 0.044) and hyperkyphotic
patients (q = 0.031; Table 2.7).

Rib-vertebra angle difference (RVAD) RVAD was correlated positively to PT
(r = 0.30) and MT curves (r = 0.52); RVAD was negatively correlated with FEV1 (r
= -0.36) and FVC (r = -0.35; Table 2.3). RVAD also had significant correlations with
other deformity parameters such as AVBRr-1 (r = -0.71), SAFL (r = -0.28) and RHi
(r = 0.38; Table 2.4). Subjects with MT curves greater than 70° were found to have
significantly higher rib asymmetry than those with lower MT curves (q = 0.004; Table
2.5).

Inverse apical vertebral body-rib ratio (AVBRr-1) AVBRr-1 correlated nega-
tively with both MT (r = -0.81) and PT curves (r = -0.44) whilst positively with FEV1

(r = 0.58) and FVC (r = 0.59; Table 2.3). AVBRr-1 also significantly correlated with
SAFL (r = 0.35) and RHi (r = -0.51; Table 2.4). Subjects with MT curves greater
than 70° had significantly reduced convex hemithoracic widths when compared with
those with smaller MT curves (q <0.001; Table 2.5). Two examples of patients with
high and low AVBRr-1 are shown in Figure 2.7.

Space available for lung (SAFL) SAFL correlated negatively with MT (r = -
0.50) and TL/L (r = -0.44) but positively with PT (r = 0.37; Table 2.3). SAFL also
correlated weakly with LHWr (r = 0.28), KLi (r = -0.21) and RHi (r = -0.26; Table
2.4). Patients with MT curves greater than 70° showed significantly shorter concave
hemithoraxes relative to those with smaller MT curves (q = 0.039; Table 2.5).

Lung height-width ratio (LHWr) LHWr was found to negatively correlate with
MT (r = -0.22), TL/L (r = -0.35), TK (r = -0.42), FEV1 (r = -0.30) and FVC (r
= -0.27; Table 2.3). LHWr was also found to correlated significantly with KLi (r =
-0.25) and SIr (r = 0.46; Table 2.4). Subjects with MT curves greater than 70° had
significantly reduced lung heights when compared with those with smaller MT curves
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(q = 0.21; Table 2.5). Hyperkyphotic patients had significantly shorter lungs relative
to both hypokyphotic (q <0.001) and normokyphotic patients (q = 0.021; Table 2.8).

Kyphosis-lordosis index (KLi) KLi was positively weakly correlated with MT
(r = 0.26) and TL/L (r = 0.26), moderately correlated with FEV1/FVC (r = 0.40)
and strongly correlated with TK (r = 0.79; Table 2.3). KLi also showed significant
correlations with SIr (r = -0.65) and RHi (r = 0.41; Table 2.4). Patients with more
severe MT curves had higher KLi values (q = 0.022; Table 2.5) and KLi was significantly
different across all Lenke sagittal modifier groups (q <0.001; Table 2.8).

Spinal intrusion ratio (SIr) SIr was positively correlated with PT (r = 0.22),
negatively correlated with TL/L (r = -0.21) and negatively correlated with TK (r =
-0.60). SIr showed moderate correlations will FEV1 (r = -0.54), FVC (r = -0.47) and
FEV1/FVC (r = -0.34; Table 2.3). SIr was found to be significantly different across
all Lenke sagittal modifier groups (q <0.02; Table 2.8). Two examples of patients with
high and low SIr are shown in Figure 2.8.

Rib hump index (RHi) RHi was positively correlated with both MT (r = 0.57) and
TL/L (r = 0.26) as well as TK (r = 0.33). RHi also correlated negatively with FEV1

(r = -0.31) and FVC (r = -0.32; Table 2.3). Patients with MT curves greater than 70°
showed significantly greater rib humps compared to those with smaller MT curves (q
<0.001; Table 2.5). Hyperkyphotic patients had significantly larger rib humps relative
to both hypokyphotic (q = 0.004) and normokyphotic patients (q = 0.031; Table 2.8).

2.5.2 Effect of scoliosis surgery

Analysis by coronal profile MT was corrected from a mean of 60.2° to 29.2° for
curves less than 70° whilst those with greater MT were corrected from a mean of 84.4°
to 35.6° (Table 2.5). The less severe MT group significantly gained a mean TK of 4.8°
from 16.0° to 20.8° whilst the more severe MT group gained a mean TK of 3.6° from
25.5° to 29.0°. No significant difference in the change of lung function or Cobb angles
were found between the groups when segregated by MT severity. However, significant
post-operative changes in all spirometry metrics were observed for both groups. Less
severe MT curves gained 8.7 (% predicted) of FEV1 from 67.5 (% predicted) to 76.3
(% predicted) whilst more severe curves gained a greater 12.5 (% predicted) from 63.2
(% predicted) to 75.6 (% predicted). FVC was found to increase by a mean of 6.3 (%
predicted) from 71.4 (% predicted) to 77.7 (% predicted) in the less severe group whilst
the more severe group gained a higher 10.5 (% predicted) from 66.6 (% predicted) to
77.1 (% predicted). FEV1/FVC increased by 4.2 (% predicted) in the less severe group
from 93.4 (% predicted) to 97.6 (% predicted) whilst the more severe group gained
2.8 (% predicted) from 94.7 (% predicted) to 97.5 (% predicted). The more severe MT
group showed a significant degree of correction in RVAD whilst the less severe group did
not; there was no significance in RVAD between the groups post-operatively (Table 2.6).
AVBRr-1 showed a significant difference between the groups post-operatively despite
the more severe group showing a significantly higher degree of correction. Significant
pre-operative differences in SAFL (q = 0.04) were resolved post-operatively with the
more severe group gaining 15.0% versus the less severe curves of 10.2%. Similarly, the
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significant pre-operative difference between groups in LHWr (q = 0.02) was resolved
post-operatively with the more severe group gaining significantly more in LHWr (q =
0.046). KLi was significantly lower in the less severe group both pre- (q = 0.022) and
post-operatively (q = 0.021). No significant difference in SIr was observed between
the groups post-operatively. Although both groups showed reductions in RHi, RHi
remained higher post-operatively (q <0.001) in the more severe group.

Analysis by sagittal profile No significant differences in the change of MT or
post-operative MT were observed between the groups (Table 2.7). Hypokyphotic pa-
tients were corrected from a mean TK of 2.1° to 17.5° with a significant gain of 15.5°;
normokyphotic patients gained 3.9° from 21.5° to 25.4°; and hyperkyphotic patients
lost 14.3° of TK from 50.9° to 36.6°. Significant differences in TK still existed be-
tween all three groups postoperatively (q <0.05). Hypokyphotic and normokyphotic
patients observed significant gains in FEV1, FVC and FEV1/FVC post-operatively (q
<0.05). Hypokyphotic patients gained 16.6 (% predicted) in FEV1 from 57.8 (% pre-
dicted) to 74.4 (% predicted) whilst normokyphotic subjects gained 8.9 (% predicted)
from 68.4 (% predicted) to 77.3 (% predicted). The gain in FEV1 in hypokyphotic
patients was significantly greater than the gain in hyperkyphotic patients (q = 0.029).
FVC was increased by 14.0 (% predicted) in hypokyphotic patients from 64.2 (% pre-
dicted) to 78.2 (% predicted) whilst normokyphotic patients gained 6.6 (% predicted)
from 71.2 (% predicted) to 77.8 (% predicted). FEV1/FVC increased by 5.1 (% pre-
dicted) to 89.5 (% predicted) in the hypokyphotic group whilst the normokyphotic
group gained 3.6 (% predicted) to 99.0 (% predicted). Hyperkyphotic patients did
not observe any significant post-operative changes in any of the spirometry metrics.
Significant differences in post-operative values and post-operative change for KLi were
observed across all three groups (q <0.001; Table 2.8). KLi increased by 5.4% from
-2.5% to 2.8% for the hypokyphotic group; whilst the normokyphotic group increased
by 2.2% from 4.2% to 6.5%; and the hyperkyphotic group did not change significantly
from 13.9% to 12.3% post-operatively. Hypokyphotic patients showed significant re-
ductions in SIr post-operatively from 1.19 to 1.01 (q = 0.002). SIr was significantly
different post-operatively across all three groups (q <0.05). All groups showed sig-
nificant improvements in AVBRr-1, SAFL, RHi post-operatively (q <0.05). Although
normokyphotic and hyperkyphotic subjects had significant increases in LHWr post-
operatively (q <0.01), hypokyphotic subjects did not (q = 0.92).

2.5.3 Multivariate Step-wise Regression Models

Cobb Angles Table 2.9 shows the best regression models for pre-operative and post-
operative changes in lung function when using coronal and sagittal Cobb angles as
predictors in step-wise regression. Pre-operative FEV1 was found to be best predicted
using MT (β = -0.609) and TK (β = 0.341; r2 = 0.365). Pre-operative FVC was
also best predicted by MT (β = -0.6) and TK (β = 0.231; r2 = 0.329). Pre-operative
FEV1/FVC was found to be best predicted by TK (β = 0.350; r2 = 0.116). Post-
operative change in FEV1 was found to be best predicted by ∆MT (β = -0.509) and
TK (β = -0.469; r2 = 0.318). The best predictors of ∆FVC were found to be ∆MT (β
= -0.533) and TK (β = -0.463; r2 = 0.254). Post-operative change in FEV1/FVC was
found to be best predicted by ∆TK (β = 0.319; r2 = 0.089).
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Cobb and Deformity Parameters Table 2.10 displays the best step-wise regression
models for pre-operative and post-operative changes in lung function when Cobb and
deformity parameters were used as predictors. Pre-operative FEV1was found to be
best predicted by SIr (β = 0.425), AVBRr-1 (β = -0.516) and RHi (β = -0.175; r2

= 0.569). Pre-operative FVC was best predicted by SIr (β = -0.578), AVBRr-1 (β =
0.477) and RHi (β = -0.175; r2 = 0.512). KLi (β = 0.482) and RHi (β = -0.202) were
found be best predictors for pre-operative FEV1/FVC (r2 = 0.181). ∆FEV1was found
to be best predicted by SIr (β = 0.568) and ∆AVBRr-1 (β = 0.242; r2 = 0.412). SIr
(β = 0.521) and ∆AVBRr-1 (β = 0.203) were also the best predictors of ∆FVC (r2 =
0.331). Post-operative change in FEV1/FVC was found to be best predicted by ∆KLi
(β = 0.682; r2 = 0.340).

2.6 Discussion

The effect of scoliosis on respiratory function has been investigated in numerous stud-
ies which have addressed the relationship between radiographic Cobb measurements of
spinal deformity and pulmonary function test results [33, 29, 26, 27, 24]. The present
study was designed with three objectives in mind: firstly, to test the hypothesis that
radiographic measurements of the thoracic morphology have a stronger association with
lung function in scoliosis than traditional Cobb angle measurements; secondly, to inves-
tigate the thoracic features which are associated with pulmonary function impairment
in scoliosis and infer the mechanisms of impairment; and thirdly, to determine whether
such impairment is reversible with scoliosis correction surgery.

The correlational analysis was in agreement with prior investigations showing the
negative effects of increasing MT curves in impairing FEV1 and FVC with TL/L show-
ing no effect [33, 29, 25]. In contrast with McPhail et al. [24], who found no correlation
between FEV1/FVC and spinal parameters, a positive relationship between TK and
FEV1/FVC was found. The magnitude of the PT curve was shown to correlate nega-
tively with FEV1 and FVC which agrees with previous correlational studies [26, 54, 33].
However, given the significant correlation between MT and PT, and the absence of PT
as a predictor in the multivariate analysis, it is questionable whether such a result
merely reflects the effect of the MT curve on pulmonary function.

Thoracic deformity parameters (r2 = 0.18 to 0.57) were found to be superior to
Cobb angle measurements (r2 = 0.11 to 0.37) in predicting pre-operative lung function
(Tables 2.9 and 2.10) with the proportion of variance explained substantially higher
than prior studies utilizing spinal parameters (r2 = 0.05 to 0.20) [24, 29, 27]. Scoliosis,
which is quantified by the Cobb angle of the spinal curvature in the coronal plane, often
coincides with vertebral rotation in the axial plane [55, 56] and hypokyphosis in the
sagittal plane [57]. Although the diagnosis of scoliosis is based on the assessment of
the coronal deformity, this curvature results in a complex three-dimensional distortion
of both the spinal column and the rib cage. Thus, the simultaneous distortions to the
spine and chest wall are best conceptualised as a thoracic deformity [58]. Whilst Cobb
angles may be a useful metric in quantifying the curvature and malalignment of the
spine, they do not fully capture the spatial reductions and asymmetries in the thorax
which coincide with the spinal deformity.

The analysis of thoracic features support the association between scoliosis and re-
strictive lung disease due to reduced thoracic volume [59, 60]. Reduction in the width
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of the convex hemithorax (AVBRr-1) and spinal intrusion into the thoracic cavity (SIr)
were found to be associated with reductions in expiratory volume. Ledonio et al.
demonstrated that restoration of thoracic volume in severely restrictive AIS patients
correlated strongly with post-operative increases in total lung capacity [61]. Poste-
rior displacement and lowering of the convex ribs produces a rib asymmetry which is
captured by RHi and RVAD which were also negatively associated with expiratory vol-
umes. Such asymmetry in rib morphology has been shown to impede rib cage motion
in thoracic scoliosis [62].

However, the results also support the increasing recognition that scoliosis is asso-
ciated with obstructive lung disease [24, 63]. Flattening of the thoracic spine (KLi)
and narrowing of thoracic depth (SIr) were found to be associated with reductions in
FEV1/FVC which is a metric of airway conductance. Extrinsic compression of ma-
jor airways by the vertebral column have previously been reported in patients with
hypokyphosis and scoliosis [40, 51]. In a right sided scoliosis, the location of such ob-
struction has typically been reported to be in the region of the bronchus intermedius
[64, 65, 66], resulting in air-trapping, atelectasis and reduction in ventilation of the right
middle and lower lobes [67, 68, 51]. As such, the results demonstrate that the nature
of pulmonary impairment in AIS may be restrictive, obstructive or mixed depending
on the thoracic configuration.

In this investigation, the sample has been limited to the study of Lenke type 1
and 2 curves where the MT curve is major and structural whilst the TL/L curve is
non-structural [10]. The focus on this scoliotic subgroup may explain the stronger cor-
relations obtained between Cobb angles and pulmonary function compared to other
studies which have not controlled for curve type [24, 29]. The objective of scoliosis
surgery is to arrest curve progression, improve surface shape and to maintain, if not
improve, pulmonary function [69, 70]. In the normal population, expiratory volumes
(FEV1 and FVC) have been shown to peak after the second decade of life with ap-
proximately a 5% decline from the peak for every decade thereafter [22]. Given the
increased morbidity of respiratory failure and mortality in patients with untreated se-
vere AIS [28, 30, 31, 32], increasing post-operative pulmonary function is a primary
surgical objective to ensure long-term quality of life. Surgical correction of scoliosis
via a posterior spinal fusion has been shown to improve lung function, not only in the
1-3 years post-operation [71, 48], but up to 20 years following surgery [49]. In this
study, the post-operative change in MT (∆MT) or the increase in width of the con-
vex hemithorax (∆AVBRr-1) were found to contribute to post-operative gains in FEV1

and FVC (Table 2.9 and 2.10). Interestingly, patients with lower TK or high spinal
intrusion (SIr) gained more than those with more kyphotic sagittal profiles. Changes
in FEV1/FVC were found to be directly proportion to the post-operative increases in
TK or KLi. The results demonstrate that restoration of natural thoracic kyphosis in
hypokyphotic patients can lead to significant gains in lung function post-operation, pre-
sumably via the decompression of airways [51, 67] as reflected in improved FEV1/FVC
values post-operatively. Hyperkyphotic patients did not show any significant gains in
lung function post-operatively; it is possible this is due to the volumetric gains as a
result of increased thoracic height and convex hemithoracic width being offset by losses
due to reductions in thoracic depth. Such differences highlight the different mechanisms
involved in pulmonary function impairment in AIS. It is recommended that patients
with hypokyphosis and severe respiratory impairment should be investigated for possi-
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ble airway obstruction and treatment should focus on restoring natural kyphosis.

2.7 Conclusion

In this investigation, deformity parameters, which captured the global distortions to
the rib cage, were found to be more predictive of lung function impairment than con-
ventional Cobb angle measurements. The mechanisms of pulmonary impairment may
be restrictive, obstructive or mixed depending on the thoracic configuration. Narrowing
of the convex hemithorax, increased rib hump and spinal intrusion were found to re-
duce expiratory volumes. Increase in airway resistance was found to be associated with
hypokyphosis which resolved post-operation. It is recommended that patients with
hypokyphosis and severe respiratory impairment be investigated for possible airway
obstruction with operative treatment focussing on the restoration of natural kyphosis.
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(a) RVAD

(b) AVBRr-1

(c) SAFL and LHWr

Figure 2.1: Diagrams of thoracic deformity parameters measured on coronal radio-
graphs for (a) rib-vertebra angle difference (RVAD), (b) inverse of the apical vertebral
body-rib ratio (AVBRr-1) and (c) space available for lung (SAFL) and lung height-width
ratio (LHWr). Descriptions of the measurements can be found in Table 2.1
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(a) KLi

(b) RHi

(c) SIr

Figure 2.2: Diagrams of thoracic deformity parameters measured on sagittal radio-
graphs for (a) kyphosis-lordosis index (KLi), (b) rib hump index (RHi) and (c) spinal
intrusion ratio (SIr). Definitions of the parameters can be found in Table 2.1
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Table 2.2: Summary of all pre-operative patient characteristics, spirometry results and
radiographic deformity parameters (n = 136).

Continuous variables, mean (standard deviation) (range)

Age at pulmonary function test (years) 15.6 (5.1) (10.0 to 56.0)
Standing Height (cm) 161.9 (10.3) (133.3 to 188.7)
Arm-span (cm) 167.8 (11.9) (125.0 to 190.5)
Weight (kg) 53.3 (13.5) (19.8 to 92.3)
FEV1 (% predicted) 68.9 (16.3) (26.7 to 102.3)
FVC (% predicted) 72.6 (15.6) (24.7 to 108.8)
FEV1/FVC (% predicted) 94.2 (8.3) (68.6 to 111.5)
Proximal thoracic curve, PT (°) 33.8 (12.5) (13.6 to 87.3)
Main thoracic curve, MT (°) 69.9 (15.5) (40.1 to 117.7)
Thoracolumbar/lumbar curve, TL/L (°) 39.4 (13.4) (10.4 to 93.1)
T5-T12 thoracic kyphosis, TK (°) 20.6 (15.9) (-14.0 to 78.5)
Rib vertebrae angle difference, RVAD (°) 22.2 (20.6) (-30.0 to 83.4)
Inverse apical vertebral body-rib ratio, AVBRr-1 (-) 0.48 (0.14) (0.03 to 0.74)
Space available for lung, SAFL (%) 92.1 (7.7) (60.0 to 119.3)
Lung height-width ratio, LHWr (-) 0.85 (0.08) (0.62 to 1.09)
Kyphosis-lordosis index, KLi (%) 4.3 (6.0) (-12.1 to 37.4)
Spinal intrusion ratio, SIr (-) 0.87 (0.27) (0.46 to 1.89)
Rib hump index, RHi (-) 0.53 (0.19) (0.11 to 1.21)

Categorical variables, n (%)

Female 96 (70.6)
FEV1 < LLN 103 (75.7)
FVC < LLN 96 (70.6)
FEV1/FVC < LLN 31 (22.8)

LLN, lower limit of normal; defined as 5th centile of reference population [22].
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(a)

(b)

Figure 2.3: Correlation plots of FEV1 with (a) inverse apical vertebral body-rib ratio
(AVBRr-1) and (b) spinal intrusion ratio (SIr).
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(a)

(b)

Figure 2.4: Correlation plots of FEV1/FVC with (a) T5-T12 thoracic kyphosis (TK)
and (b) kyphosis-lordosis index (KLi).
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Table 2.4: Pearson correlation coefficients between deformity parameters (n = 136).

RVAD AVBRr-1 SAFL LHWr KLi SIr
AVBRr-1 −0.71 *** - - - - -
SAFL −0.28 ** 0.35 *** - - - -
LHWr 0.09 −0.03 0.28 ** - - -
KLi 0.04 −0.16 −0.21 * −0.25 ** - -
SIr 0.14 −0.12 0.11 0.46 *** −0.65 *** -
RHi 0.38 *** −0.51 *** −0.26 ** −0.11 0.41 *** −0.16

Significant correlation to * q <0.05; ** q <0.01; and *** q <0.001.

Table 2.5: Pre- and post-operative comparison of radiographic and pulmonary function
measurements segregated by main thoracic curve severity

Preoperative Main Thoracic Scoliosis

MT ≤ 70° MT > 70° Kruskal-Wallis
(n = 35) (n = 37) q-value

MT pre-op (°) 60.2 (6.9) 84.4 (11.4) < 0.001 †
MT post-op (°) 29.2 (7.3) 35.6 (12.3) 0.056

Change (°) −30.9 (9.4) *** −48.8 (11.4) *** < 0.001 †

TK pre-op (°) 16 (16.5) 25.5 (18.8) 0.044 †
TK post-op (°) 20.8 (8.9) 29 (11.2) 0.005 †

Change (°) 4.8 (13) * 3.6 (14.2) 0.87

FEV1 pre-op (% pred.) 67.5 (17) 63.2 (16.1) 0.76
FEV1 post-op (% pred.) 76.3 (12.2) 75.6 (17.4) 0.89

Change (% pred.) 8.7 (12.1) *** 12.5 (9.1) *** 0.15

FVC pre-op (% pred.) 71.4 (14.7) 66.6 (16.7) 0.72
FVC post-op (% pred.) 77.7 (11.5) 77.1 (17.4) 0.89

Change (% pred.) 6.3 (11.8) ** 10.5 (9.4) *** 0.089

FEV1/FVC pre-op (% pred.) 93.4 (9.1) 94.7 (8) 0.77
FEV1/FVC post-op (% pred.) 97.6 (7.2) 97.5 (6.6) 0.89

Change (% pred.) 4.2 (6.3) *** 2.8 (6.5) * 0.87

Values are mean (standard deviation)
Significant difference between pre- and post-operative values using pairwise t-test to: * q < 0.05;
** q < 0.01; and q < 0.001
† Significant difference between MT ≤ 70° and MT > 70° groups using Krushkal-Wallis to q < 0.05.
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Table 2.6: Pre- and post-operative comparison of radiographic deformity param-
eters segregated by main thoracic curve severity

Preoperative Main Thoracic Scoliosis

MT ≤ 70° MT > 70° Kruskal-Wallis
(n = 35) (n = 37) q-value

RVAD pre-op (°) 18.2 (18.8) 33.1 (18.5) 0.004 †
RVAD post-op (°) 15.6 (16.4) 23.2 (17.2) 0.087

Change (°) −2.6 (15.3) −9.8 (19.8) ** 0.074

AVBRr-1 pre-op (-) 0.55 (0.09) 0.37 (0.13) < 0.001 †
AVBRr-1 post-op (-) 0.69 (0.09) 0.6 (0.15) 0.008 †

Change (-) 0.15 (0.08) *** 0.22 (0.08) *** 0.003 †

SAFL pre-op (%) 95.1 (7.9) 90.4 (5.5) 0.039 †
SAFL post-op (%) 105.3 (6.2) 105.4 (6.9) 0.87

Change (%) 10.2 (5.4) *** 15 (5.6) *** 0.002 †

LHWr pre-op (-) 0.9 (0.08) 0.84 (0.08) 0.021 †
LHWr post-op (-) 0.91 (0.08) 0.89 (0.09) 0.53

Change (-) 0.01 (0.07) 0.05 (0.07) *** 0.046 †

KLi pre-op (%) 1.7 (6.6) 6.1 (7.5) 0.022 †
KLi post-op (%) 4.6 (3.3) 8.1 (5.6) 0.021 †

Change (%) 3 (4.9) ** 2 (3.9) ** 0.53

SIr pre-op (-) 1.01 (0.34) 0.86 (0.29) 0.054
SIr post-op (-) 0.91 (0.24) 0.8 (0.2) 0.054

Change (-) −0.1 (0.19) ** −0.06 (0.2) 0.53

RHi pre-op (-) 0.43 (0.14) 0.66 (0.2) < 0.001 †
RHi post-op (-) 0.27 (0.13) 0.45 (0.21) < 0.001 †

Change (-) −0.16 (0.13) *** −0.21 (0.16) *** 0.25

Values are mean (standard deviation)
Significant difference between pre- and post-operative values using pairwise t-test to: *
q < 0.05; ** q < 0.01; and q < 0.001
† Significant difference between MT ≤ 70° and MT > 70° groups using Krushkal-Wallis
to q < 0.05.
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(a) Main thoracic Cobb (MT)

(b) T5-T12 thoracic kyphosis (TK)

Figure 2.5: Box-and-whisker plots of (a) main thoracic Cobb (MT) and (b) T5-T12
thoracic kyphosis (TK) results pre- and post-operation segregated by the Lenke sagittal
modifier. Significant difference between groups to: *q < 0.05; **q < 0.01; ***q < 0.001
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(a) FEV1

(b) FVC

(c) FEV1/FVC

Figure 2.6: Box-and-whisker plots of (a) FEV1, (b) FVC and (c) FEV1/FVC results
pre- and post-operation segregated by the Lenke sagittal modifier. Significant difference
between groups to: *q < 0.05; **q < 0.01; ***q < 0.001
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(a) (b)

Figure 2.7: Examples of patients with (a) high and (b) low inverse apical vertebral
body-rib ratio AVBRr-1. AVBRr-1 captures the narrowing of the convex hemithorax
and is related to rib hump magnitude and rib asymmetry.
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(a) (b)

Figure 2.8: Examples of patients with (a) low and (b) high spinal intrusion ratio (SIr).
SIr captures both the narrowing of the sternovertebral distance, spinal intrusion into
the thoracic cavity and the extend of the convex rib hump.
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Table 2.9: Multivariate step-wise regression results for the prediction of
pre-operative (n = 136) and post-operative changes (n = 72) in lung
function using coronal and sagittal Cobb angles.

FEV1 Intercept MT TK Model statistics

b 106.266 −0.637 0.350 r2 = 0.365
SE(b) 5.138 0.074 0.073 SE = 12.96

β - −0.609 0.341 -
p < 0.001 < 0.001 < 0.001 -

FVC Intercept MT TK Model statistics

b 110.046 −0.603 0.228 r2 = 0.329
SE(b) 5.069 0.073 0.072 12.787

β - −0.600 0.231 -
p < 0.001 < 0.001 0.002 -

FEV1/FVC Intercept TK - Model statistics

b 90.474 0.182 - r2 = 0.116
SE(b) 1.094 0.042 - SE = 7.76

β - 0.350 - -
p < 0.001 < 0.001 - -

∆FEV1 Intercept ∆MT TK Model statistics

b 4.787 −0.299 −0.295 r2 = 0.318
SE(b) 3.326 0.077 0.058 SE = 8.86

β - −0.509 −0.469 -
p 0.155 < 0.001 < 0.001 -

∆FVC Intercept ∆MT TK Model statistics

b 1.171 −0.309 −0.244 r2 = 0.254
SE(b) 3.493 0.081 0.061 SE = 9.34

β - −0.533 −0.463 -
p 0.738 < 0.001 < 0.001 -

∆FEV1/FVC Intercept ∆TK - Model statistics

b 2.872 0.151 - r2 = 0.089
SE(b) 0.755 0.054 - SE = 6.12

β - 0.319 - -
p < 0.001 0.006 - -
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Table 2.10: Multivariate step-wise regression results for the prediction of pre-
operative (n = 136) and post-operative changes (n = 72) in lung function using
radiographic Cobb angles and thoracic deformity parameters.

FEV1 Intercept SIr AVBRr-1 RHi Model statistics

b 78.714 −30.586 51.110 −14.987 r2 = 0.569
SE(b) 7.680 3.498 8.158 5.823 SE = 10.687

β - −0.516 0.425 −0.175 -
p < 0.001 < 0.001 < 0.001 0.011 -

FVC Intercept SIr AVBRr-1 RHi Model statistics

b 75.080 −24.669 52.981 −12.629 r2 = 0.512
SE(b) 7.839 4.606 7.225 0.211 SE = 10.673

β - −0.578 0.477 −0.180 -
p < 0.001 < 0.001 < 0.001 0.001 -

FEV1/FVC Intercept KLi RHi - Model statistics

b 96.029 0.660 −8.739 - r2 = 0.181
SE(b) 1.918 0.117 3.705 - SE = 7.474

β - 0.482 −0.202 - -
p < 0.001 < 0.001 0.020 - -

∆FEV1 Intercept SIr ∆AVBRr-1 - Model statistics

b −12.526 18.935 29.772 - r2 = 0.412
SE(b) 3.397 3.084 11.388 - SE = 8.232

β - 0.568 0.242 - -
p < 0.001 < 0.001 0.011 - -

∆FVC Intercept SIr ∆AVBRr-1 - Model statistics

b −12.456 17.446 25.119 - r2 = 0.331
SE(b) 3.637 3.302 12.195 - SE = 8.815

β - 0.521 0.203 - -
p 0.001 < 0.001 0.043 - -

∆FEV1/FVC Intercept ∆KLi - - Model statistics

b 1.349 0.859 - - r2 = 0.466
SE(b) 0.707 0.140 - - SE = 5.306

β - 0.682 - - -
p 0.0606 < 0.001 - - -



Chapter 3

Statistical Shape Model

3.1 Summary

In this chapter, a statistical shape model constructed from biplanar radiographs is cre-
ated to quantify the morphological variations in the rib cage and spine and to identify
thoracic features which contribute to lung function impairment in adolescent idiopathic
scoliosis (AIS). In the coronal plane, the shape model consisted of the vertices of the
thoracic and lumbar vertebral bodies, as well as contours of the ribs, clavicals and
the hemidiaphragms. In the sagittal plane, the posterior portion of the sternal wall,
diaphragm, posterior convex and concave rib contours and the outline of the vertebral
column were included. General Procrustes analysis was used to standardise the land-
marks whilst principle components analysis determined the major modes of variation.
Principle component scores were correlated with lung function, Cobb angles and defor-
mity parameters and included in multivariate regression to predict pre-operative and
post-operative change in lung function. The shape model demonstrated that increasing
thoracic scoliosis, flattening of the sagittal profile and increased rib hump correspond
to reduction in pulmonary function. Sagittal flattening of the thoracic spine is shown
increase airway resistance as measured by FEV1/FVC. Patients with severe scoliosis,
hypokyphosis and large rib humps demonstrate greater increases in post-operative lung
function. It was concluded that statistical shape models are a useful morphometric tool
which can provide a quantitative and objective description of the thoracic deformity in
AIS.

3.2 Introduction

Statistical shape models have been extensively used in medical image analysis and are
a key tool for studying morphological variations in disease [72, 73, 74, 75]. In general,
statistical shape models are parametric models which represent the deformations which
best reflect the variation within the data training set [76]. In the context of scoliosis,
statistical shape models have been used to automate measurements of spinal deformity
[77], identify modes of variation in spinal morphology in scoliosis [78, 79] and study the
geometric effects of scoliosis treatment on the spine [80]. The objectives of this study are
to demonstrate the use of statistical shape models in quantifying variations in thoracic
morphology in AIS and to identifying the modes of variation which contribute to lung
function impairment.

39
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3.3 Literature Review

Using Riemannian geometry, Boisvert et al. [78] constructed an articulated model of
the spine in pre-operative scoliosis patients with mixed curve types. The models were
constructed through the identification of 6 landmarks on each vertebrae. A three di-
mensional articulated model was constructed by quantifying the relative translation
and rotation from one vertebrae to the next. From their analysis, they determined that
the first mode of deformation was associated with patients’ growth, the second was the
progression of a double thoraco-lumbar curve and the third was variation in the thoracic
curvature. Using similar methods, Boisvert et al. [79] quantified the effect of Boston
bracing and Cotrel-Dubousset instrumentation on spinal morphology. Statistical shape
models have also been utilized to provide fast three-dimensional reconstructions of the
spine [81] and automated measurement of the Cobb angle from radiographs [77]. Al-
ternative uses of statistical shape models in the thorax have been to quantify thoracic
morphology to clinical features or to study variations in anatomical dimensions for im-
plant design. Hollenbeck et al. [82] constructed a three-dimensional statistical shape
model of the lumbar spine in a cohort of 52 normal subjects; their model found that ma-
jor modes of variation corresponded to changes in lumbar lordosis and disc height. Shi
et al. [83] constructed a statistical human rib cage geometry model to study the effects
of age, sex, stature and body mass on the morphology of the rib cage. In the current
literature, no statistical shape models have been constructed to describe or quantify
the thoracic deformity in AIS and its association with lung function impairment.

3.4 Theory

3.4.1 Generalised Procrustes Analysis

Generalised Procrustes analysis (GPA) is method used in shape analysis to standard-
ise a set of coordinates by factoring out the effects of position, rotation and scale to
superimpose them onto a reference shape. By removing the effects of translation, ro-
tation and scale, the remaining variance between each sample and the reference is due
to variance in shape. The following paragraphs describe the operations used in GPA.

Translation Suppose we have k two-dimensional landmarks arranged in the form
X = ((x1, y1), (x2, y2), ..., (xk, yk)). The centroid of these points, (x̄, ȳ) is defined as the
mean of all the landmarks in each dimension:

x̄ =
1

k
(x1 + x2 + ...+ xk)

ȳ =
1

k
(y1 + y2 + ...+ yk)

(3.1)

The landmarks can then be centred at the origin by subtracting the coordinates of its
centroid from the corresponding coordinates:

Xt =


(x1 − x̄), (y1 − ȳ)
(x2 − x̄), (y2 − ȳ)

...
...

(xk − x̄), (yk − ȳ)

 (3.2)
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This can be performed on each set of landmarks. By centring each set of landmarks at
the origin, variation due to difference in position are removed.

Scaling To apply uniform scaling, the centroid size, s, is calculated as the square
root of the summed squared distances of each landmark from the centroid:

s =

√
1

k
[(x1 − x̄)2 + (y1 − ȳ)2 + ...+ (xk − x̄)2 + (yk − ȳ)2] (3.3)

The landmarks are then scaled by s to give a centred and scaled landmark matrix, Xs,
which has a centroid size of unity:

Xs =


(x1 − x̄)/s, (y1 − ȳ)/s
(x2 − x̄)/s, (y2 − ȳ)/s

...
...

(xk − x̄)/s, (yk − ȳ)/s

 (3.4)

Rotation To remove the effects of rotation, let us suppose we have a scaled and
centred landmark matrix Xs = ((x1, y1), ...) and a reference matrix Ys = ((w1, z1), ...).
Rotating the landmarks in Xs around the origin by an angle of θ will give the rotated
landmarks Xr = ((u1, v1), ...):

Xr =

u1, v1
...

...
uk, vk

 =

x1 cos θ − y1 sin θ, x1 sin θ + y1 cos θ
...

...
xk cos θ − yk sin θ, xk sin θ + yk cos θ

 (3.5)

An objective function which describes the error between rotated and reference land-
marks can be defined as:

f = Σk
i=1

[
(ui − wi)

2 + (vi − zi)2
]

(3.6)

Taking the derivative of (3.6) with respect to θ and setting it to zero will minimise
the distance between rotated landmarks and the reference landmarks. This can be
rearranged for θ:

θ = tan−1
(

Σk
i=1(xizi − yiwi)

Σk
i=1(xiwi + yizi)

)
(3.7)

Algorithm In general, the steps of GPA can be described in the following algorithm
adapted from Zelditch et al.’s Geometric Morphometrics for Biologists [84]:

1. Center each observation to the origin using Equation 3.2.

2. Scale each observation to give a centroid size of 1 using Equation 3.4.

3. Define a reference shape:

(a) If a reference shape is available, proceed to step 2.

(b) If no reference shape is available, arbitrarily select one amongst the obser-
vations.
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4. For each instance, rotate the observation using Equation 3.7.

5. If an arbitrary reference was selected in Step 3, calculated the average shape by
taking the mean of all landmarks.

6. Define the average shape as the new reference shape and repeat Steps 1 to 5 until
the mean shape does not change.

3.4.2 Principle Component Analysis

Principal component analysis (PCA) is a technique which uses orthogonal transfor-
mations to determine major axes of a variation within the data. Some of these axes
explain a larger proportion of the data than others. This is a useful feature, as a com-
plex dataset can be approximated by a few parameters corresponding to the major axes
which explain the majority of the variance - this process is labelled dimensionality re-
duction. The following procedure has been adapted from Coote’s Model-Based Methods
in Analysis of Biomedical Images [72]:

1. Suppose we have a set of vectors {xi}, containing observations of variable i (these
can be the x, y or z coordinates of a particular landmark). The mean of the data
is first computed,

x̄ =
1

n

s∑
i=1

xi (3.8)

2. The covariance matrix S is then calculated by,

S =
1

n− 1

s∑
i=1

(xi − x̄) (xi − x̄) (3.9)

3. The eigenvectors, pi, and corresponding eigenvalues, λi, of S are calculated and
the eigenvalues sorted in ascending order (λi ≥ λi+1).

4. Each eigenvalues gives the variance of the data about the mean in the direction
of the corresponding eigenvector. The total variance of the data, VT can be
computed by VT =

∑
t λi

5. The first t largest eigenvalues are selected such that

t∑
i=1

λi ≥ fvVT (3.10)

where fv defines the proportion of the total variation one wishes to explain.

The egienvectors, or principle components, are a weighted linear combination of
the original variables. A simple example of the reduction of two-dimensional data
using PCA is shown in Figure 3.1. A two-dimensional data set is shown with the
mean of the data, x̄, and the two non-correlated principle components (p1 and p2).
Since the majority of the data varies along the first principle component, p1, the
second component can be dropped if λ2 < fvVT and the data expressed in terms of
the distance along p1 from the center. Hence the data point x shown in Figure 3.1 (b)
can be approximated as point x′ with the distance PC1 which is called the principle
component score.
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(a) (b)

Figure 3.1: An example of dimensionality reduction using principle compoenent analysis
(PCA). (a) shows two-dimensional data, the mean of the data x̄ and the two non-
correlated principle components (p1 and p2). Since the majority of the data varies
along the first principle component, p1, the second component can be dropped and the
data expressed in terms of the distance along p1 from the center. This is shown in (b)
were the data point x can be approximated as point x′ with the parameter PC1 which
is the principle component score of the first principle component. Adapted from [72]

.

3.5 Materials & Methods

3.5.1 Subject Characteristics

The same subjects in the analysis conducted in Chapter 2 were used in this study. Pul-
monary function tests included measurements of forced expiratory volume in 1 second
(FEV1), forced vital capacity (FVC) and the FEV1/FVC ratio which are expressed as
a percentage of predicted values (% predicted) using reference data [22]. The Cobb an-
gles of the main thoracic (MT), proximal thoracic (PT), thoracolumbar/lumbar (TL/L)
curve and T5-T12 thoracic kyphosis (TK) were measured. The thoracic deformity pa-
rameters (definitions to be found in Chapter 2) measured were: rib-vertebra angle
difference (RVAD) [39], inverse of the apical veretbral body-rib ratio (AVBRr-1) [41],
space available for lung (SAFL) [44], lung height-width ratio (LHWr), kyphosis-lordosis
index (KLi), endothoracic hump ratio (EHr) and rib hump index (RHi).

3.5.2 Landmark Acquisition

Coronal and sagittal radiographs were imported into Mimics v18.0 (Materialise N.V.,
Leuven, Belgium) as JPEG images and landmarks placed using points and spline curves.
Figure 3.2 shows an example of the landmarks collected from the coronal and sagittal
radiographs. In the coronal plane (Figure 3.2a), four points were placed at the vertex
of each vertebrae in the thoracic and lumbar spine (red points). A cubic B-spline was
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used to trace out the centreline of the ribs (red), clavicles (green) and the superior
outline of the hemidiaphragm (blue) in each hemithorax. In the sagittal plane (Figure
3.2b)), splines were used to draw the anterior and posterior outline of the vertebral
body column (red) from the superior endplate of the first thoracic vertebrae (T1) to
the inferior endplate of the fifth lumbar vertebrae (L5). The outline of the diaphragm
(green) was traced and the interior outline of the convex and concave rib contours were
drawn inferiorly from the first ribs until they met with the diaphragm curve (blue).
Similarly, the contour of the anterior chest was drawn along the interior side of the
manubrium and sternum (orange) until they intersected the diaphragm curve. The
landmark data was exported from Mimics and saved as text files.

3.5.3 Shape Model

The statistical shape model was constructed in the software R (http://www.R-project.org)
using a combination of GPA and PCA principles. First, the coronal and sagittal land-
marks were imported into R and the spline equations refitted. Pseudo landmarks were
generated from each spline by placing points at equidistance along the curve; 10 and 20
pseudo landmarks were placed for each spline in the coronal and sagittal plane respec-
tively. GPA was then performed on the coronal and sagittal datasets independently
using a validated R package ‘geomorph’ [85]. The superimposed landmarks from geo-
morph are shown in Figure 3.3. PCA was performed using the prcomp() function in
R to determine principle components and principle component scores. The principle
component scores of the first k principle components which explained up to 70% (fv =
0.7) of the total variance were then selected for further analysis.

3.5.4 Statistical Methods

To allow better interpretability of the principle components, Pearson correlations were
performed between principle component scores and deformity parameters and Cobb
angles as well as pulmonary function. The p-values from Pearson correlations were cor-
rected for multiple comparisons (q-values) using the Benjamini and Hochberg method
[52] with q-value threshold of 0.05 corresponding to a false discover rate of 5%. To
determine which modes of deformity were associated with lung function impairment,
pre-operative and post-operative change in lung function metrics were regressed against
principle component scores using step-wise multivariate regression with bi-directional
elimination. The Bayesian information criterion (BIC) was employed for model se-
lection with k = ln(n) [53]. Models with the best fit are reported with regression
coefficients for individual predictors (b), their standard errors (SE(b)) and standardised
coefficients (β) along with the coefficient of determination adjusted for multiple com-
parisons (r2) and model standard error (SE). All statistical analysis was implemented
using the statistical software R.

3.6 Results

From the PCA results, it was found that 9 principle components were sufficient to
explain 75.4% of the total variance in shape (Figure 3.4). Table 3.1 shows the Pear-
son correlation coefficient between principle component scores of the statistical shape
model, pulmonary function metrics, Cobb angles and thoracic deformity parameters.
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(a) (b)

Figure 3.2: An example of the landmarks collected from the coronal and sagittal ra-
diographs for the statistical shape model. In the coronal plane (a), four points were
placed at the vertex of each vertebrae in the thoracic and lumbar spine (red points). A
spline curve was used to trace out the centreline of the ribs (red), clavicles (green) and
the superior outline of the hemidiaphragm (blue) in each hemithorax. In the sagittal
plane (b), splines were used to draw the anterior and posterior outline of the vertebral
body column (red) from the superior endplate of the first thoracic vertebrae (T1) to
the inferior endplate of the fifth lumbar vertebrae (L5). The outline of the diaphragm
(green) was traced and the interior outline of the convex and concave rib contours were
drawn inferiorly from the first ribs until they met with the diaphragm curve (blue).
The contour of the anterior chest was drawn along the interior side of the manubrium
and sternum (orange) until they intersected the diaphragm curve.
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(a)

(b)

Figure 3.3: Superimposed landmarks of the statistical shape model in the (a) coro-
nal and (b) sagittal plane following generalised Procrustes analysis (GPA). The mean
landmarks are shown in large black circles whilst individual observations are shown in
small grey points.
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Figure 3.4: A plot of cumulative variance explained against the number of principle
components included in the statistical shape model. It was found that 9 principle
components were sufficient to explained up to 75.4% of the total variance.

.

Table 3.2 provides qualitative descriptions of the first nine principle component shape
variations whilst Figures 3.5 to 3.13 display the shape deformation of the first nine
principle components rendered for -3, 0 (mean shape) and +3 standard deviations of
the deformation.

The MT curve was associated with PC1, PC2 and PC5 modes of variation (r =
-0.78, 0.32 and 0.33 respectively). The PT curve was associated with increasing scores
of PC4, PC5 and PC6 (r = -0.78, 0.32 and 0.33 respectively), whilst TL/L curve
corresponded to low scores in PC1 (r = -0.39) and high scores in PC2 (r = 0.43). TK
correlated positively with PC2, PC3, PC4 scores (r = 0.59, 0.32 and 0.43 respectively)
and negatively with PC6 scores (r = -0.27).

When considering the thoracic deformity parameters, SAFL correlated positively
with PC1 but negatively with PC2 (r = 0.56 and -0.37). PC2 and PC6 were both
negatively associated with LHWr (r = -0.69 and -0.28). KLi was moderately correlated
with increasing PC3 and PC4 scores and decreasing PC6 scores (r = 0.51, 0.41 and
-0.50); it was also weakly correlated with decreasing PC1 scores (r = -0.26). EHr was
negatively associated with PC2 and PC3 scores (r = -0.62 and -0.3). Increasing RHi
was reflected in lower PC1 scores (r = -0.61 and -0.48) and higher PC2 and PC5 score
(r = 0.35 and 0.39).

FEV1 was associated with increasing PC1, PC3 and decreasing PC5 scores (r = 0.50,
0.26 and -0.29) whilst FVC corresponded positively with PC1 scores and negatively with
PC5 scores (r = 0.51 and -0.30). FEV1/FVC did not correlate with any of the principle
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component scores based on univariate analysis.

Multivariate regression results are shown in Table 3.3. The first three principle
components were found to significantly predict FEV1 (β = 0.54, 0.23 and 0.28; r2 =
0.447) and FVC respectively (β = 0.55, 0.20, 0.23; r2 = 0.349). Principle components
2 to 4 were significant predictors of FEV1/FVC (β = 0.16, 0.18, 0.17; r2 = 0.069).
Post-operatively, lower scores in pre-operative PC1, PC2 and PC3 score were found to
result in greater gains in FEV1 (β = -0.36, -0.33 and -0.29) and FVC (β = -0.35, -0.29
and -0.36). Post-operative change in FEV1/FVC was best predicted by the change in
PC2 (β = 0.29) and pre-operative PC6 scores (β = 0.26).

3.7 Discussion

Previous studies have used statistical shape models in order to analyse spine morphol-
ogy in scoliosis progression and the effect of scoliosis treatment [80, 79, 78]. In this
study, a statistical shape model of the rib cage and spine was created in order to quan-
tify the modes of variation in thoracic morphology which corresponded to pulmonary
function impairment in AIS.

From visual inspection of the principle modes of deformation, it is clear that the
principle components reflect variations in thoracic shape seen clinically. The first prin-
ciple component describes the formation of a main thoracic curve with increased lateral
deviation of the curve apex from the central sacral midline. Shortening of the spine is
seen as a result of the scoliosis along with the formation of a rib hump, a typical tho-
racic feature of scoliosis [86]. The second mode of deformation captures loss of thoracic
depth which accompanies reductions in thoracic kyphosis resulting in a flat sagittal
profile. The third mode of variation reflects changes in the anterior-posterior position
of the spine at the level of the diaphragm, possibly due to variations in lumbar lordosis
or pelvic tilt, as well as rib hump formation.

The multivariate analysis demonstrated that the first three principle components
are predictive of pre-operative FEV1 and FVC supporting previous studies showing
an association between increasing MT curve, loss of TK and increasing rib hump in
pulmonary function impairment in AIS [25, 29, 33]. The second to fourth princi-
ple components, which all show substantial variations in the sagittal thoracic profile,
were shown to be predictive of pre-operative FEV1/FVC. This supports prior studies
demonstrating the association between scoliosis and obstructive lung disease [63, 24]
with extrinsic compression of airways by spinal intrusion reported as a causative factor
[40, 51]. As the first three principle components were also predictive of post-operative
change in FEV1and FVC, the regression analysis suggest that those with severe MT
curves, flat sagittal profiles and severe rib humps have most to gain from operative
intervention. Interestingly post-operative FEV1/FVC change was best predicted by
increases in the second principle component score (∆PC2) and pre-operative score of
sixth mode of variation which is associated with a flat thoracic profile. Previous reports
have demonstrated increased pulmonary function and decompression of airways upon
restoration of natural kyphosis in hypokyphotic patients with scoliosis [51, 67].

There are several limitation to this study. Firstly, the selection of landmarks and
spline control points were placed manually and subject to interobserver error. Secondly,
the effect of curve type or the number of control points per spline was not studied in
terms of accuracy. Thirdly, the biplanar shape model does not truly capture the three-
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dimensional deformity but rather the correlations between shapes in the sagittal and
coronal plane. These limitations should be addressed in future investigations.

Overall, statistical shape models are underutilized in the study of AIS, epically
considering the routine use of radiographic imaging in both management and treatment.
It is estimated that patients with scoliosis receive up to 22 radiographs over a 3 year
treatment period, 3.7 radiographs per year for observational treatment, 5.7 per year
for bracing treatment and 12.2 per year for those receiving surgical treatment [87, 88,
89]. In contrast to the high availability of imaging data, AIS is still analyzed using
classification systems which are subject to high inter- and intraobserver errors. In a
comparative study of the King and Lenke classification systems, Richards et al. [90]
determined that the Lenke classification system for AIS was less reliable than previously
reported. The authors found that the intraobserver and interobserver reliability in the
Lenke system was 65.0% and 55.5% respectively whilst the King system was 83.5% and
68.0% respectively. Active shape models, other the other hand, which automatically
or semi-automatically identify landmarks have been shown to have high inter- and
extraobserver reliability [77]. Statistical shape models have the potential to provide
a quantitative and objective description of scoliosis deformity which warrants further
investigation in future studies.

3.8 Conclusion

Statistical shape models are a useful morphometric tool in analyzing variations in rib
cage and spine morphology in AIS. The shape model demonstrated that increasing
thoracic scoliosis, flattening of the sagittal profile and increased rib hump correspond
to reduction in pulmonary function. Sagittal flattening of the thoracic spine is shown
to increase airway resistance as measured by FEV1/FVC. Patients with severe scoliosis,
hypokyphosis and large rib humps demonstrate greater increases in post-operative lung
function. Statistical shape models can provide a quantitative and objective description
of the thoracic deformity and should be investigated for further use cases.
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Table 3.2: Qualitative descriptions of the first 9 principle components of the statistical
shape model

PC1 Decreasing main thoracic and thoracolumbar curve; increase in convex
hemithoracic width; increase in concave hemithoracic height; reduced rib
hump assymetry; elevation of diaphragm relative to spine.

PC2 Increasing main thoracic curve and thoracolumbar curve; increasing thoracic
kyphosis and lumbar lordosis; widening of the chest depth and shortening of
lung height. Elevation of the diaphram relative to spine; increasing rib hump
assymetry.

PC3 Reduced main thoracic curve and lateral displacement. The spine occupies oc-
cupies an increasingly posterior position in the thorax with increasing thoracic
kyphosis. Reduction of rib hum prominence.

PC4 Increasing proximal curvature and tilt towards convexity. Lowering of apical
height. Increased kyphosis of the thoracic spine. Increased in rib hump with
inversion of rib prominence superiorly.

PC5 Increasing number of vertebrae in main curve. Reduction of thoracolum-
bar/lumbar curve. Reduction of convex hemithoracic width. Increasing rib
hump.

PC6 Formation of proximal thoracic scoliosis curve. Inversion of rib prominence
with formation of concave rib hump superiorly. Loss of thoracic kyphosis and
lumbar lordosis.

PC7 Reduction in the anterior position of the diaphragm relative to the posterior
position.

PC8 Reduction of size of concave rib prominence.

PC9 Increasing length of the twelfth rib
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(a) (b) (c)

Figure 3.5: Shape variation of the first principal deformation mode (PC1) with (a) -3;
(b) 0 (mean shape); and (c) +3 standard deviations of the shape deformation. Coronal
and sagittal views are shown on the top and bottom rows respectively.
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(a) (b) (c)

Figure 3.6: Shape variation of the second principal deformation mode (PC2) with (a) -3;
(b) 0 (mean shape); and (c) +3 standard deviations of the shape deformation. Coronal
and sagittal views are shown on the top and bottom rows respectively.
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(a) (b) (c)

Figure 3.7: Shape variation of the third principal deformation mode (PC3) with (a) -3;
(b) 0 (mean shape); and (c) +3 standard deviations of the shape deformation. Coronal
and sagittal views are shown on the top and bottom rows respectively.
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(a) (b) (c)

Figure 3.8: Shape variation of the fourth principal deformation mode (PC4) with (a) -3;
(b) 0 (mean shape); and (c) +3 standard deviations of the shape deformation. Coronal
and sagittal views are shown on the top and bottom rows respectively.
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(a) (b) (c)

Figure 3.9: Shape variation of the fifth principal deformation mode (PC5) with (a) -3;
(b) 0 (mean shape); and (c) +3 standard deviations of the shape deformation. Coronal
and sagittal views are shown on the top and bottom rows respectively.
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(a) (b) (c)

Figure 3.10: Shape variation of the sixth principal deformation mode (PC6) with (a) -3;
(b) 0 (mean shape); and (c) +3 standard deviations of the shape deformation. Coronal
and sagittal views are shown on the top and bottom rows respectively.
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(a) (b) (c)

Figure 3.11: Shape variation of the sixth principal deformation mode (PC7) with (a) -3;
(b) 0 (mean shape); and (c) +3 standard deviations of the shape deformation. Coronal
and sagittal views are shown on the top and bottom rows respectively.
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(a) (b) (c)

Figure 3.12: Shape variation of the sixth principal deformation mode (PC8) with (a) -3;
(b) 0 (mean shape); and (c) +3 standard deviations of the shape deformation. Coronal
and sagittal views are shown on the top and bottom rows respectively.



60 CHAPTER 3. STATISTICAL SHAPE MODEL

(a) (b) (c)

Figure 3.13: Shape variation of the sixth principal deformation mode (PC9) with (a) -3;
(b) 0 (mean shape); and (c) +3 standard deviations of the shape deformation. Coronal
and sagittal views are shown on the top and bottom rows respectively.
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Table 3.3: Multivariate step-wise regression results for the prediction of pre-
operative (n = 136) and post-operative changes (n = 72) in lung function using
principle component scores from statistical shape model.

FEV1 Intercept PC1 PC2 PC3 Model statistics

b 77.406 11.908 3.502 4.580 r2 = 0.447
SE(b) 1.386 1.416 0.976 1.054 SE = 12.103

β - 0.543 0.231 0.279 -
p < 0.001 < 0.001 < 0.001 < 0.001 -

FVC Intercept PC1 PC2 PC3 Model statistics

b 80.633 11.573 2.840 3.553 r2 = 0.349
SE(b) 1.370 1.400 0.966 1.043 SE = 12.600

β - 0.550 0.195 0.226 -
p < 0.001 < 0.001 0.004 0.001 -

FEV1/FVC Intercept PC2 PC3 PC4 Model statistics

b 94.621 1.249 1.505 1.249 r2 = 0.069
SE(b) 0.699 0.639 0.692 0.625 SE = 7.968

β - 0.163 0.181 0.166 -
p < 0.001 0.048 0.031 0.048 -

∆FEV1 Intercept PC1 PC2 PC3 Model statistics

b 6.233 −3.481 −3.435 −4.364 r2 = 0.270
SE(b) 1.593 1.004 1.070 1.527 SE = 9.171

β - −0.355 −0.329 −0.294 -
p < 0.001 0.001 0.002 0.006 -

∆FVC Intercept PC1 PC2 PC3 Model statistics

b 3.432 −5.217 −2.817 −3.793 r2 = 0.269
SE(b) 1.588 1.523 1.001 1.067 SE = 9.210

β - −0.350 −0.286 −0.362 -
p 0.034 0.001 0.006 0.001 -

∆FEV1/FVC Intercept ∆PC2 PC6 - Model statistics

b 3.149 2.013 1.609 - r2 = 0.158
SE(b) 0.711 0.773 0.693 - SE = 5.885

β - 0.290 0.258 - -
p < 0.001 0.011 0.023 - -
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Chapter 4

Thoracic Deformity Parameters

4.1 Summary

In this chapter, 13 computer tomography (CT)-based thoracic deformity parameters
described in the literature are analysed for their utility in predicting pre-operative im-
pairment and post-operative improvements of lung function in adolescent idiopathic
scoliosis (AIS). Principle component analysis found that over 90% of the variance
amongst the 13 deformity parameters measured at the apex could be explained by
4 principle components. This suggests high covariance between thoracic deformity fea-
tures and the spinal deformity. The 4 modes of variations were qualitatively identified
as the evolution of lordoscoliosis, kyp hoscoliosis, convex-concave rib asymmetry and
sternal misalignment respectively. Measures of spinal intrusion (spinal penetration in-
dex, endothoracic hump ratio) and the size of the rib hump (rib hump index, thoracic
rotation, angle of trunk rotation) featured as significant predictors upon multivariate
and univariate correlations. Multivariate regression showed that CT-based deformity
parameters (r2 = 0.45 to 0.57) were superior to conventional radiographic Cobb angle
measurements (r2 = 0.22 to 0.33) in predicting pre-operative expiratory volumes and
post-operative volume gains. The analysis reveals that patients with lordoscoliosis have
more impaired lung function than their normo- and hyperkyphotic counter parts; the
differential, however, can be reduced if natural kyphosis is restored post-operatively.
Thoracic deformity parameters are useful indices that can provide additional under-
standing of the mechanisms by which scoliosis impairs respiratory function.

4.2 Introduction

Moderate to severe pulmonary impairment is present in 20% of preoperative patients
with a thoracic idiopathic scoliosis with a coronal curve of 50-70° and in 41% of curves
measuring 71-80° [29]. Obstructive lung disease is present in 39% of preoperative pa-
tients with idiopathic scoliosis [24]. Pulmonary impairment is most severely affected in
Lenke 4, 2 and 1 patterns [29]. However radiographic variables including Cobb angle,
number of vertebral segments included in the scoliosis, flexibility, rib vertebral angle
differences have shown mild correlation with pulmonary function testing [29, 24, 26, 34].
The weak correlation of current deformity parameters obtained from plain standing ra-
diographs demonstrates the need to develop deformity parameters which capture the
structural changes of the entire chest wall. Deformity parameters which show a stronger

65
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relationship with lung function are necessary to allow the assessment of young or un-
compliant patients with scoliosis, measure the effect of different treatment methods and
to enhance the understanding of the pathophysiology of lung function impairment in
scoliosis. The aim of this study was to examine the relationship of CT based thoracic
deformity parameters and lung function in AIS.

4.3 Literature Review

Aaro and Dahlborn [86] were among the first to propose the use of CT for measuring
spinal and rib cage deformity in scoliosis. They proposed a rib hump index (RHi) to
quantify the extent of the rib hump; the kyphosis-lordosis index to quantify the sagit-
tal diameter of the thorax; and vertebral/thoracic rotation to quantify the rotational
character of the deformity. In a subsequent study [55] consisting of 25 to 39 thoracic
AIS curves, they established correlations between scoliosis Cobb angles, rotation angles
and the size of the rib hump.

In a retrospective study consisting of predominately Lenke 1 type curves (n = 110
pre-operative and 70 post-operative), Mao et al. [91] described the sternum-rib ratio
as a measure of midline displacement; and the angle of trunk rotation to quantify the
size of the rub hump. Both indicies were moderately correlated to the Cobb angle (r
= 0.5) and both were shown to improve post-operatively (p <0.001).

Campbell et al. [44] described the features of thoracic insufficiency syndrome in
congenital scoliosis, within which the concept of a ‘windswept thorax’ was introduced.
The windswept thorax is characterised by thoracic rotation and narrowing of the convex
rib hump; the posterior hemithoracic symmetry ratio was proposed as a quantitative
measure of this feature.

Pectus excavatum is a thoracic deformity where the anterior section of the chest
is depressed into the thoracic cavity reducing the sternovertebral distance and lung
volume. The Haller index [92] and chest flatness index [93] have been used to quantify
the sagittal narrowing of the chest whilst the hemithoracic depth asymmetry index
[93] has been used to describe the resulting left-right asymmetry in pectus excavatum.
As pectus excavatum has been shown to be associated with AIS, application of these
indices can also be found within the scoliosis literature [94, 95].

In 2014, Harris et al. conducted a review of the literature and compiled the above
indices, amongst others, into the first comprehensive summary of CT-based thoracic
deformity parameters [58]. The review classified the parameters into eight groups based
on the deformity features they described: anterior chest angulation, area enclosed by rib
cage, coronal asymmetry, hemithorax depth asymmetry, hemithorax width asymmetry,
posterior rib asymmetry, sagittal depth, and sternum deviation.

Not included in the review were measures of spinal intrusion which were proposed by
Dubousset et al. [40] and later adapted by Ito et al. [51]. Dubousset et al. introduced
the concept of an endothoracic hump in a case series of 18 patients with mixed scoliosis
etiology and extrinsic airway compression. They proposed the spinal penetration index
(SPi) to quantify the protrusion of vertebral column into the thorax. The SPi is an area
ratio of the space occupied by the spine to that of the thoracic cavity. Illharreborde
et al. [38] estimated the SPi using 3D reconstructions from biplanar radiographs and
correlated it to pulmonary function tests in 80 AIS patients. No correlation was found
between pulmonary function test and the radiographically reconstructed SPi but SPi
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was significantly greater in patients with obstructive syndrome (p = 0.01). Ito et al.,
in a case series of 6 patients with airflow obstruction and mixed etiology, proposed the
endothoracic hump ratio (EHr) which simplifies the SPi by using distance instead of
area measurements. They reported mean post-operative improvement of 18.2% in vital
capacity from 45.5% to 63.7% of predicted values when the mean EHr was reduced
from 1.34 to 1.12.

One of the earliest studies to correlate pulmonary function with chest deformity
in scoliosis was by Aaro and Ohlund [36]. In their study of 33 patients, they found
that static and dynamic lung volumes were negatively correlated with the coronal Cobb
angle and to a lesser extent rotation. They found that KLi was positivity correlated
to lung volumes, FEV1 and FVC. They concluded that out of the radiographic and
CT-based deformity parameters, the coronal Cobb angle was the best predictor of lung
volume compromise. They recommended that operative treatment should target the
lateral displacement of the spine while maintaining a normal sagittal thoracic curve.

Takahashi et al. [35] is the only study to date which has systematically correlated
pre-operative CT-measured deformity parameters with lung function. In their study,
they measured axial vertebral rotation, a modified rib hump index and the kyphosis-
lordosis index in 109 AIS patients with a mixture of curve types (predominantly King
type II and III; double curve and thoracic curve respectively). Forced vital capacity
was found to correlated negatively with axial rotation (r = -0.33) and positively with
KLi (r = 0.33) but their modified RHi did not correlate.

Akazawa et al. [54] conducted a follow-up study (mean of 35.3 years) analysing
the effects of RAsag, RHi and PHSr in a sample consisting of 18 AIS patients who
underwent spinal fusion with Harrington instrumentation. Forced vital capacity was
found to have strong negative correlations with RAsag (r = -0.80), RHi (r = -0.82),
PHSr (r = -0.7) and the proximal thoracic curve (r = -0.72).

Delorme et al. [96] studied the effects of Cotrel-Dubousset instrumentation on rib
orientations by reconstructing the rib cage from from bi-planar radiographs. Their
results showed that trunk rotation in the axial plane reduced by 3° and that concave
ribs were lowered by 5° at the apical level in the frontal plane.

From this review, it can be seen that although a large number of indices have been
proposed to quantify specific thoracic features, there is still a paucity of information
on the interactions between spinal deformity, shape of the thoracic cage, pulmonary
function and post-operative changes.

4.4 Materials & Methods

4.4.1 Subject Characteristics

A retrospective review of the surgeon’s imaging database between 2015 and 2019 (Ko-
dak Carestream PACS) at the Scottish National Spine Deformity Service was conducted
to identify severe Lenke type 1 or 2 AIS patients with right-sided, thoracic curves with
an apex between the seventh and tenth thoracic vertebrae (T7-T10). Patients who un-
derwent pre-operative planning CT imaging and pulmonary function tests (PFT) were
included. Patients with evidence or a history of primary obstructive lung disease were
excluded. A total of 49 patients (36 female and 13 male, all Caucasian) with a mean
age of 16.8 years (standard deviation [SD] = 7.8 years, range = 10.0 to 39.8 years)
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met the inclusion criteria. Patients underwent scoliosis correction surgery by posterior
instrumental fusion using segmental pedicle screws and rods. Out of the 49 patients,
40 patients had post-operative PFTs at 1-year follow-up.

4.4.2 Lung Function

PFTs were conducted via forced manoeuvres in accordance with the joint American
Thoracic Society and European Respiratory Society standards [50]. Forced expiration
in 1 second (FEV1) and forced vital capacity (FVC) were measured (Jaeger Master-
Screen PFT pro) along with armspan. In calculating lung function predicted values,
arm span was used to estimate standing height to correct for scoliotic height loss and
age-related or post-operative height gains [23]. Estimated standing height was used
along with patient age at the time of testing to determine the predicted values based on
reference data by the Global Lung Function Initiative [22]. FEV1, FVC and FEV1/FVC
are expressed as a percentage of their respective predicted values (% predicted).

4.4.3 Spinal and Thoracic Parameters

Patients underwent a multidetector CT (64-MDCT Siemens Somatom Scanner) at 0.6
mm collimation, 1 mm slice thickness and 0.7 mm reconstruction increments. The main
thoracic curve (MT) and T5-T12 thoracic kyphosis (TK) were measured on coronal and
sagittal radiographs using the Cobb method. Following a search in the existing litera-
ture for CT-based thoracic deformity parameters, the following indices were measured
at each vertebral level from T3-T12: spinal penetration index (SPi), endothoracic hump
ratio (EHr), kyphosis-lordosis index (KLi), Haller index, chest flatness index (CFi),
hemithoracic depth asymmetry index (HDAi), posterior hemithoracic symmetry ratio
(PHSr), rib hump index (RHi), vertebral rotation (RAsag), thoracic rotation (RAML),
angle of trunk rotation (RATR) and sternum-rib ratio (SRr). Vertebral translation, as
described by Easwar et al. [56], was normalised by the transverse width of the thorax
to give the vertebral translation ratio (VTr). Table 4.1 provides a summary of the
parameter definitions and Figure 4.1 illustrates the landmarks used to calculate the
deformity parameters. Landmarks were placed using Mimics v18.0 (Materialised N.V.,
Leuven, Belgium). For SPi, the area measurement tool in Mimics was used to measure
the area of spinal intrusion (A1) and the thoracic area (A2).

4.4.4 Statistical Methods

Deformity parameters measured from T3 to T12 were correlated with radiographic
Cobb angles and lung function. Patients were segregated based on their Lenke sagittal
modifier and differences between groups were established by applying the Kruskal-
Wallis test followed by post-hoc Dunn’s test. Pairwise t-test was conducted between
pre- and post-operative results to study the effect of scoliosis correction. To deter-
mine the inter-relationships between deformity parameters, principle component anal-
ysis was applied to standardised deformity parameters measured at the apical level.
The principle component scores were expressed as z-scores and correlated to deformity
parameters, lung function and radiographic Cobb angles. The p-values from Pearson
correlations, Kruskal-Wallis tests, Dunn’s test and pairwise t-test were corrected for
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(a) Landmarks (b) Rotation

(c) EHR (d) SPI

Figure 4.1: (a) Landmarks used in determining CT thoracic deformity parameters
as defined in Table 4.1. Definition of anatomical landmarks are: A, center of internal
sternal surface; B (K), interior surface of concave (convex) hemithorax directly anterior
to E (H); C (J), lateral-most point on the internal surface of the concave (convex)
hemithorax; E (H), posterior-most point on the internal surface of the concave (convex)
hemithorax; F, anterior-most point on the vertebral body; G, posterior-most point of
the vertebral foramen; L (N), most anterior point of the concave (convex) rib head;
M (P), point on interior surface of concave (convex) hemithorax which passes through
a line drawn through points N and L; Q, anterior point of the vertebral body on
the vertebral bisectional line; R, centroid of the vertebral foramen. (b) Schematic
showing rotation measurements: vertebral rotation (RAsag); thoracic rotation (RAML);
and angle of trunk rotation (RATR). The distance and area measurements for the
endothoracic hump ratio (EHR) and spinal penetration index (SPI) are shown in (c)
and (d) respectively.
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multiple comparisons (q-values) using the Benjamini and Hochberg method [52] with
q-value threshold of 0.05 corresponding to a false discover rate of 5%.

To determine whether deformity parameters are better predictors of lung function
than radiographic Cobb angles, pre-operative and post-operative change in lung func-
tion were regressed against radiographic Cobb angles and CT-based deformity parame-
ters measured at each vertebral level. Only models with a maximum of 3 predictors were
considered for practical reasons. To prevent over-fitting, 10 x 10-fold cross-validation
was performed for variable selection and models with the lowest cross-validated root-
mean-squared error (RMSE) were reported. Regression coefficients for individual pre-
dictors (b), their standard errors (SE(b)) and standardised coefficients (β) along with the
cross-validated coefficient of determination (r2) and RMSE are reported. All statistical
analysis was implemented using the statistical software R (http://www.R-project.org).

4.5 Results

4.5.1 Sagittal thoracic modifier

Table 4.2 shows the pre-operative lung function, radiographic and CT-measured defor-
mity parameter results segregated by the Lenke sagittal thoracic modifier. Age and the
size of MT did not significantly differ between the groups although the hypokyphotic
group had 5° and 10° smaller curves than the normo- and hyperkyphotic groups re-
spectively. Hypokyphotic patients had significantly lower FEV1 and FEV1/FVC than
both normokyphotic and hyperkyphotic patients (q = 0.03 and 0.02 respectively); and
FVC was significantly lower in hypokyphotic patients than hyperkyphotic patients (q
= 0.04). Hypokyphotic patients had significant chest flattening, loss of thoracic depth
and higher spinal intrusion (EHr, SPi, KLi, CFi and Haller index) when compared with
normo- and hyperkyphotic patients. Conversely, PHSr was less severe in hypokypho-
sis than normo- and hyperkyphosis. There were no significant differences between the
groups in other pre-operative CT deformity parameters such as the size of the rib hump
or rotation.

4.5.2 Correlational analysis

MT did not correlate with TK (r = 0.17, q = 0.28), FEV1 (r = -0.24, q = 0.14), FVC
(r = -0.3, q = 0.07) or FEV1/FVC (r = 0.14, q = 0.32); however, TK significantly
correlated with FEV1, FVC and FEV1/FVC (r = 0.48, 0.34 and 0.46 respectively, q
<0.03). Figure 4.3 displays the Pearson correlation coefficients between lung function,
radiographic Cobb angles and CT deformity parameters measured from T3 to T12.
FEV1 was found to be significantly correlated to SPi (T4 to T12, r = -0.46 to -0.63),
EHr (T5 to T12, r = -0.41 to -0.61), RAML (T6 to T10, r = -0.36 to 0.56), RHi (T7
to T12, r = -0.37 to -0.51), RATR (T8 to T12, r = -0.31 to -0.49), RAsag (T8 and T9,
r = -0.43 and -0.33 respectively) and the Haller index (T6 and T7, r = -0.37). FVC
significantly correlated with SPi (T4 to T12, r = -0.36 to -0.59), EHr (T6 to T12, r
= -0.41 to -0.58), RAML (T6 to T10, r = -0.41 to -0.57), RHi (T7 to T12, r = -0.38
to -0.55), RATR (T8 to T12, r = -0.39 to -0.53) and RAsag (T7 to T9, r = -0.36 to
-0.47). FEV1/FVC only correlated with PHSr measured at T9 (r = 0.42, q = 0.01).
MT significantly correlated with RHi (T8 to T12, r = 0.43 to 0.72), RAML (T7 to T12,
r = 0.43 to 0.68), VTr (T7 to T12, r = 0.42 to 0.68), RAsag (T8 to T12, r = 0.36
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to 0.68), RATR (T8 to T12, r = 0.36 to 0.68), PHSr (T9 to T12, r = 0.49 to 0.60),
SPi (T11 and T12, r = 0.41 and 0.51 respectively) and SRr at T12 (r = 0.42). TK
significantly correlated with EHr (T5 to T12, r = -0.39 to -0.62), KLi (T5 to T12, r =
0.36 to 0.60), SPi (T4 to T11, r = -0.38 to -0.57), Haller index (T5 to T12, r = -0.36
to -0.57), CFi (T6 to T12, r = -0.38 to -0.47) and PHSr (T8 and T9, r = 0.37 and 0.33
respectively).

4.5.3 Principle component analysis

Principle component analysis performed on CT deformity parameters measured at the
apical level showed that 4 principle components were sufficient to explain 90.3% of
the variation. Table 4.3 shows the proportion of variance explained by each principle
component and the correlation between the principle component z-scores, lung function,
Cobb angles and individual CT deformity parameters. PC1 explained 35.7% of the
total variance and was associated with increasing scoliosis, loss of kyphosis, spinal
intrusion, thoracic rotation and rib hump formation; PC1 scores correlated negatively
with FEV1 and FVC. PC2 explained 32.6% of total variance and describes increasing
scoliosis and kyphosis, hemithoracic width asymmetry and rib hump formation; PC2

scores correlated positively with FEV1/FVC. PC3 explained 16.8% of total variance
and is related with vertebral translation, lateral deviation of the sternum and chest
asymmetry. PC4 explains only 5.2% of total variance and describes additional lateral
deviation of the sternum. Examples of patients with high scores in some of the principle
components can be found in Figure 4.2.

4.5.4 Post-operative changes

Table 4.4 shows the post-operative changes in Cobb angles and lung function. Approxi-
mately 50° of scoliosis was corrected across all three groups with no significant difference
in the degree of scoliosis corrected or post-operative MT between the groups. Patients
with hypokyphosis gained 15.3° in TK, patients with normokyphosis patients gained
4.9° whilst hyperkyphosis patients lost 15.1°. FEV1, FVC and FEV1/FVC increased
by 19.6%, 17.3% and 5.6% respectively in hypokyphotic patients whilst normokyphotic
patients gained 12.9% and 11.2% in FEV1 and FVC respectively. No significant change
in lung function test results were observed in the hyperkyphotic group. A summary
of post-operative changes in deformity parameters can be found in Table 4.7. Spinal
intrusion decreased post-operatively with EHr and SPi decreasing by 9.6% and 3.4%
respectively. Sternovertebral depth (KLi and Haller index) did not change significantly
but chest flatness was reduced with CFi decreasing from 2.09 to 1.88. No significant
changes in chest asymmetry were observed based on measures of HDAi, PHSr and
SRr. The size of the rib hump was halved with RHi decreasing from 91% to 44% and
RATR decreasing from 16.1°to 8.6°. Although vertebral translation and thoracic rota-
tion (RAML) were reduced, no significant changes in axial vertebral rotation (RAsag)
were observed.

4.5.5 Predictive Models

Multivariate regression models from 10 x 10-fold cross validation using radiographic
and CT-based predictors are shown in Table 4.5 and 4.6 respectively. Pre-operative
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FEV1, FVC and post-operative changes in FEV1 and FVC were better predicted using
CT-based measurements which had between 0.14 to 0.29 higher r2 values than models
based on radiographic measurements. The radiographic model showed that for every
10° increase in MT and TK, FEV1 would change by -4.1% and 4.1% respectively (r2

= 0.303); whilst FVC would change by -4.5% and 3.1% respectively (r2 = 0.215).
For CT models, FEV1 was best predicted using SPi, RATR and HDAi (r2 = 0.568)
whilst FVC was best predicted with SPi, RHi and HDAi measured at T8 (r2 = 0.508).
Poor fits were observed for FEV1/FVC with the best radiographic model based on TK
(r2 = 0.197) and the CT model based on SPi measured at T9 (r2 = 0.068). For the
radiographic model, post-operative changes in FEV1 and FVC were best predicted with
pre-operative TK (r2 = 0.330 and 0.228 respectively) whilst changes in FEV1/FVC
were best predicted with post-operative changes in TK (r2 = 0.167). For the CT-
based models, post-operative changes in FEV1 and FVC were best predicted with pre-
operative EHr and PHSr measured at T8 (r2 = 0.474 and 0.452 respectively) whilst
changes in FEV1/FVC were best predicted with PHSr measured at T9 (r2 = 0.119).

4.6 Discussion

Distortions to the thoracic cage have distinct patterns which follow the profile of the
scoliotic spine. The correlational analysis supports previous studies showing the rela-
tionship between scoliosis, axial thoracic rotation and rib hump formation with regards
to the coronal deformity and the association between kyphosis, thoracic sagittal flatten-
ing and spinal intrusion [55, 38, 35]. However, the lack of correlation between scoliosis
and kyphosis suggests that the coronal and sagittal deformities are independent. Geyer
and Le Merrer [97, 40] recognised the variable expression of thoracic sagittal depth in
scoliosis. They differentiated between thoraxes where reductions in hemithoracic width
on the convexity were compensated for by increased thoracic depth and those where
thoracic volume losses were exacerbated via sagittal flattening. The principle compo-
nent analysis provides a quantitative description of these variations and identified two
non-correlated modalities (PC1 and PC2) which describe the effects of lordoscoliosis
and kyphoscoliosis on the chest wall deformity. Additional modes of variation describe
the hemithoracic asymmetry, a concept which has typically been discussed within the
pectus excavatum literature [94, 93]. Lateral displacement of the sternum towards the
concavity and lowering of the convex ribs produces additional narrowing of the convex
hemithorax resulting in asymmetry of the hemithoracic width and depth.

Lung function was found to be most impaired in hypokyphotic patients and expira-
tory volumes correlated negatively with the lordoscoliosis principle component (PC1).
Lung function impairment in lordoscoliosis was recognised early on by Winter et al.
who described severe respiratory compromise in patients with thoracic lordosis and
scoliosis [98]. Loss of lung volume due to sagittal flattening of the thorax aggravates
existing restrictive lung disease caused by the scoliosis. In addition to loss of thoracic
volume, extrinsic compression of airways is likely to contribute to lung function impair-
ment in lordoscoliosis. The SPi and EHr are deformity parameters which were proposed
in the context of airway obstruction in scoliosis and showed strong correlations with
FEV1 and FVC. Their high correlation with PC1 and presence as an explanatory vari-
able in the multivariate regressions suggests that spinal intrusion resulting in extrinsic
compression of airways plays a causative role in lung function impairment in lordosco-



74 CHAPTER 4. THORACIC DEFORMITY PARAMETERS

T
ab

le
4.2:

S
u

m
m

ary
o
f

p
re-o

p
erative

lu
n

g
fu

n
ction

,
rad

iograp
h

ic
an

d
C

T
-m

easu
red

d
eform

ity
p

aram
eters

L
en

ke
S

agittal
T

h
oracic

M
o
d

ifi
er

H
y
p

ok
y
p

h
osis

(-)
N

orm
ok

y
p

h
osis

(N
)

H
y
p

erk
y
p

h
osis

(+
)

K
ru

skal-W
allis

(n
=

18)
(n

=
21)

(n
=

10)
q-valu

e

A
g
e

a
t

P
F

T
(years)

18.1
6

(7.56)
14.4

(1.74)
19.35

(13.69)
0.67

F
E

V
1

(%
p

red
icted

)
50.69

(14.25)
63.53

(12.03)
69.39

(15.14)
0.008

∗†

F
V

C
(%

p
red

icted
)

57.8
4

(15.49)
66.86

(13.31)
71.42

(15.05)
0.046

†

F
E

V
1 /

F
V

C
(%

p
red

icted
)

87
.56

(9.5)
94.71

(5.7)
96.7

(6.22)
0.015

∗†

M
ain

th
ora

cic
scoliosis

(°)
70.96

(11.97)
75.89

(9.56)
81.47

(15.69)
0.133

T
5-T

12
k
y
p

h
osis

(°)
1.92

(6.32)
22.86

(8.5)
51.5

(10.14)
<

0.001
∗
†
?

E
n

d
o
th

o
racic

h
u

m
p

ratio
(%

)
52.8

2
(9.83)

44.71
(9.84)

40.37
(7.63)

0.004
∗†

S
p

in
a
l

p
en

etra
tion

in
d

ex
(%

)
17
.52

(4.59)
13.89

(3.3)
11.68

(2.62)
0.002

∗†

K
y
p

h
o
sis-lo

rd
o
sis

in
d

ex
(%

)
40
.0

3
(7.23)

47.7
(6.42)

52.3
(8.38)

0.002
∗†

C
h

est
fl

atn
ess

in
d

ex
(-)

2.03
(0.19)

1.85
(0.2)

1.79
(0.18)

0.011
∗†

H
aller

in
d

ex
(-)

3.49
(0.75)

2.74
(0.44)

2.48
(0.73)

0.002
∗†

P
H

S
r

(-)
2
.28

(0.66)
2.84

(0.66)
3.36

(1.06)
0.004

∗†

R
ib

h
u

m
p

in
d

ex
(%

)
61
.24

(34.81)
55.45

(33.92)
71.19

(51.99)
0.856

A
x
ial

verteb
ral

ro
tation

(°)
20
.4

1
(8.02)

21.38
(5.22)

25.22
(11.73)

0.856
T

h
ora

cic
rotation

(°)
58
.0

2
(15.66)

56.92
(10.46)

59.45
(17.29)

0.856
A

n
gle

of
tru

n
k

rotation
(°)

12.39
(5.19)

11.42
(4.97)

14.31
(10.26)

0.856
V

erteb
ral

tran
slation

ratio
(%

)
19
.2

4
(6.43)

21.89
(6.4)

23.44
(8.07)

0.133
H

D
A

i
(%

)
−

1
.7

4
(8.8)

−
2
.26

(6.21)
−

2.44
(14.41)

0.901
S

tern
u

m
-rib

ratio
(-)

1
.2

4
(0.1)

1.32
(0.17)

1.3
(0.2)

0.454

V
alu

es
a
re

m
ean

(stan
d

a
rd

d
ev

ia
tio

n
)

S
ig

n
ifi

can
t

d
iff

eren
ce

u
sin

g
p

o
st-h

o
c

D
u

n
n

’s
test

b
etw

een
:
∗h

y
p

ok
y
p

h
osis

(-)
an

d
n

orm
ok

y
p

h
osis

(N
);
†h

y
p

ok
y
p

h
osis

(-)
an

d
h
y
p

erk
y
p

h
osis

(+
);

?n
orm

ok
y
p

h
osis

(N
)

an
d

h
y
p

erk
y
p

h
osis

(+
)

grou
p

s
to
q
<

0.05.
A

b
b

rev
iation

s:
P

F
T

,
p

u
lm

o
n

a
ry

fu
n

ction
test;

F
E

V
1 ,

forced
ex

p
iratory

volu
m

e
in

1
secon

d
;

F
V

C
,

forced
v
ital

cap
acity

;
P

H
S

r,
p

osterior
h

em
ith

oracic
sy

m
m

etry
ra

tio;
H

D
A

i,
h

em
ith

oracic
d

ep
th

asy
m

m
etry

in
d

ex
.



4.6. DISCUSSION 75

Table 4.3: Variance explained by principle component analysis and Pearson correlation
coefficients between CT deformity principle component scores, lung function, Cobb angles
and individual CT deformity parameters (n = 49).

PC1 PC2 PC3 PC4

Variance explained 35.7 % 32.6 % 16.8 % 5.2 %
Cumulative variance explained 35.7 % 68.3 % 85.1 % 90.3 %

FEV1 −0.64 *** −0.01 0.03 0.09

FVC −0.62 *** −0.12 0.03 0.09

FEV1/FVC −0.12 0.34 * 0.01 −0.01

Main thoracic scoliosis 0.48 ** 0.69 *** 0.04 −0.09

T5-T12 kyphosis −0.42 ** 0.49 *** 0.07 0.01

Endothoracic hump ratio 0.88 *** −0.35 * 0.04 −0.12

Spinal penetration index 0.82 *** −0.35 * −0.01 −0.24

Kyphosis-lordosis index −0.61 *** 0.76 *** −0.11 −0.09

Chest flatness index 0.59 *** −0.63 *** 0.22 0.18

Haller index 0.57 *** −0.78 *** 0.08 −0.03

PHSr 0.19 0.75 *** 0.44 ** −0.27

Rib hump index 0.71 *** 0.55 *** −0.32 −0.01

Vertebral rotation 0.56 *** 0.65 *** −0.25 −0.04

Thoracic rotation 0.81 *** 0.43 ** 0.21 −0.09

Angle of trunk rotation 0.61 *** 0.55 *** −0.47 ** 0.12

Vertebral translation 0.44 ** 0.57 *** 0.67 *** 0.01

HDAi 0.33 * 0.19 −0.79 *** 0.35 *

Sternum-rib ratio 0.19 0.38 * 0.66 *** 0.59 ***

Abbreviations: FEV1, forced expiratory volume in 1 second; FVC, forced vital capac-
ity; PHSr, posterior hemithoracic symmetry ratio; HDAi, hemithoracic depth asymmetry
index.
* q <0.05; ** q <0.01; *** q <0.001
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(a) (b)

(c) (d)

Figure 4.2: Examples of patients with high principle component z-scores for the (a) first
(PC1), (b) second (PC2), (c) third (PC3) and (d) fourth (PC4) principle components.
Increased PC1 resembles the evolution of lordoscoliosis characterised by increase spinal
intrusion, thoracic rotation and sagittal flattening. PC2 represents a kyphoscoliosis
component which manifests in the form of increased thoracic depth, vertebral rotation
and hemithoracic width asymmetry. PC3 signifies lateral shearing of the thorax cat-
egorised by increased lateral distance between the spine and sternum. PC4 describes
the degree of sternal misalignment from the midline.
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(a) FEV1 (% pred.)

(b) FVC (% pred.)

(c) FEV1/FVC (% pred.)
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(d) Main thoracic Cobb (MT)

(e) T5-T12 kyphosis (TK)

Figure 4.3: Correlation coefficients of CT deformity parameters measured from T3 to
T12 with (a) FEV1, (b) FVC, (c) FEV1, (d) main thoracic Cobb (MT) and (e) T5-T12
thoracic kyphosis (TK) (n = 49). Abbreviations: KLi, kyphosis-lordosis index; EHr,
endothoracic hump ratio; RAsag, axial vertebral rotation; VRr, vertebral translation
ratio; RATR, angle of trunk rotation; HDAi, hemithoracic depth asymmetry index;
SRr, sternum rib ratio; RAML, thoracic rotation; SPi, spinal penetration index; RHi,
rib hump index; PHSr, posterior hemithoracic symmetry ratio; Haller, Haller index;
CFi, chest flatness index.
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Table 4.5: Multivariate regression results for the prediction of pre-
operative (n = 49) and post-operative changes (n = 40) in lung function
using radiographic parameters.

FEV1 Intercept MT TK Model Statistics

b 82.19 −0.409 0.408 r2 = 0.303
SE(b) 11.40 0.152 0.094 SE = 12.7

p < 0.001 0.010 < 0.001 -
β - −0.329 0.328 -

FVC Intercept MT TK Model Statistics

b 92.06 −0.453 0.310 r2 = 0.215
SE(b) 12.07 0.161 0.099 SE = 13.4

p < 0.001 0.007 0.003 -
β - −0.366 0.250 -

FEV1/FVC Intercept TK - Model Statistics

b 88.47 0.191 - r2 = 0.197
SE(b) 1.54 0.054 - SE = 7.4

p < 0.001 0.001 - -
β - 0.463 - -

∆FEV1 Intercept TK - Model Statistics

b 20.77 −0.317 - r2 = 0.330
SE(b) 2.05 0.070 - SE = 9.1

p < 0.001 < 0.001 - -
β - −0.589 - -

∆FVC Intercept TK - Model Statistics

b 18.15 −0.281 - r2 = 0.228
SE(b) 2.31 0.078 - SE = 10.3

p < 0.001 0.001 - -
β - −0.497 - -

∆(FEV1/FVC) Intercept ∆TK - Model Statistics

b 2.77 0.181 - r2 = 0.167
SE(b) 0.93 0.062 - SE = 5.7

p 0.005 0.005 - -
β - 0.426 - -

Abbreviations: MT, main thoracic scoliosis curve; TK, T5-T12 kypho-
sis; FEV1, forced expiratory volume in 1 second; FVC, forced vital ca-
pacity; r2, coefficient of determination adjusted for multiple regressors;
SE, standard error; b and β, unstandardised and standardised regression
coefficients respectively.
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Table 4.6: Multivariate regression results for the prediction of pre-operative (n = 49)
and post-operative changes (n = 40) in lung function using CT thoracic deformity
parameters.

FEV1 Intercept SPiT8 RATR,T8 HDAiT8 Model Statistics

b 107.15 −1.894 −1.605 0.497 r2 = 0.568
SE(b) 6.16 0.285 0.326 0.192 SE = 10.0

p < 0.001 < 0.001 < 0.001 0.013 -
β - −0.632 −0.535 0.166 -

FVC Intercept SPiT8 RHiT8 HDAiT8 Model Statistics

b 105.29 −1.524 −0.333 0.436 r2 = 0.508
SE(b) 6.039 0.304 0.069 0.191 SE = 10.6

p < 0.001 < 0.001 < 0.001 0.027 -
β - −0.510 −0.111 0.146 -

FEV1/FVC Intercept SPiT9 - - Model Statistics

b 101.23 −0.571 - - r2 = 0.068
SE(b) 4.28 0.270 - - SE = 7.9

p < 0.001 0.04 - - -
β - −0.295 - - -

∆FEV1 Intercept EHrT8 PHSrT8 - Model Statistics

b −40.88 0.970 3.866 - r2 = 0.474
SE(b) 10.33 0.158 1.877 - SE = 8.1

p < 0.001 < 0.001 0.046 - -
β - 0.775 0.260 - -

∆FVC Intercept EHrT8 PHSrT8 - Model Statistics

b −47.29 1.000 5.120 - r2 = 0.452
SE(b) 11.06 0.170 2.008 - SE = 8.6

p < 0.001 < 0.001 0.015 - -
β - 0.762 0.064 - -

∆(FEV1/FVC) Intercept PHSrT9 - - Model Statistics

b 11.51 −3.114 - - r2 = 0.119
SE(b) 3.29 1.230 - - SE = 5.9

p < 0.001 0.016 - - -
β - −0.376 - - -

Abbreviations: SPi, spinal penetration index; RATR, angle of trunk rotation;
HDAI, hemithoracic depth asymmetry index; RHi, rib hump index; PHSr, posterior
hemithoracic symmetry ratio; EHr, endothoracic hump ratio; FEV1, forced expira-
tory volume in 1 second; FVC, forced vital capacity; r2, coefficient of determination
adjusted for multiple regressors; SE, standard error; b and β, unstandardised and
standardised regression coefficients respectively. Subscripts denote vertebral level at
which parameters are measured.
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liosis. The kyphoscoliosis component is not significantly related to expiration volumes
but the positive correlation between PC2 and FEV1/FVC suggests that kyphoscoliosis
results in less airway resistance relative to lordoscoliosis. These results suggest that
both restrictive and obstructive lung disease play a role in lung function impairment in
scoliosis and is dependent on the sagittal profile of the spine and thorax.

Despite having the most impaired lung function pre-operatively, hypokyphotic sub-
jects gained the most lung function post-operatively such that their lung function was
no different from normo- or hyperkyphotic patients. The post-operative results showed
simultaneous correction of the coronal deformity and restoration of kyphosis which
may have contributed to the improvement. Previous studies on the relationship be-
tween lung function and scoliosis correction tend not to segregate patients based on the
sagittal profile. Demura et al. [99] (n = 154) reported no change in FEV1 or FVC when
correcting mean MT from 20.4° to 17.6° and TK from 20.4° to 17.6°. Kim et al [48] also
reported no change in FEV1 or FVC when using thoracic pedicle screws (n = 53); MT
was corrected from 62° to 17° and TK decreased from 24° to 15°. Posterior approaches
to scoliosis correction utilising pedicle screws have been known to generally decrease
kyphosis [100, 101]. The pre-post comparison suggests that although lordoscoliotic
subjects have diminished preoperative respiratory function relative to their normo- and
hyperkyphotic counterparts, differences in respiratory function between sagittal profiles
are resolved when natural kyphosis is restored postoperatively. de Jonge et al. [102]
showed that the Cotrel-Dubousset technique could increase kyphosis by 12° in thoracic
hypokyphosis, however only 55% were corrected back into the normal range of 20° to
40°. Suk et al. [103] demonstrated segmental pedicle screw fixation was more effective
at restoring kyphosis in hypokyphosis patients than multiple-hook fixation with mean
increases in kyphosis of 19.2° versus 10.0°. Targeting kyphosis restoration should be
made in patients with hypokyphosis and severe scoliosis if post-operative improvements
in respiratory function are to be achieved.

Although CT-based deformity parameters have a stronger relationship with lung
function than radiographic Cobb angles, additional CT imaging may pose unnecessary
radiation risk. Hoffman estimated that women with scoliosis undergoing multiple ra-
diographic studies are already 82% more likely to be diagnosed with breast cancer than
normal [104]; it is estimated that 22 radiographic examinations are already performed
over the course of scoliosis management [87]. To reduce radiation dosage of CT imag-
ing, modifications to thorax CT imaging has recently reduced radiation exposure to
between 0.1 and 0.6 mSV without affecting image quality or clinical evaluation [105].
However, despite such advances in CT protocol, these dosages remain 2-3 times greater
than traditional radiographs. With correlations between deformity parameters and
lung function maximising at the apical level, focusing the region of interest to the level
of the apical vertebrae may reduce radiation dose.

Alternatives to CT imaging which alleviate radiation exposure include magnetic
resonance imaging (MRI) and newer biplanar radiographic imaging methods such as
EOS (EOS Imaging, Paris France). Magnetic resonance imaging (MRI) has typically
been used for preoperative planning and to investigate spinal cord abnormalities [106].
It allows the assessment of the whole spine and thorax without additional radiation
exposure and has been shown to reveal 47% of bony anomalies omitted in radiographs
in congenital spinal deformities [107]. EOS acquires biplanar radiographs of the whole
body which can be combined to reconstruct the bony structures. It has been in clinical
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use since 2000 and has reduced radiation exposure by approximately 6 times over
conventional radiography. As a result of recent technical advances, a microdose protocol
has been developed further reducing the radiation dose to patients [108]. Thoracic
deformity parameters have already been derived from three-dimensional reconstructions
of the thoracic cage using EOS imaging [38]. These modalities offer alternative methods
with which thoracic deformity parameters can be measured with reduced radiation risk.

Both PFT results and Cobb angle measurements have been known to be position
dependent. Previous studies have demonstrated differences in measurements across
upright, prone and supine positions for Cobb angle, thoracic kyphosis and apical verte-
bral rotation [109, 110]. In the supine position, the scoliosis Cobb angle and vertebral
rotation tend to be reduced by approximately 20% to 30% while kyphosis is reduced by
an average of 8°. Posture dependent lung function changes have been demonstrated in
scoliosis [111]. Holden et al. found that lordoscoliosis patients observed improved lung
function when adopted a forward-flexed position [112]. Differences in position between
CT deformity parameters and PFT results may understate the relationship between
chest deformity and lung function. Supine PFTs could be performed in addition to
the conventional upright position in order to take into account changes in pulmonary
function due to position [113].

4.7 Conclusion

CT-based thoracic deformity parameters are better predictors of pulmonary function
in AIS than conventional Cobb angle measurements as changes to the thoracic configu-
ration are captured. Measures of spinal intrusion and the size of the rib hump featured
as significant factors in impairing lung function. The analysis revealed that patients
with lordoscoliosis have more impaired lung function than their normo- and hyper-
kyphotic counter parts which can be corrected post-operatively if natural kyphosis is
restored. Thoracic deformity parameters are useful indices that can provide additional
understanding of the mechanisms by which scoliosis impairs respiratory function.
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Table 4.7: Pre- and post-operative comparison of apical CT-based deformity
parameters (n = 9)

Pre-operative Post-operative q-value

Endothoracic hump ratio (%) 60.99 (12.92) 51.38 (11.19) 0.002 *
Spinal penetration index (%) 19.96 (5.96) 16.59 (4.33) 0.005 *
Kyphosis-lordosis index (%) 37.29 (8.15) 39.33 (7.41) 0.11
Chest flatness index (-) 2.09 (0.15) 1.88 (0.2) 0.007 *
Haller index (-) 3.79 (0.87) 3.52 (0.78) 0.18
PHSr (-) 2.95 (1.3) 2.37 (1.53) 0.17
Rib hump index (%) 90.71 (53.17) 44.03 (60.31) 0.023 *
Axial vertebral rotation (°) 25.98 (8.41) 19.49 (10.18) 0.13
Thoracic rotation (°) 72.55 (12.3) 53.43 (15.81) 0.002 *
Angle of trunk rotation (°) 16.12 (7.09) 8.59 (9.1) 0.010 *
Vertebral translation ratio (%) 25.43 (9.81) 16.08 (5.18) 0.005 *
HDAi (%) −1.71 (6.23) 1.2 (16.98) 0.63
Sternum-rib ratio (-) 1.32 (0.22) 1.26 (0.17) 0.46

Values are mean (standard deviation)
* Significant change between pre-operative and post-operative values using
pairwise t-test to q <0.05. Abbreviations: PHSr, posterior hemithoracic sym-
metry ratio; HDAi, hemithoracic depth asymmetry index.



Chapter 5

Airway Narrowing in Scoliosis

This chapter has been adapted from a prior publication [114].

5.1 Summary

In this chapter, the effect of scoliosis on the first three generations of the tracheo-
bronchial tree is analysed as a contributing factor to lung function impairment. Pre-
operative surgical planning computer tomography scans of patients with right-sided
thoracic scoliosis were retrospectively analysed and compared with non-scoliotic con-
trols. Three-dimensional models of spine and the airway tree were reconstructed. Based
on thoracic sagittal profile, patients were divided into hypokyphosis, normokyphosis
and hyperkyphosis groups. Lumen area of bronchi, bifurcation angles and minimum
spine–airway distance were measured. Airway lumen areas were compared between
controls and scoliosis patients and a correlation analysis was performed between spinal
and thoracic deformity, lumen area and lung function. Loss of kyphosis led to prox-
imity between the bronchus intermedius and spine. With decreasing kyphosis in right
thoracic scoliosis, the spine intrudes into the thorax producing a rightward deflection of
the bronchus intermedius and its branches around the spine causing airway narrowing.
Patients with increased airway resistance should be investigated for extrinsic bronchial
compression by the scoliosis. Kyphosis restoration is essential to relieve obstruction
and improve post-operative lung function.

5.2 Introduction

Although restrictive lung defects are the most prevalent pulmonary function abnor-
malities in scoliosis, obstructive or mixed lung disease with moderate to severe air
trapping has been reported in up to 46% of patients undergoing preoperative evalua-
tion for scoliosis surgery [63]. McPhail et al. [24] reported a prevalence of obstructive
lung disease in 39% of patients scheduled for operative correction of thoracic scoliosis.
Airway obstruction in patients with scoliosis and loss of thoracic kyphosis is probably
more common than generally appreciated; early diagnosis allows specific planning of the
scoliosis correction to restore lung function and to reduce postoperative complications
[115, 67]. There is a paucity of information on the relationship of the thoracic deformity
produced by the scoliosis and the effect on the bronchial tree. Extrinsic compression

85
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of the airway by the scoliosis causing loss of lung function may be wrongly attributed
to progression of restrictive lung disease. The purpose of this study was to measure
the 3D relationship of the spine and airways on CT reconstructions in patients with
idiopathic right thoracic scoliosis. Subsequently, scoliosis, kyphosis and spine–airway
proximity were correlated with airway narrowing and lung function to determine their
relationships.

5.3 Literature Review

Several studies have associated the presence of bronchial obstruction with scoliosis.
Al-kattan et al. [116] reported the presence of bronchial obstruction in three patients
with congenital kyphoscoliosis and lung function impairment. Upon bronchoscopic
examination, obstructed airways took on a slit-like appearance at the site of obstruction.
The location of the obstruction was found to be the right bronchus intermedius, right
middle lobe bronchus and left main bronchus in each of the cases. Stent placement
resulted in immediate improvements in both respiratory function and symptoms. The
spinal deformity of these patients was not described. Qiabi [65] presented a case of a 52-
year-old female with obstruction of the right bronchus intermedius who had previously
undergone surgical treatment for scoliosis at the age of 12. Despite the obstruction,
pulmonary function tests and volume-flow loops were normal. She was treated with a
metallic stent which resulted in re-expansion of the airway. There was no significant
change in the post-stenting pulmonary function tests. ter Wee et al. [117] presented
a 38-year-old male with severe lordoscoliosis who demonstrated compression of the
right lower lobar bronchus and atelectasis in the right lower lobe. Alotaibi et al. [64]
described a 13-year-old male with severe scoliosis who had previous spinal surgery. The
pulmonary function test revealed a scooped flow-volume curve with a fixed moderate-
to-severe obstruction pattern and evidence of air trapping. Bronchoscopy demonstrated
a compression of the right lower and middle lobes with slit-like appearance.

Ventilation-perfusion scans have been used to assess the severity of airway obstruc-
tion in scoliosis and to demonstrate the effectiveness of surgical intervention. Bartlett
et al. [67] described two cases of right-sided lordoscoliosis with obstruction of right
sided airways. The first case was a 4-year-old female with a thoracic scoliosis of 56°
and T5-T9 lordosis of 34°. Ventilation-perfusion studies showed that right lung perfu-
sion was 27% of cardiac output. The lordoscoliosis was corrected via posterior spinal
surgery with growing rod insertion and pedicle hooks and screws. Post-operative re-
sults showed coronal Cobb angle of 20° and thoracic lordosis of 5° whilst right lung
ventilation and perfusion improved to 45% and 44% respectively. The second case was
a 15-year-old female with thoracic scoliosis of 75° and a T5-T12 lordosis of 26°. CT of
the chest revealed obstruction of the right main bronchus which was wrapped around
the lordotic spine. The right lung contributed to 26% of total ventilation whilst right
sided perfusion was 24% of cardiac output. Following scoliosis correction via poste-
rior spinal fusion, coronal Cobb was reduced to 21° and thoracic kyphosis increased to
21°. Forced vital capcity improved from 28% to 54% predicted after surgery. Fujii et
al. [68] described an 18-year-old male with severe scoliosis of 91° and hypokyphosis of
6° with obstruction of the right main bronchus. Ventilation-perfusion scans revealed
decreased distribution to the right lung with 23% and 17% in the prone and supine
position respectively. The patient underwent posterior correction surgery with pedicle
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screws and a vertebral column resection was performed at T9 to decompress the right
main bronchus.

Thoracic deformity parameters have been proposed to quantify features which con-
tribute to extrinsic airway compression. Dubosset et al. [40] presented a case series of
scoliosis patients with mixed etologies and extrinsic airway compression. They intro-
duced the concept of the endothoracic hump, the internal protrusion of the vertebral
column into the thoracic cavity, as a key feature contributing to airway compression.
To quantify the endothoracic hump on CT images, they proposed the spinal penetra-
tion index (SPI) which is a ratio of the area occupied by the intruding spine relative
to the area of the thoracic cavity. Ito et al. [51] in a similar case series proposed the
endothoracic hump ratio (EHR) which simplifies the SPI by using distance instead of
area measurements. They reported post-operative improvements in lung function when
EHR and SPI were reduced.

Distortions to the thoracic bone structure have been shown to change the internal
configuration of the thorax leading to airway compromise. Andrews et al. [118] studied
2 cases of airway compression caused by spine and chest bone abnormalities (scoliosis,
pectus excavatum and chest flatness). Donnelly and Bisset [119] reviewed radiographic
and magnetic resonance images of six patients with mixed spine and thoracic deformi-
ties (pectus excavatum, scoliosis, thoracic asymmetry and abnormal ribs) and airway
obstruction. Three patients had compression of the trachea whilst the remaining three
had compression of the left main bronchus. Tatekawa et al. [120] reported the case
of a 15-year-old female with tracheobronchomalacia and hypoxemia due to severe sco-
liosis. Upon radiological evaluation, they found that the cervical trachea was wedged
between the innominate artery and the deformed spine as a result of the anteroposterior
narrowing of the thorax.

Although many case reports on airway obstruction in scoliosis exist in the litera-
ture, no systematic study has been conducted into quantifying the degree of obstruc-
tion, identifying which airways are affected or analysing the relationship between lung
function and airway narrowing in scoliosis.

5.4 Materials & Methods

5.4.1 Subjects

After institutional review board approval, a retrospective review of the surgeon’s imag-
ing database (Kodak Carestream PACS) was conducted to identify patients with id-
iopathic adolescent scoliosis with right-sided, thoracic curves and apical vertebra be-
tween the seventh and tenth thoracic vertebrae (T7-T10). Patients who underwent
computed tomography (CT) scans for pre-operative planning with pulmonary function
tests (PFTs) were included in the study. A total of 49 patients (36 female and 13 male)
with an average age of 16.8 years (standard deviation [SD] = 7.8 years, range of 10.0
to 39.8 years) met the inclusion criteria. Of the 49 patients included, 36 had post-
operative PFTs of which 9 also had post-operative CT scans. Patients were stratified
into three groups based on their Lenke sagittal thoracic modifier. Group ‘-’ included
patients with hypokyphosis (T5-T12 kyphosis < 10°), Group ‘N’ included patients with
normokyphosis (10° to 40° inclusive) and Group ‘+’ consisted of hyperkyphosis patients
(> 40°). Fifteen non-scoliotic controls were obtained from normal oncology staging CT
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examinations. Patients underwent a multidetector CT (64-MDCT Siemens Somatom
Scanner) at 0.6 mm collimation, 1 mm slice thickness and 0.7 mm reconstruction in-
crements. Control CT scans were obtained as part of routine clinical care and scoliotic
CT scans as part of preoperative planning.

5.4.2 Anatomical Variables

Image Segmentation CT scans were imported into Mimics v18.0 (Materialise N.V.,
Leuven, Belgium) in DICOM format. The spinal column from vertebrae T1 to T12 was
isolated via Hounsfield thresholding (above 225 HU) and the masks of individual ver-
tebrae manually segmented. The airways were segmented via a previously validated
semiautomatic region growing method (-1024 to -750 HU) as part of the Pulmonary
Module in Mimics [121]. Missing airways or leakages into the parenchyma were manu-
ally removed. Three-dimensional models were created by wrapping and smoothing the
masks in 3-matic v10.0 (Materialise N.V., Leuven, Belgium).

CT Deformity Parameters A plane of best fit was constructed for the superior
and inferior endplates of each vertebrae (Figure 5.1a) and the normal vector calculated.
For a given pair of vertebrae, the coronal and sagittal Cobb angles were determined
by calculating the angle between the superior and inferior vectors projected onto the
coronal and sagittal planes respectively. The main thoracic Cobb angle (MT) was
defined as the maximum coronal Cobb angle and the thoracic kyphosis (TK) Cobb
angle was measured between vertebrae T5 and T12. The SPI [40] and rib hump index
(RHI) [86] were also measured at the apical level (see Figure 4.1 and Table 4.1 for
landmark definitions).

Airway Parameters A skeleton centreline was generated from the three-dimensional
airway model (Figure 5.1b). Airway segments were truncated along a surface perpen-
dicular to the centreline and the volume and length were documented for each airway
segment. The average lumen area was calculated by dividing the lumen volume by the
segment length. Airway trajectories were calculated from proximal and distal bifur-
cation points of each airway. The bifurcation angles between daughter branches were
determined via the rearrangement of the dot product from the vectors of the daughter
branches. Airway trajectories were also measured relative to the axial, coronal and
sagittal planes.

Region of Interest The following airways were studied and shown in Figure 5.2:
trachea, right main bronchus (RMB), right upper lobe bronchus (RUL), bronchus
intermedius (BI), middle lobe bronchus (RB4+5), right lower lobe superior segmen-
tal bronchus (RB6), right lower lobe bronchus (RLL7), left main bronchus (LMB),
left upper lobe bronchus (LUL), left apicoposterior and anterior segmental bronchus
(LB1+2+3), left lingula bronchus (LB4+5), superior segment of the left lower lobe
(LB6) and left lower lobe bronchus (LLB).

Spine-Airway Distance The distance from the surface of the airway lumen to the
spine was computed for the whole airway tree and the minimum airway-spine distance
and the corresponding vertebra was documented for each airway segment.
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Normalisation Intersubject variability was accounted for by normalising airway lu-
men areas with the trachea lumen area measured at the T2 level. The spine-airway
distance was normalised by the T1-T12 spine length which was determined by summing
the distance between vertebrae centroids from T1 to T12. The mean trachea lumen
area was 148 ± 48 mm2 and 162 ± 49 mm2 for control and scoliotic subjects respec-
tively. The mean T1-T12 spine length was 235 ± 31 mm and 243 ± 26 mm for control
and scoliotic subjects respectively.

5.4.3 Lung Function Data

PFTs were conducted via forced manoeuvres in accordance with the joint American
Thoracic Society and European Respiratory Society standards [50]. Forced expiration
in 1 second (FEV1) and forced vital capacity (FVC) were measured (Jaeger Master-
Screen PFT pro) along with armspan. In calculating lung function predicted values,
arm span was used to estimate standing height to correct for scoliotic height loss and
age-related or post-operative height gains [23]. Estimated standing height was used
along with patient age at time of testing to determine the predicted values based on
reference data by the Global Lung Function Initiative [22]. FEV1, FVC and FEV1/FVC
are expressed as a percentage of their respective predicted values (% predicted).

5.4.4 Statistics

The nonparametric one-way ANOVA by ranks (Kruskal-Wallis) test followed by post
hoc pairwise multiple comparisons Dunn test were performed to determine whether
airway and deformity characteristics differed between groups. Pearson correlations co-
efficients were determined between airway, spinal and PFT variables. To study the ef-
fect of scoliosis correction on airway morphology, pairwise t-test was conducted between
pre- and post-operative results. The p-values from Pearson correlations, Kruskal-Wallis
tests, Dunn’s post-hoc test and pairwise t-test were corrected for multiple comparisons
(q-values) using the method proposed by Benjamini and Hochberg [52] with a thresh-
old of 0.05 corresponding to a false discover rate of 5%. All statistical analysis was
generated using the software R (http://www.R-project.org).

5.5 Results

5.5.1 Standing and supine Cobb angles

Supine CT measured MT and TK gave Pearson correlation coefficients of 0.75 and
0.81 respectively when compared to their radiographic standing equivalents (q <0.001).
Scoliosis was reduced by 12.9°, 12.0° and 9.28° from standing to supine whilst kyphosis
decreased by 1.4°, 7.9° and 22.3° for hypokyphosis, normokyphosis and hyperkyphosis
groups respectively.

5.5.2 Airway-Spine Proximity

Figure 5.3 shows the minimum airway-spine distance throughout the airway tree for
representative subjects from each group. Both hypokyphosis and normokyphosis sub-
jects showed increased airway-spine proximity for RMB, RUL, BI, RB4+5, RB6 and
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Figure 5.2: Segmented airway model with regions of interest highlighted in green. Ab-
breviations: RMB, right main bronchus; RUL, right upper lobe bronchus; BI, bronchus
intermedius; RB4+5, right middle lobe bronchus; RLL, right lower lobe bronchus; RB6,
right superior segmental bronchus; RLL7, right lower lobe bronchus; LMB, left main
bronchus; LUL, left upper lobe bronchus; LB1+2+3, left apicoposterior and anterior
segmental bronchus; LB4+5, left lingula bronchus; LB6, superior segment of the left
lower lobe; LLB, left lower lobe bronchus.
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RLL7 when compared to controls (q < 0.05). Reduced spine-airway distance occurs in
the region of the BI and its bifurcation which is more pronounced in the hypokyphotic
subjects. A mean reduction of 87%, 62% and 4% in distance was observed for BI in
hypokyphotic, normokyphotic and hyperkyphotic groups respectively. When compar-
ing the airway and spine landmarks, it was found that airway bifurcation points in
scoliotic patients were 0.65 ± 0.45 vertebral bodies lower than in controls. In patients
with scoliosis the bifurcation of RMB, BI and RLL were at the level of vertebral bodies
T6, T7 and T7/8 disk respectively. Airway lumen area was positively correlated with
airway-spine distance for RMB, BI, RB4+5, RB6 and RLL7 (r = 0.46, 0.62, 0.51, 0.64,
0.65 respectively; q < 0.05).

5.5.3 Lumen area

Normalised lumen areas are displayed in Figure 5.4. The majority of differences ap-
peared in right sided airways with high reductions in airways surrounding the BI tri-
furcation while left sided airways were not significantly affected other than LMB in the
hypokyphosis group. The lumen of BI was reduced by 45% and 23% in hypokyphosis
and normokyphosis relative to the control group whilst hyperkyphotic subjects did not
appear to be significantly affected. Significant reductions in RMB, RB4+5, RLL7 were
also observed when comparing hypokyphotic and normokyphotic patients with controls.
RB6 was reduced by approximately 40-60% across all scoliotic groups (q < 0.005).

Pearson correlations between lumen area, deformity parameters and lung function
are shown in Table 5.2. SPI showed the strong relationships with airway narrowing
and correlated negatively with right-sided airways and LMB (r = -0.32 to -63). TK
significantly correlated positively with right-sided and the trachea (r = 0.25 to 0.53).
MT correlated negatively with right-sided airways (in particular RB6 and RLL) and
LMB. RHI correlated negatively with right-sided airways (r = -0.29 to -0.56) other
than RB4+5.

Lumen area of the trachea and right-sided airways were found to correlate positively
with FEV1 and FVC (% predicted, r = 0.27 to 0.66) with RMB and airways surrounding
the BI bifurcation showing the strongest relationships. FEV1/FVC correlated positively
with lumen areas of the trachea, RMB, RUL, BI, RB6, RLL7 and LUL (r = 0.3 to
0.43).

5.5.4 Bifurcation Angles and Airway Trajectories

Bifurcation angles were found to be significantly reduced between the daughter branches
of BI (namely RB4+5, RB6 and RLL7) for hypokyphotic and normokyphotic subjects.
Narrowing of BI, RB6 and RLL7 correlated with the narrowing of trifurcation angles of
the BI (r = 0.55 to 0.68, q <0.001). Differences in airway trajectories were present with
RB6 being rotated towards the right in the axial plane by 22°± 13° in scoliotic subjects
(q = 0.03). In the coronal plane, significant differences were measured in BI (q <0.001)
and RLL7 (q <0.001) between groups. BI was more horizontal in the coronal plane by
14°, 10°and 8° in hypokyphosis, normokyphosis and hyperkyphosis respectively from
a control average of 156° ± 4°. As BI, RLL7 was elevated by a mean of 16.6°± 4° in
scoliotic subjects when compared to the control mean of 148 ± 8°. In the sagittal plane,
RB4+5 was angled inferior by 27°, 10° and 9° from the control mean of 119°± 6° in
hypokyphosis, normokyphosis and hyperkyphosis respectively (q = 0.01).
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Table 5.2: Pearson correlations between normalised airway lumen area, CT measured
Cobb angles, deformity parameters and lung function

Airway MT TK SPI RHI FEV1 FVC FEV1/FVC

Trachea −0.16 0.40 * −0.43 * −0.12 0.34 * 0.28 * 0.36 *

RMB −0.44 * 0.38 * −0.57 * −0.40 * 0.61 * 0.56 * 0.43 *

RUL −0.33 * 0.26 * −0.37 * −0.34 * 0.40 * 0.36 * 0.37 *

BI −0.29 * 0.53 * −0.63 * −0.29 * 0.60 * 0.55 * 0.42 *

RB4+5 −0.28 * 0.32 * −0.33 * −0.14 0.38 * 0.36 * 0.24

RB6 −0.65 * 0.25 * −0.51 * −0.56 * 0.63 * 0.60 * 0.31 *

RLL7 −0.56 * 0.47 * −0.64 * −0.55 * 0.66 * 0.62 * 0.39 *

LMB −0.26 * 0.18 −0.32 * −0.18 0.30 * 0.27 * 0.20

LUL −0.07 0.22 −0.10 −0.08 0.15 0.09 0.30 *

LB1+2+3 −0.07 −0.11 0.09 0.04 0.10 0.08 0.18
LB4+5 −0.08 0.24 −0.19 −0.11 0.18 0.13 0.26
LB6 −0.22 −0.06 −0.05 −0.21 0.19 0.19 0.10
LLB −0.08 0.07 0.06 −0.01 0.04 −0.01 0.26

* Significant Pearson correlation to q <0.05. Airway lumen are expressed as a fraction
of the trachea lumen area measured at the T2 level. Lung function data are expressed
as a percentage of their predicted values.
Abbreviations: MT, main thoracic curve; TK, T5-T12 thoracic kyphosis; SPI, spinal
penetarion index; RHI, rib hump index; FEV1, forced expiratory volume in 1 second;
FVC, forced vital capacity. Refer to Figure 5.2 for definition of airway segments.
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5.5.5 Post-operative Changes

The 9 patients with post-operative data consisted of 7 hypokyphosis, 1 normokypho-
sis and 1 hyperkyphosis. Table 5.3 shows the changes in deformity parameters, lung
function and airway areas as a result of surgery. Radiographic MT was corrected from
79.1° to 25.1° (q <0.001) and TK increased from 10.2°to 20.3°(q = 0.09). Mean SPI was
reduced from 20.0% to 16.6% (q = 0.005) whilst RHI decreased from 90.7% to 44.0%
(q = 0.03). Expiratory volumes increased with FEV1 increasing from 40.8% to 67.8%
(q = 0.001) and FVC increasing from 44.5% to 72.1% of predicted values (q <0.001).
Changes in the FEV1/FVC ratio were not significant (92.7% to 94.2% predicted, q =
0.53). Post-operative increases in lumen area were observed for RMB, RML, RB6 and
RLL (q <0.05).

5.6 Discussion

The results demonstrate that close proximity between spine and airway results in sig-
nificant airway narrowing. Distal to the RMB, loss of kyphosis was a strong predic-
tor of airway stenosis. The BI was reduced by 45% and 23% in hypokyphosis and
normokyphosis respectively but not significantly affected in hyperkyphosis. Patients
with hypokyphosis had on average a 42%, 62% and 66% reduction of normalised air-
way lumen area in RB4+5, RB6 and RLL7 respectively. Interestingly, RB6 was sig-
nificantly narrowed in all scoliotic groups when compared to controls. This is likely to
be due to the posterior trajectory of RB6 whose position coincides with the laterally
displaced spine. Previous reports have shown that bronchial compression occurs on the
convex side of a right thoracic scoliosis causing ventilation defects in the middle and/or
right lower lobe. Slit-like anteroposterior compression of the BI has been described on
bronchoscopy [67, 116, 51].

The trajectory of the BI and RLL7 showed a more horizontal trajectory with de-
creasing kyphosis. It can be hypothesised that the anterior protrusion of the spine
produces a rightward deflection of the trajectory of BI and RLL7. Furthermore, the
right hemithorax is rotated posteriorly wrapping the airway around the spine. Anteri-
orly, the right pulmonary artery or interlobar artery crosses anterior to the BI and it
seems plausible that the vessel has a causative role in the airway impingement (Figure
5.6) [122].

Winter et al. [98] reported decreased vital capacities due to reduced anterioposterior
diameters of the chest in patients with hypokyphosis. The results demonstrated that
hypokyphosis correlated negatively with FVC, FEV1 and FEV1/FVC. In 1970, Bjure
et al. [123] already indicated that airway closure was an aetiological factor of lung
function impairment in patients with severe scoliosis. Dubousset et al. [40] reported
direct airway compression by the scoliosis. They described the spinal penetration index
(SPI) which is a transverse plane measurement obtained by CT to quantify the spinal
intrusion into the thorax. High SPI measured with biplanar stereoradiographic recon-
struction have shown to correlate with the presence of obstructive lung disease [38]. It
is likely that different pathophysiological mechanisms result in the loss of lung function
in patients with scoliosis. Disturbed chest mechanics and reduced lung volumes lead
to a restrictive lung defect while airway narrowing increases airway resistance, particu-
larly in patients with severe scoliosis and decreased thoracic kyphosis, causing a mixed
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Table 5.3: Pre-post-operative comparison of deformity parameters, lung function and
normalised airway lumen areas.

Pre-operative Post-operative Pairwise t test
(n = 9) (n = 9) q-value

Age 18.37 (7.08) 20.84 (6.74) 0.001 *

Radiographic MT (°) 79.1 (18.41) 25.14 (12.71) < 0.001 *

CT measured MT (°) 70.57 (17.99) 34.27 (12.1) < 0.001 *

Radiographic TK (°) 10.18 (21.38) 20.3 (16.82) 0.037 *

CT measured TK (°) −0.08 (20.3) 14.36 (12.01) 0.019 *

SPI (%) 19.96 (5.96) 16.59 (4.33) 0.005 *

RHI (%) 90.71 (53.17) 44.03 (60.31) 0.026 *

FEV1 (% predicted) 40.8 (10.28) 67.77 (16.31) 0.001 *

FVC (% predicted) 44.49 (12.61) 72.14 (20.16) < 0.001 *

FEV1/FVC (% predicted) 92.69 (11.12) 94.28 (5.47) 0.53

Trachea 0.83 (0.08) 0.89 (0.06) 0.263

RMB 0.48 (0.09) 0.55 (0.1) 0.045 *

RUL 0.15 (0.07) 0.21 (0.06) 0.12

BI 0.21 (0.09) 0.29 (0.08) 0.037 *

RB4+5 0.06 (0.03) 0.09 (0.04) 0.040 *

RB6 0.02 (0.02) 0.06 (0.03) 0.040 *

RLL 0.04 (0.05) 0.12 (0.05) 0.045 *

LMB 0.33 (0.08) 0.36 (0.09) 0.11
LUL 0.28 (0.05) 0.27 (0.06) 0.69
LB1+2+3 0.18 (0.08) 0.16 (0.08) 0.42
LB4+5 0.09 (0.03) 0.08 (0.01) 0.17
LB6 0.09 (0.03) 0.08 (0.03) 0.30
LLB 0.16 (0.07) 0.16 (0.07) 0.69

* Significant difference between pre- and post-operation results using pairwise t test to q
<0.05. Airway lumen are expressed as a fraction of the Trachea lumen area measured at
the T2 level.
Abbreviations: MT, main thoracic curve; TK, T5-T12 thoracic kyphosis; SPI, spinal
penetarion index; RHI, rib hump index; FEV1, forced expiratory volume in 1 second;
FVC, forced vital capacity. Refer to Figure 5.2 for definition of airway segments.
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ventilatory defect. Based on the results, spirometric evaluation of patients with scolio-
sis and reduced thoracic kyphosis is recommended. Patients with reduced FEV1/FVC
ratios or FVC <65% predicted are likely to suffer significant pulmonary morbidity and
should undergo further diagnostic workup [26]. Flow volume patterns are frequently
normal in patients with bronchomalacia [51, 124, 65]. Air trapping reflected in an
increased ratio of residual lung volume to total lung capacity and increased airway re-
sistance can indicate airway narrowing with expanded pulmonary function testing by
body plethysmography [20].

Bronchial obstruction leads to physiological disturbance based on location, degree
of narrowing and the history of the stenosis. The morphological analysis has shown
that with increased hypokyphosis, airway narrowing begins more proximal at the BI
potentially limiting airflow of the right middle lobe and lower lobe which each contribute
in health to 9% and 25% of total lung volume respectively [124]. Several mechanisms can
exacerbate the stenosis of the airway. Increased intrapleural pressure during expiration
narrows the airway increasing resistance and decreasing flow. Bernoulli’s principle
states that increased velocity through the narrowed airway occurs simultaneously with
a decrease in internal airway pressure. The more stenotic the airway and the more
forceful the expiration the more likely the airway will obstruct [125]. Early recognition
of airway stenosis is important before obstruction becomes chronic, causing atelectasis
and recurrent infection with irreversible loss of lung function [115, 117].

Location and characterisation of the narrowing is paramount to plan surgical correc-
tion of the scoliosis and decompress the obstructed airway. There is no agreement on the
diagnostic workup for extrinsic compression of the airway by scoliosis. Bronchoscopy
with forced expiratory manoeuvres is the current ‘gold standard’ for the diagnosis of
bronchomalacia of the trachea and main stem bronchi [126]. Bronchoscopy is performed
under sedation and requires the patient to inhale and forcibly exhale when instructed.
Due to the invasive nature and risk of complications, it may not be appropriate to per-
form bronchoscopic examinations in the immediate period prior to scoliosis correction,
particularly in patients with impaired respiratory function.

CT scanning allows objective delineation of the location, extent and adjacent re-
lationships of anatomic structures including spine and vasculature causing extrinsic
airway compression. CT allows simultaneous evaluation of lung and spine for surgi-
cal planning of the scoliosis correction [127]. Low-dose dynamic CT including end-
inspiratory and dynamic-expiratory imaging has shown a high level of concordance
with bronchoscopy in the diagnosis of tracheobronchomalacia [128]. There is potential
for high radiation doses with CT, thus adherence to pediatric guidelines to produce
diagnostic images without excessive radiation exposure is mandatory [129]. Dynamic
volumetric CT technique has demonstrated the ability to obtain diagnostic images at
low radiation dose and much less than previous paired inspiratory and expiratory CT
techniques [130].

Ventilation/perfusion scanning is not used routinely in the assessment of patients
with scoliosis but can provide a regional functional assessment in patients with signifi-
cant respiratory symptoms. Use of krypton-81m as a ventilation agent with its ability
to assess tidal breathing has been used to assess the posture dependant right bronchial
obstruction in patients with scoliosis [111].

In the future, hyperpolarized helium-3 (HP 3He) magnetic resonance imaging (MRI)
may provide accurate airway lumen measurement and dynamic imaging with regional
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lung function assessment without the use of ionising radiation [131]. It is likely that
these techniques will lead to a better understanding of the pathophysiology of respi-
ratory disease in scoliosis translating to improved care and specific scoliosis correction
techniques.

In hypokyphotic subjects, postoperative improvements in lung function coincide
with the re-expansion of right-sided airways [67, 68]. Respiratory complications such
as hyperinflation and atelectasis have been reported to improve post scoliosis correction
[132, 51]. Whilst distal airways may benefit from scoliosis correction and derotation
of the spine, insufficient coronal correction may not resolve the obstruction of more
proximal airways. Correction techniques which have been shown to successfully target
kyphosis restoration should be adopted for patients with severe curves and hypokypho-
sis to restore airway conductance [102, 133].

There are several limitations to this study. The preoperative CT scans analysed
in this study were performed as planning scans prior to correction of the scoliosis
via spinal instrumentation and were not controlled with respect to respiratory phase.
Thus, end-expiration lumen reductions were not captured. Secondly, the scans were
performed on larger deformities with abnormal sagittal profiles and as such represent
a more severe sample of patients with idiopathic scoliosis. Idiopathic hyperkyphosis
is rare and consequently the sample size is relatively small. Thirdly, the scans were
obtained in the supine position changing the coronal and sagittal alignment of the spine.
Posture dependant lung function changes have been demonstrated in patients with
scoliosis. The supine position further decreases thoracic kyphosis producing additional
narrowing of the airways [111, 112].

5.7 Conclusion

The morphological analysis of large airways in patients with right idiopathic thoracic
scoliosis demonstrated that the loss of thoracic kyphosis causes right-sided airway nar-
rowing. More severe hypokyphosis led to more proximal and severe narrowing in the
bronchus intermedius and its surrounding airways. FEV1/FVC correlated positively
with airway lumen area, implying an obstructive element to lung function impairment
in patients with scoliosis and loss of kyphosis. Preoperative diagnosis of extrinsic air-
way narrowing by the scoliosis is essential to plan scoliosis correction techniques that
can adequately decompress the airway. Although decrease in lung function in patients
with scoliosis is multifactorial, morphological changes in airways from variance in the
sagittal profile play an more important role in impairing lung function than is generally
appreciated.
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Figure 5.6: Subject with scoliosis (MT = 62°) and hypokyphosis (TK = 4.6°). Intra-
venous contrast allowed the segmentation of the pulmonary arterial structure. Shown
are T1–T10 vertebrae (bone), airway lumen (green) and pulmonary artery (blue) dis-
played from the (a) sagittal and (b) coronal perspectives. The right pulmonary artery
(RPA) crosses anteriorly to the bronchus intermedius (BI) impinging the airway against
the spinal column.



Chapter 6

Lung Volumes and Attenuation

6.1 Summary

In this chapter, the relationship between lung volumes, air-trapping, atelectasis, pul-
monary function and thoracic deformity are examined in patients with adolescence
idiopathic scoliosis (AIS). Segmentations from computed tomography imaging is used
to measure airway lumen cross-sectional areas (CSA), lung volume and the propor-
tion of hyper-aerated and non-aerated volume (proxies for air-trapping and atelectasis
respectively) within the lung. Lung volumes, right-left lung volume asymmetry, the
degree of hyper- and non-aerated volume in each lung were correlated with deformity
parameters, lung function and airway narrowing. The right (convex) lung was found
to decrease relative to the left (concave) lung with increasing spinal intrusion and rib
hump. Right-left lung volume ratio correlated positively with FEV1, FVC and right-
sided airway CSA. Scoliosis, rib hump formation and spinal intrusion were found to
result in right-sided atelectasis; and right-sided air-trapping correlated with spinal in-
trusion, FEV1 and FEV1/FVC. FEV1/FVC, an indicator of airway conductance, was
shown to decrease with increased spinal intrusion and increase with atelectasis. Patients
with reduced expiratory volumes and hypokyphotic profiles should be investigated for
airway obstruction as atelectasis can mask the effects of severe airway obstruction with
normal FEV1/FVC values. The combination of low expiratory volumes and normal
FEV1/FVC may be misinterpreted as severe restrictive lung disease. Postoperatively,
gains in lung function parameters were found to improve with preoperative spinal in-
trusion and decrease with preoperative atelectasis. These results suggest that patients
with hypokyphosis can expect to regain lung function following decompression of ob-
structed airways but existing atelectasis may have already caused irreversible damage
to the lung structure.

6.2 Introduction

Scoliosis has generally been associated with the development of restrictive lung dis-
ease [134], however, obstructive lung disease [24], incidence of air-trapping [63, 64] and
presence of atelectasis [51, 40, 66, 117] have previously been reported in patients with
AIS. Although pulmonary function tests can give an aggregated assessment of lung
function, regional pulmonary abnormalities such asymmetrical ventilation, atelectasis
and air-trapping are difficult to identify and only confirmed upon additional radiolog-
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ical examination. Such regional information is of importance in identifying patients
with curve phenotypes at additional risk of pulmonary impairment as well as effective
treatment strategies. The objective of this study is to analyse the relationship between
thoracic deformity, pulmonary function, lung volumes and lung attenuation.

6.3 Literature Review

Computed tomography has been previously used to study the effects of scoliosis on lung
volume and lung volume asymmetry. Chun et al. [135] studied convex-concave lung
volume asymmetry in 77 AIS patients with predominately thoracic/thoracic-lumbar
double curves (68 King type II, 9 King type III). The patients had a mean Cobb angle
of 33.3°, kyphosis angle of 16.0° and were free of respiratory symptoms (patients with
respiratory symptoms, FEV1/FVC <80% or FEV1 <80% predicted were excluded from
their sample). They found that right to left lung volume ratio was negatively correlated
to kyphosis (r = -0.26, p = 0.01) and positively correlated to axial rotation (r = 0.271,
p = 0.007). The authors attributed the greater loss of volume on the concave side due
to loss of vertical height, a concept illustrated radiographically via the space available
for lung ratio [44]. However, in a similar study of 28 individuals with predominately
Lenke 1 curves, Adam et al. [60] found that the convex lung decreased more relative to
the concave lung with increasing rib hump size. The authors attributed the decrease
in the right-left ratio to the spine being rotated into the convex hemithorax impinging
the right lung. In their study, no relationship between kyphosis and lung volumes was
found.

The presence of air-trapping and pulmonary atelectasis in scoliosis has been de-
scribed sparsely in the respiratory and spine literature. Alotaibi et al. [64] and
Al-Kattan et al. [116] reported the presence of air-trapping in scoliosis as the re-
sult of airway narrowing and bronchial torsion. Boyer et al. [63] found that 46% of
pre-operative scoliosis patients had moderate to severe gas trapping as measured by
plethysmography-functional residual capacity to helium dilution ratio. The presence
of atelectasis in scoliosis has been described to manifest on the convex side in patients
with high spinal intrusion [51, 40]. Surgical correction of the scoliosis and restoration
of thoracic kyphosis has been reported to resolve pre-operative atelectasis through the
decompression of airways on the convex side [51, 132, 66]. Ito et al. [51] presented a case
series of 6 patients with mixed etiology who showed airflow obstruction as a result of
intrusive endothoracic vertebral hump within the thorax. In 4 of the cases, preoperative
atelectasis was present in the lower lobe of the convex hemithorax. Postoperatively, the
spinal penetration index (SPi) improved from 23% to 16% and lessening of atelectasis
was observed in all patients. Lung function improved post-operatively with mean FVC
improving from 45.5% to 63.7% predicted. However, despite restoration of thoracic
kyphosis and decompression of airways, the authors found no obvious difference be-
tween pre- and post-operative FEV1/FVC (89.0% and 89.3% predicted respectively).
Goussard et al. [66] reported the case of a 17-year-old male with cerebral palsy, 107°
scoliosis, narrow chest, obstruction of the bronchus intermedius and collapse of the
right middle and lower lobes. Posterior correction with fusion from T2 to the pelvis
resulted in the re-expansion of collapsed lobes. Imagama et al. [132] presented a case
report of a 7-year-old female with arthrogryposis multiplex congenita who developed
a 65° right-sided thoracic scoliosis and a 13° thoracolumbar lordosis. Chest computed
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tomography (CT) showed obstruction of right bronchi due to intrathoracic vertebral
protrusion resulting in atelectasis of the right lower lobe. The lordoscoliosis was cor-
rected posteriorly and resulted in a reduction of the scoliosis to 14° and a thoracic
kyphosis of 9°. Post-operative CT showed resolution of the atelectasis.

Late recognition of the potential for hypokyphotic sagittal profiles to cause chronic
bronchial compression, or failure of scoliosis correction to restore natural kyphosis,
have been reported to result in recurrent pulmonary infections with irreversible lung
destruction [136, 117]. ter Wee et al. [117] described a 38-year-old male with right-sided
thoracic lordoscoliosis who presented with intermittent fever and position-dependent
cough. Bronchoscopy examination revealed a stenosis of the right lower lobe bronchus
which could be passed with a brush resulting in the discharge of purulent sputum
upstream. Computed tomographic scanning confirmed extrinsic compression of the
right lower lobe bronchus and atelectasis of the right lower lobe. Lung function test
reveal reduced lung volumes, with total lung capacity, forced vital capacity and forced
expiratory volume in 1 second at 57%, 54% and 44% of predicted values respectively.
Due to the presence of atelectasis and intermittent fever over a period of 5-years, it
was assumed that the right lower lobe was destroyed and a lobectomy was performed
to remove the affected lobe. No reoccurrence of symptoms or pulmonary dysfunction
appeared post-operatively. Histological examination of the right lower lobe showed
fibrosis and evidence of chronic inflammation. van Ooij et al. [136] presented a case
of flat-back syndrome in a 40-year-old female who received scoliosis correction surgery
via Harrington instrumentation in 1976. Over a 26-year period post-operation, the
patient experienced several episodes of severe dyspnea. Figure 6.1 shows the computed
tomography scan 18-years post-operation showing an estimated SPi of 23.1%, bronchial
obstruction of the right-sided airways caused by vertebral compression (red arrow) and
destruction of the right lower lobe (blue arrow). Lateral spine radiographs showed a
flattened thoracic spine with 3° of kyphosis between T5 and L1. Ventilation-perfusion
scans showed lack of both perfusion and ventilation of the right lung. Forced vital
capacity was reported as 20% of predicted with blood gas analysis showing hypoxia.

Identification of regions within the lung with similar attenuation can often provide
information about the level of lung function and cause of impairment. A common
classification segregates the lung volume into regions of functional interest based on
the attenuation in Hounsfield units (HU): hyper-aerated (<-900 HU), normo-aerated
(between -900 and -500 HU), hypo-aerated (-500 to -100 HU) and non-aerated regions
(-100 to 100 HU) [137, 138, 139]. The non-aerated volume criteria has been used exten-
sively in the anaesthesia literature to quantify post-operative atelectasis in anesthetised
patients [140, 141, 142]. Common quantification of air-trapping is based on the pro-
portion of voxels in expiratory CT with an attenuation below -856 HU (EXP-856) and
an expiratory to inspiratory ratio of the mean lung density (E/I-ratioMLD) [143, 144].
Although atelectasis and air-trapping has been reported to manifest in the convex mid-
dle and lower lobes in scoliosis patients with hypokyphosis and airway obstruction, no
study to date has quantified the proportion of the affected regions or correlated CT-
measured atelectasis or air-trapping with thoracic deformity and pulmonary function
tests in scoliosis.
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Figure 6.1: van Ooji et al. [136] reported a case of extrinsic bronchial compression (red
arrow) and destroyed convex lung (blue arrow) 18 years post-operation in a patient
with narrowed anterior-posterior chest. Forced vital capacity was 20% of predicted and
the convex lung showed no perfusion or ventilation on perfusion scans. Image adapted
from [136].

6.4 Materials & Methods

6.4.1 Subjects

A retrospective review of the surgeon’s imaging database between 2015 and 2019 (Ko-
dak Carestream PACS) at the Scottish National Spine Deformity Service was conducted
to identify severe Lenke type 1 or 2 AIS patients with right-sided, thoracic curves with
an apex between the seventh and tenth thoracic vertebrae (T7-T10). Patients who
underwent pre-operative planning CT imaging and pulmonary function tests (PFT)
were included. Patients with evidence or a history of primary obstructive lung disease
were excluded. A total of 48 patients (35 female and 13 male, all Caucasian) with
a mean age of 16.8 years (standard deviation [SD] = 7.9 years, range = 10.0 to 39.8
years) met the inclusion criteria. Patients underwent scoliosis correction surgery by
posterior instrumental fusion using segmental pedicle screws and rods. Out of the 48
patients, 41 patients had post-operative PFTs at 1-year follow-up. Patients underwent
a multidetector CT (64-MDCT Siemens Somatom Scanner) at 0.6 mm collimation, 1
mm slice thickness and 0.7 mm reconstruction increments.

6.4.2 Image Segmentation

Image segmentation was performed using Mimics v18.0 (Materialise N.V., Leuven, Bel-
gium). CT images were imported into Mimics in DICOM format (Figure 6.2 (a)).
Airways were segmented using the in-built airway segmentation algorithm in Mimics.
Lungs were segmented via an initial thresholding between -1024 HU and -500 HU (Fig-
ure 6.2 (b)). Peripheral atelectatic regions which were not captured were included into
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(a) (b)

(c) (d)

(e)

Figure 6.2: Methodology for the segmentation and measurement of lung volumes. (a)
The original CT image. (b) Lungs were segmented by by thresholding between -1024
HU and -500 HU; the airway lumens were trimmed off from the mask. (c) Three-
dimensional (3D) models which were wrapped and smoothed to fill holes less than 15
mm wide. (d) A new mask following the contour of the 3D model was mapped onto
the CT slices. (e) Additional thresholding was applied on the new mask to identify
hyper-aerated (-1024 to -900 HU, green) and non-aerated (-100 to 100 HU, red) voxels.
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the region of interest by tracing the contour of the rib structures. A smoothed and
wrapped three-dimensional (3D) model was created from the masks with holes less
than 15 mm wide filled using the wrap and smoothing functions in Mimics (Figure 6.2
(c)). A new mask was generated which conformed to the contours of the 3D model
(Figure 6.2 (d)). Voxels of hyper-aerated (-1024 to -900 HU, green) and non-aerated
(-100 to 100 HU, red) regions were segregated based on the voxel attenuation (Figure
6.2 (e)).

6.4.3 Lung Volume Parameters

The degree of atelectasis and air-trapping in each lung was estimated by dividing the
number of non-aerated and hyper-aerated voxels with the total number of voxels within
each lung respectively. The proportion of non-aerated volume (Vnon,RL and Vnon,LL)
and hyper-aerated volume (Vhyper,RL and Vhyper,LL) were expressed as a percentage of
the volume of the individual right and left lungs respectively. The right-left lung volume
ratio (VRL:VLL) was determined by dividing the number of voxels in the right lung with
that of the left lung. Reference values for right (VRL), left (VLL) and total (VTotal)
lung volumes were calculated for patients under 20 years of age using 50 percentile
reference data from Gollogly et al. [145] and expressed as a percentage of the predicted
value (n = 41). An index of airway cross sectional area was created by summing the
lumen areas of the first three generations of airways in the right and left lung (CSARL

and CSALL). CSARL consisted of the cross-sectional areas of the right main bronchus
(RMB), right upper lobe bronchus (RUL), bronchus intermedius (BI), middle lobe
bronchus (RB4+5), right lower lobe superior segmental bronchus (RB6), right lower
lobe bronchus (RLL7). CSALL consisted of the left main bronchus (LMB), left upper
lobe bronchus (LUL), left apicoposterior and anterior segmental bronchus (LB1+2+3),
left lingula bronchus (LB4+5), superior segment of the left lower lobe (LB6) and left
lower lobe bronchus (LLB). CSARL and CSALL were normalised by the trachea cross-
sectional area measured at the T2 level.

6.4.4 Spine and Thoracic Deformity Parameters

The main thoracic curve (MT) and T5-T12 thoracic kyphosis (TK) were measured on
coronal and sagittal radiographs using the Cobb method. The spinal penetration index
(SPi) [40], endothoracic hump ratio (EHr) [51] and rib hump index (RHi) [86] were
measured at the apical level on axial CT images.

6.4.5 Lung Function Data

PFTs were conducted via forced manoeuvres in accordance with the joint American
Thoracic Society and European Respiratory Society standards [50]. Forced expiration
in 1 second (FEV1) and forced vital capacity (FVC) were measured (Jaeger Master-
Screen PFT pro) along with armspan. In calculating lung function predicted values,
arm span was used to estimate standing height to correct for scoliotic height loss and
age-related or post-operative height gains [23]. Estimated standing height was used
along with patient age at the time of testing to determine the predicted values based on
reference data by the Global Lung Function Initiative [22]. FEV1, FVC and FEV1/FVC
are expressed as a percentage of their respective predicted values (% predicted).



6.5. RESULTS 109

Table 6.1: Summary of pulmonary function test results, radio-
graphic and deformity parameters and lung volume parameters.

Age (years) 16.78 (7.91) (10.0 to 39.8)
FEV1 (% pred.) 59.54 (15.02) (26.74 to 88.99)
FVC (% pred.) 64.02 (14.99) (24.72 to 91.46)
FEV1/FVC (% pred.) 92.44 (8.31) (74.43 to 107.61)

MT (°) 75.39 (12.33) (50.7 to 105.4)
TK (°) 20.98 (20.1) (-13.99 to 78.45)
RHi (%) 60.74 (38.48) (14.59 to 182.52)
SPi (%) 14.86 (4.3) (8.17 to 27.46)
EHr (%) 46.94 (10.54) (29.68 to 83.8)

VRL (% pred.) † 69.32 (22.04) (39.27 to 130.82)
VLL (% pred.) † 73.26 (24.18) (38.76 to 132.88)
VTotal (% pred.) † 71.04 (22.26) (38.98 to 131.09)
VRL:VLL (-) 1.14 (0.21) (0.68 to 1.88)
Vnon,RL (% RL) 5.16 (3.02) (1.44 to 18.95)
Vnon,LL (% LL) 4.55 (1.55) (1.69 to 8.18)
Vhyper,RL (% RL) 15.68 (10.74) (0.01 to 39.25)
Vhyper,LL (% LL) 15.72 (10.36) (0.05 to 39.41)
CSARL (-) 1.33 (0.34) (0.54 to 1.92)
CSALL (-) 1.45 (0.29) (1.00 to 2.25)

Values are mean (standard deviation) (range).
† n = 41 due to age range of reference data (0 to 20 years)
Abbreviations: RL, right lung; LL, left lung; Total, total lung;
CSA, airway cross-sectional area.

6.4.6 Statistics

Lung volume parameters were correlated with spine and thoracic deformity parameters,
as well as airway CSA and lung function, using the Pearson method. The p-values
from Pearson correlations were corrected for multiple comparisons (q-values) using the
Benjamini and Hochberg method [52] with q-value threshold of 0.05 corresponding
to a false discover rate of 5%. Multivariate step-wise regression was also performed
using lung volume, airway CSA and deformity parameters to predict pre-operative lung
function and post-operative lung function change. Regression coefficients for individual
predictors (b), their standard errors (SE(b)) and standardised coefficients (β) along with
the adjusted coefficient of determination for multiple comparisons (r2) are reported. All
statistical analysis was implemented using the statistical software R (http://www.R-
project.org).

6.5 Results

A summary of pre-operative pulmonary function, deformity parameters, lung and air-
way parameters can be found in Table 6.1. Mean preoperative MT was 75.4° (50.7° to
105.4°) and mean TK was 21.0° (-14.0° to 78.5°). Percent-predicted volumes were not
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Table 6.3: Multivariate stepwise regression results for the prediction of pre-
operative (n = 48) and post-operative changes (n = 41) in lung function using
CT thoracic deformity, airway and lung volume parameters.

FEV1 Intercept RHi Vhyper,RL CSARL Model Statistics

b 48.644 −0.156 −38.602 19.892 r2 = 0.569
SE(b) 7.514 0.039 13.689 4.427 SE = 9.86

β - −0.401 −0.276 0.450 -
p < 0.001 < 0.001 0.007 < 0.001 -

FVC Intercept RHi CSARL - Model Statistics

b 53.467 −0.196 16.906 - r2 = 0.468
SE(b) 7.632 0.043 4.833 - SE = 10.93

β 7.005 −0.504 0.383 - -
p < 0.001 < 0.001 0.001 - -

FEV1/FVC Intercept Vnon,RL Vhyper,RL CSARL Model Statistics

b 81.427 68.371 −23.980 8.459 r2 = 0.267
SE(b) 5.500 34.978 9.952 3.157 SE = 7.11

β - 0.249 −0.310 0.345 -
p < 0.001 0.047 0.020 0.010 -

∆FEV1 Intercept SPi Vnon,RL - Model Statistics

b - 1.993 −1.451 - r2 = 0.403
SE(b) - 0.370 0.502 - SE = 8.51

β - 0.788 −0.423 - -
p - < 0.001 0.006 - -

∆FVC Intercept SPi Vnon,RL - Model Statistics

b - 1.877 −1.300 - r2 = 0.321
SE(b) - 0.411 0.558 - SE = 9.46

β - 0.712 −0.363 - -
p - < 0.001 0.025 - -

∆FEV1/FVC Intercept SPi Vnon,RL - Model Statistics

b - 0.611 −0.929 - r2 = 0.123
SE(b) - 0.269 0.364 - SE = 6.18

β - 0.403 −0.452 - -
p - 0.029 0.015 - -

Abbreviations: ∆, post-operative change; RHi, rib hump index; SPi, spinal pen-
etration index; RL, right lung; Vhyper, hyper-areated volume; Vnon, non-areated
volume; CSAhyper,RL, airway cross-sectional area index.
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(a)

(b)
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(c)

(d)

Figure 6.3: Correlations between the spinal penetration index (SPi), (a) right-left lung
volume ratio, (b) right lung airway cross-sectional area index, (c) right lung non-aerated
volume and (d) FEV1/FVC. As the scoliotic spine intrudes into the convex hemithorax,
right-sided airways are obstructed in addition to the restriction. Formation of atelec-
tasis is seen in patients with SPi greater than 25%. Despite having obstructed airways,
patients with reduced expiratory volumes, high SPi and atelectasis can exhibit normal
FEV1/FVC values which may be misinterpreted as purely a restrictive effect.
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(a) Subject 1: Pre-operative (b) Subject 1: Post-operative

(c) Subject 2: Pre-operative (d) Subject 2: Post-operative

Figure 6.4: Pre- and post-operative comparison of non-aerated volume (Vnon), shown
in red (-100 ≤ HU <100), within the lung in two atelectatic subjects. The first patient
is shown in the first row. Scoliosis (MT) was corrected from 105.4° to 45.6°; T5-
T12 thoracic kyphosis (TK) remained unchanged at 12° but the spinal penetration
index (SPi) was reduced from 26.2% to 22.2% and the endothoracic hump ratio (EHr)
decreased from 83.8% to 68.2%. CT measured lung volume remained unchanged at 90%
of predicted but Vnon,RL decreased from 14.5% to 5.6%; Vnon,LL was unchanged at 3.9%.
Right-left lung volume ratio (VRL:VLL) increased from 0.79 to 0.99. FEV1 and FVC
increased from 34.7% to 47.5% and 34.3% to 50.5% of predicted values respectively.
However, FEV1/FVC decreased from 89.4% to 83.2% of predicted values. In the second
row, the second subject showed a reduction in the proportion of Vnon,RL from 19.0% to
5.1%; left-sided NAV remained unchanged at approximately 6%. VRL:VLL increased
from 0.68 to 1.54. MT was corrected from 93.4° to 14.4°, TK was restored from 5.7° to
22.2°, SPi was reduced from 27.5% to 20.7% and EHr decreased from 71.5% to 55.1%.
Total lung volume decreased slightly from 57.9% to 53.3% of predicted. FEV1 and FVC
both improved from 26.7% to 47.5% and 24.7% to 47.6% of predicted respectively.
FEV1/FVC decreased from 96.3% to 89.0% of predicted. These examples illustrate
that the presence of atelectasis can elevate FEV1/FVC values masking the obstruction
of main-stem bronchi. Post-operative gains in lung function are not due to increases
in total lung volume but due to the re-recruitment of the right lung. Simultaneous
scoliosis correction and kyphosis restoration decompresses airways, re-expands right-
sided atelectic segments and restores a R:L ratio closer to the normal value of 1.2.
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(a) (b)

Figure 6.5: Examples of air trapping in the right lung. Regions of green show hyper-
aerated volumes (Vhyper) with an attenuation of between -1024 and -900 HU. Such
regional differences in attenuation are only visible in CT scans taken post-expiration.
Intrusion of the spine into the thorax causes secondary bronchomalacia of right-sided
airways increasing airway resistance resulting in air-trapping post-expiration. Air-
trapping reduces gas exchange within these regions leading to carbon dioxide retention
and hypoxia.

calculated for 7 patients whose age exceeded the age limits of the reference data (9 to 20
years) [145]. For the 41 patients with post-operative pulmonary function tests, percent-
predicted values in FEV1 increased from a mean of 59.2% to 73.6%, FVC from 63.8%
to 76.3%, and FEV1/FVC from 92.3% to 96.1% postoperatively. This was achieved by
correcting MT from 74.7° to 26.0° and TK from 20.7° to 25.2°. Figure 6.4 shows two
examples of surgical correction and post-operative resolution of atelectasis.

6.5.1 Correlational Analysis

Pearson correlation coefficients between lung volume parameters, deformity parameters
and lung function are shown in Table 6.2. No significant correlation was found between
VRL, VLL, VTotal and deformity parameters, lung function or airway CSA. VRL:VLL was
found to correlate negatively with SPi (r = -0.69) and EHr (r = -0.63, q < 0.001); and
positively with FEV1 (r = 0.49, q = 0.007), FVC (r = 0.45, q = 0.02) and CSARL (r
= 0.42, q = 0.03). Right-sided non-aerated volume (Vnon,RL) correlated positively with
MT (r = 0.38, q = 0.04), RHi (r = 0.46, q = 0.01), SPi (r = 0.54, q = 0.002) and EHr (r
= 0.46, q = 0.01). Right-sided hyper-aerated volume (Vhyper,RL) correlated positively
with EHr (r = 0.38) and negatively with both FEV1 (r = -0.41) and FEV1/FVC (r =
-0.4, q = 0.04).

6.5.2 Multivariate Step-wise Regression

Upon multivariate step wise regression, pre-operative FEV1 (% pred) was found to
be best explained by RHi (β = -0.40, p <0.001), Vhyper,RL (β = -0.28, p = 0.007)
and CSARL (β = 0.45, p <0.001; r2 = 0.57). Pre-operative FVC (% pred) was best
explained by RHi (β = -0.50, p <0.001) and CSARL (β = 0.38, p <0.001; r2 = 0.47).
For pre-oeprative FEV1/FVC, SPi (β = -0.40, p <0.001) and Vnon,RL (β = -0.40, p
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Figure 6.6: An example of a patient with simultaneous air-trapping and atelectasis.
Hyper-aerated volumes are shown in green and non-aerated volumes in red. Co-
occurence of air-trapping and atelectasis imply that physiological changes to respiratory
function depend on the degree of spinal intrusion as well as the history of the defor-
mity. With progression of scoliosis and hypokyphosis, stenosis of right-sided airways
may progress into secondary bronchomalicia resulting in air-trapping and heterogenous
ventilation. Prolonged obstruction of these airways further deteriorates lung function
as a consequence of retained secretions, atelectasis and chest infection.

<0.001) were found to be the best predictors (r2 = 0.27). Post-operative changes in
FEV1, FVC and FEV1/FVC were all found to have SPi (β = 0.79, 0.71 and 0.40
respectively) and Vnon,RL (β = -0.42, -0.36 and -0.45 respectively) as best predictors
(r2 = 0.40, 0.32 and 0.12 respectively).

6.6 Discussion

Comparing lung volumes to the reference data, mean percent-predicted values of the
right lung (69.3% predicted) were less than the left lung (73.3% predicted), demon-
strating that both lungs are impaired by the spinal deformity with the right lung being
impaired further. In agreement with Adam at el. [60], the coefficient of variance for
VRL:VLL (18%) was demonstrably lower than those of VRL and VLL (32% and 33%)
suggesting high variation within the sample not normalised by the reference data. Refer-
ence data based solely on age and gender, without consideration for physical scales such
as height, may explain the lack of correlation between percent-predicted lung volumes,
deformity parameters and lung function. Significant correlations between VRL:VLL and
RHi, SPi, EHr and CSARL suggest that rib hump formation and anterior intrusion of
the spine into the convex hemithorax results in reduction of right-sided lung volume
and airway conductance.

The spinal deformity modifies the thoracic configuration causing impairment in res-
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piratory function which are reflected in changes in lung attenuation. Increased Vnon,RL

was associated with the progression of scoliosis, rib hump formation and spinal in-
trusion (Figure 6.2). The formation of atelectasis typically occurred in patients with
severe scoliosis and hypokyphosis and took the form of dense strands spanning from the
mediastinum towards the posterior part of the right lower lobe following the contour
of the ribs. Severe atelectasis presented as a thick band occupying the space directly
anterior to the vertebral column spreading across the posterior concavity of the rib
hump (Figure 6.4). The presence of Vhyper,RL correlated positively with EHr and neg-
atively with FEV1 and FEV1/FVC. Air-trapping was typically observed in the lower
lobe, occasionally the middle lobe, of the right lung which coincided with extrinsic
compression of right sided airways in the region of the bronchus intermedius by a ver-
tebral body (Figure 6.5). Co-occurrence of air-trapping and atelectasis were observed
in some patients (Figure 6.6) suggesting a similar root cause. Such a phenomenon
implies that the physiological changes to respiratory function depend on the degree
of spinal intrusion as well as the history of the deformity. It is plausible that with
progression of scoliosis and hypokyphosis, stenosis of right-sided airways may progress
into secondary bronchomalicia resulting in air-trapping and heterogenous ventilation.
Prolonged obstruction of these airways further deteriorates lung function as a conse-
quence of retained secretions, atelectasis and chest infection which culminates in lung
destruction [136] (Figure 6.7). In addition, hyperinflation in the lower lung may be the
consequence of physiological space accommodation of nearby collapse/atelectasis or the
primary consequence of airway obstruction consequent hyperinflation. In the former
the overinflation is functional but in the latter the overinflation is non-functional. It is
thus important to identify the cause of hyperinflation as this will determine the amount
of functional lung available.

The rib hump produced by scoliosis and sagittal flattening has previously been
shown to be associated with reduction in expiratory volumes [36, 27]. Upon multivari-
ate regression, FEV1 was shown to be best predicted by RHi, Vhyper,RL and CSARL

whilst FVC was best predicted by RHi and CSARL. Rib hump formation is associated
with scoliosis and thoracic rotation [55, 146] which reduces the overall height of the
thorax and restricts the convex lung leading to loss of lung volume. Hypokyphosis in
scoliosis results in the formation of an endothoracic hump which has been shown to
extrinsically compress airways, obstructing access to the right lower and middle lobes
[40, 51]. Such de-recruitment of right-sided lung volume exacerbates existing restrictive
lung disease through heterogenous ventilation between the right and left lungs [67, 111].
The resulting air-trapping and atelectasis is associated with decreased lung compliance
and increasing the work of breathing as a result [147].

The FEV1/FVC ratio is a common measure of airway conductance and reduced val-
ues are a marker of obstructive lung disease [24]. However, the results suggest that care
should be taken in ruling out airway obstruction in patients with normal FEV1/FVC
and high spinal intrusion. Upon multivariate regression, FEV1/FVC was shown to de-
crease with increased spinal intrusion and increase with atelectasis. Given that spinal
intrusion is also positively correlated with atelectasis, patients with severely obstructed
airways and atelectasis typically exhibit normal FEV1/FVC values. Figure 6.3 shows
the relationship between SPi, FEV1/FVC, CSARL and Vnon,RL. Initial increases in SPi
correspond to reductions in FEV1/FVC and CSARL whilst Vnon,RL remains steady.
Declining FEV1/FVC trend is reversed when SPi exceeding 25% due increasing at-
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Figure 6.7: Figure showing the progression of airway obstruction in scoliosis. (a) Nor-
mal lung function facilitates both the ingress and egress of air into and out of the
lungs. With increasing vertebral body intrusion, the airway is narrowed increasing
airway resistance. This causes air trapping where the airway lumen is dilated during
the inspiratory phase with decreased plural pressure (b) but obstructed during the
expiratory phase (c). Pinching of the airway between the vertebral body and mediasti-
nal structures produced fixed obstruction where both inspiration and expiration are
impaired (d); this retains secretions and results in lung collapse and atelectasis.

electasis. McPhail et al. [24] examined the relationship between spinal deformity and
obstructive lung disease; segregating their sample by FEV1/FVC did not reveal a de-
formity phenotype which could be associated with air way obstruction in scoliosis. It
is plausible that this is because FEV1/FVC does not strictly decrease with increased
airway obstruction due to the development of atelectasis in cases where obstruction is
severe. Chronic obstruction of right-sided airways and derecruitment of the right lobes
renders the FEV1/FVC metric a measurement of left-sided airway conductance which
is typically unaffected by the scoliosis [114]. Reduced expiratory volumes and normal
FEV1/FVC ratio may be misinterpreted as severe restrictive lung disease in patients
with hypokyphotic sagittal profiles.

Postoperatively, lung function improvements were found to be positively associated
with pre-operative spinal penetration and negatively with pre-operative atelectasis.
Restoration of thoracic kyphosis and decrompression of obstructed airways has been
shown to improve expiratory volumes post-operation in patients with hypokyphosis
and scoliosis [67, 51]. Airway decompression by kyphosis restoration allows recruitment
of the middle and lower lobes resulting in greater functional capacity. The negative
relationship between post-operative lung function gain and pre-operative atelectasis
suggests irreversible lung function loss possibly due to lung destruction. Although the
purpose of corrective surgery in severe thoracic scoliosis is to arrest curve progression,
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improve surface shape and improve respiratory function [69, 70], restrictive and ob-
structive lung disease are recognized risk factors for complications following scoliosis
surgery [69, 148]. In addition, pulmonary function declines by 50% in the first post-
operative week and preoperative atelectasis is a known risk factor for postoperative
complications [149]. The use of continuous positive airway pressure and lower frac-
tion of inspired oxygen (FiO2) during anesthetic induction, intraoperative use of lower
FiO2, low tidal volumes, lung recruitment and PEEP (‘protective ventilatory strategy’)
in conjunction with postoperative early mobilization, breathing exercises and continu-
ous positive airway pressure may help in maintaining lung aeration, thereby decreasing
hypoxemia and risk of postoperative pneumonia [149, 132].

The investigations in this research have been limited to using spirometry results as
a metric of pulmonary function. Although FEV1, FVC and FEV1/FVC are sufficient
metrics of pulmonary function, inclusion of other pulmonary function metrics may give
a more comprehensive view of pulmonary impairment [134]. Measurements of static
lung volumes such as total lung capacity (TLC), function residual capacity (FRC) may
offer better insight into lung volume loss whilst increased residual volume (RV) may
reflect the presence of air-trapping. Helium dilution techniques can measure FRC whilst
full body plethysmography has the ability to measure both FRC and airway resistance.
Boyer et al. has demonstrated the incidence of air-trapping in scoliosis using these
techniques; the association between these lung function metrics and thoracic deformity
could be investigated further [63].

There are several short-comings to the study which should be acknowledged and
addressed in future studies. The present study has been limited to Lenke type I and
II curves with a focus on the thoracic curve. It is plausible that other curve types
produce variations in lung volume, asymmetry and attenuation. Variations in patient
expiratory efforts or ability may affect the respiratory phase at which the CT scans
were acquired hence affecting lung attenuation. In particular, the quantification of air-
trapping requires good expiratory effort to properly identify regions upstream of high
airway resistance. The CT scans were obtained in the supine position changing the
coronal and sagittal alignment of the spine. Posture dependant lung function changes
have been demonstrated in patients with scoliosis [111, 112].

6.7 Conclusion

In conclusion, progression of spinal deformity in patients with AIS leads to reduction
in lung volumes and increase in lung volume asymmetry. The reduction of the convex
lung relative to the concave lung produces heterogenous ventilation due to reduced lung
volumes and increased airway resistance. In the sagittal plane, hypokyphosis results
in spinal intrusion of the convex hemithorax causing extrinsic compression of right-
sided airways leading to air-trapping and atelectasis of the right and middle lobes.
FEV1/FVC, a conventional indicator of airway conductance, should not be relied on
as an indicator of airway obstruction due to possible co-occurrence of atelectasis. Post-
operatively, patients with high spinal intrusion observed the greatest percent-predicted
increases in lung function due to decompression of airways and resolution of atelectasis.
However, presence of pre-operative results in less lung function gain presumably due
to irreversible lung destruction.
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Chapter 7

Conclusions & Future Work

In this work, the deformity of the rib cage was investigated for its effect on pulmonary
function, the morphology of tracheobronchial tree and lung volumes in idiopathic ado-
lescent scoliosis (AIS) patients with Lenke type 1 and 2 curve types. The hypothesis for
this research was that measurements from images obtained through routine clinical care
are predictive of pulmonary function impairment in AIS. In particular, measurements
which factor in the global thoracic deformity, rather than measurements of the scoliotic
spine, are more likely to be successful at predicting respiratory compromise. The spe-
cific objectives of this thesis were to identify thoracic features or scoliotic phenotypes
which are associated with lung function impairment in AIS; examine possible mecha-
nisms in which lung function impairment is exacerbated by the thoracic deformity; and
to identify subgroups most likely to observe lung function improvement postoperatively
and benefit from surgical intervention. Some of the key findings in each chapter are
summarized below:

� In Chapter 2, radiographic deformity parameters, which included the morphology
of the chest wall, were found to be superior to Cobb angle measurements in
predicting preoperative lung function. The endothoracic hump ratio, rib hump
index, kyphosis-lordosis index and apical vertebral body-rib ratio were found to
be significant predictors of pulmonary function. Spinal intrusion, size of the
rib hump and narrowing of the convex hemithorax were found to be predictive
factors of FEV1 and FVC whilst FEV1/FVC was found to decrease with the loss
of kyphosis and increasing rib hump. Hypokyphotic subjects were found to have
reduced FEV1/FVC relative to normokyphotic and hyperkyphotic patients which
improved post-operatively when natural kyphosis was restored.

� Chapter 3 showed that a statistical shape model could be constructed from the
outline of the thorax to analyze variations in thoracic shape in scoliosis. The shape
model demonstrated that increasing thoracic scoliosis, flattening of the sagittal
profile and increased rib hump correspond to reduction in pulmonary function.
Sagittal flattening of the thoracic spine is shown increase airway resistance as
measured by FEV1/FVC. Patients with severe scoliosis, hypokyphosis and large
rib humps demonstrate greater increases in post-operative lung function. It was
concluded that statistical shape models are a useful morphometric tool which can
provide a quantitative and objective description of the thoracic deformity in AIS.
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� In Chapter 4, computed-tomography (CT)-based thoracic deformity parameters
were measured and correlated with pulmonary function tests. The spinal pene-
tration index, endothoracic hump ration, thoracic rotation, rib hump index and
angle of trunk rotation all featured as significant predictors upon multivariate
and univariate regression. The analysis revealed that patients with hypokyphosis
have more impaired lung function than normo- and hyper-kyphotic patients. The
differential, however, is resolved post-operatively if natural kyphosis is restored.

� Chapter 5 consisted of a morphometric study on airway narrowing in AIS pa-
tients. Hypokyphotic patients were found to have significant right-sided airway
narrowing in the region of the bronchus intermedius and its bifurcation. Inter-
estingly, the right superior segmental bronchus in the right lower lobe was found
to be narrowed across all sagittal profiles. Airway lumen area was found to be
positively associated with spirometry results. Post-operative expansion of the
airways was found to correspond with lung function improvement.

� Chapter 6 was based on an analysis of lung volumes and lung attenuation. The
proportion of non-aerated and hyper-aerated volume within each lung was mea-
sured to represent atelectasis and air-trapping respectively. Increased spinal in-
trusion was found to be associated with reduced convex lung volumes and the
presence of atelectasis. FEV1/FVC, an indicator of airway conductance, was
shown to decrease with increased spinal intrusion and increase with the presence
of atelectasis. From these results, it was recommended that patients with re-
duced expiratory volumes and hypokyphotic profiles be investigated for airway
obstruction as atelectasis can mask the effects of severe airway obstruction.

7.1 Future work

The investigations in this research have been limited to using spirometry results as a
metric of pulmonary function. Although FEV1, FVC and FEV1/FVC are sufficient
metrics of pulmonary function, inclusion of other pulmonary function metrics may give
a more comprehensive view of pulmonary impairment [134]. Measurements of static
lung volumes such as total lung capacity (TLC), function residual capacity (FRC) may
offer better insight into lung volume loss whilst increased residual volume (RV) may
reflect the presence of air-trapping. Helium dilution techniques can measure FRC whilst
full body plethysmography has the ability to measure both FRC and airway resistance.
Boyer et al. has demonstrated the incidence of air-trapping in scoliosis using these
techniques; the association between these lung function metrics and thoracic deformity
could be investigated further [63].

With the advancement in imaging technology, a greater number of studies are pre-
forming three-dimensional reconstructions of the ribcage from biplanar radiographs
[38, 150]. At the present, EOS imaging technology is not common in clinical practice
due to prohibitive costs. However, as it becomes more prevalent, the CT-based tho-
racic deformity parameters studied in Chapter 4 could be extended to the reconstructed
chests from biplanar radiographs in larger cohorts. The availability of three-dimensional
co-ordinates would also allow the two-dimensional statistical shape model in Chapter 3
to be extended to a three-dimensional model thus including rotation in the axial plane.
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