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RESUME SUBSTANTIEL

La respiration constitue un mécanisme vital qui implique la mise en jeux de diverses structures
anatomiques qui constituent le thorax. La physiologie respiratoire a été largement étudiée ; cependant
la physiologie articulaire impliquée dans la mécanique respiratoire reste peu étudiée chez 1’humain.
Diverses pathologies peuvent avoir un impact sur les articulations costo-vertébrales ou sternocostales
et par conséquent sur la mécanique respiratoire.

L’objet de ce travail doctoral fut donc de développer une méthodologie compléte permettant la
mod¢lisation tridimensionnelle, la visualisation et la quantification de la cinématique des articulations
constitutives du thorax humain lors du mouvement respiratoire. Pour réaliser cette ¢tude, une base de
données rétrospective d’imageries tomodensitométriques obtenues a trois volumes pulmonaires autour
de la capacité inspiratoire a été récoltée. Les volumes pulmonaires d’intérét étaient : la capacité
pulmonaire totale (CPT), la capacité résiduelle fonctionnelle (CRF) et la moitié de la capacité
inspiratoire moyenne (CIM correspondant a la CRF +50% de la capacité inspiratoire). Deux
échantillons de sujets adultes ont pu étre obtenus : un groupe de 12 sujets asymptomatiques ainsi
qu’un échantillon de 12 patients atteints de mucoviscidose. Dans un premier temps les travaux ont visé
a ¢établir la faisabilit¢ de la méthodologie. Celle-ci combine: segmentation d’imagerie
tomodensitométrique aux trois volumes pulmonaire afin d’obtenir les reconstructions 3D de chaque
structure osseuse d’intérét (les verteébres thoraciques et les cotes) ; définition de repéres anatomiques
d’intérét, création de référentiels anatomiques locaux ; quantification des paramétres cinématiques
(axes de mouvement et amplitudes de déplacements angulaires).

La premicre partie de ce travail s’est concentrée sur les cotes dites sternales ou « vraies », les 7
premiceres paires. Le logiciel lhpFusionBox, développé au sein Laboratoire d’ Anatomie Biomécanique
et Organogenése, a permis de placer virtuellement des marqueurs anatomiques sur chaque modele
osseux afin de créer des référentiels anatomiques locaux. Les transformations spatiales des référentiels
des cotes par rapport aux vertébres associées ont été calculées. Au niveau costo-vertébral, les résultats
montraient que les déplacements angulaires se réalisaient dans deux plans principaux correspondant
aux mouvements en « bras de pompe » (dans le plan sagittal) et en « anse de seau » (dans le plan
frontal). L’orientation des axes hélicoidaux moyens était similaire aux sept premiers étages costo-
vertébraux. Cependant ces orientations étaient sujettes a une variabilité individuelle importante.

Dans un deuxiéme temps, afin d’améliorer la fiabilit¢ de la méthode, I’effet de 1’erreur sur la
détermination des marqueurs anatomiques sur les résultats cinématiques a été évalué. De plus, la
méthode a été automatisée afin de pouvoir rendre le temps de traitement des données plus compatible
avec de possibles applications cliniques. Une simulation de Monte-Carlo a permis de réitérer la
modification du positionnement des différents marqueurs anatomiques a partir de valeurs de
dispersions pertinentes, obtenues suite a une analyse de la reproductibilit¢ du placement des

marqueurs. Une interpolation entre les positions discretes a été utilisée afin d’augmenter le nombre de
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positions des référentiels anatomiques permettant de définir la position et I’orientation des axes
hélicoidaux caractérisant la cinématique des articulations CV. Finalement, la dispersion moyenne de
I’orientation des axes hélicoidaux moyens obtenus entre diverses simulations a pu étre évaluée. Les
déplacements angulaires autour de 1’axe hélicoidal moyen ont ainsi été utilisés.

Troisiémement, une fois la méthodologie élaborée, celle-ci a été appliquée a I’ensemble des cotes
dites respiratoires (les 10 premicres paires). Les déplacements angulaires des articulations costo-
vertébrales ont ét¢ exprimés cette fois en fonction des volumes pulmonaires d’intérét. Les résultats ont
montré¢ que le déplacement angulaire des cotes se réalise principalement en dessous de la capacité
inspiratoire moyenne. L’amplitude des mouvements costaux diminue graduellement dans les étages
inférieurs. Au-dessus de la capacité inspiratoire moyenne, les amplitudes de mouvements costaux ne
différent pas entre les étages. L’orientation des axes hélicoidaux moyens n’est pas influencée
significativement par le niveau costal. Aucune corrélation n’a ét¢é mise en ¢évidence entre les
amplitudes de mouvements costaux et les paramétres pulmonaires ou anthropométriques. A ce stade,
I’objectif de 1’analyse détaillée de la cinématique des articulations costo-vertébrales, autant d’un point
de vue qualitatif que quantitatif, était atteint. L’influence d’une condition pathologique sur les
paramétres cinématiques a donc été évaluée. La méme méthode a été appliquée sur 1’échantillon de
sujets atteints de mucoviscidose. L’objectif était de comparer les résultats obtenus avec ceux obtenus
lors des études précédentes sur les sujets asymptomatiques. Les résultats montrent que la pathologie
influence les amplitudes de mouvements costaux, principalement pour les cotes supérieures (5
premicres paires). En revanche, la pathologie n’a aucune influence sur l’orientation des axes
hélicoidaux moyens. Une nuance doit étre apportée, 1’explication des diminutions d’amplitude de
mouvements costaux devrait étre attribuée plutdt au symptome d’hyperinflation chronique fréquent
chez les patients atteints de mucoviscidose, plutot qu’a la mucoviscidose elle-méme.

Enfin, la dernicre partie de ce travail s’est orientée vers I’analyse des articulations antérieures du
thorax, au niveau des articulations sternocostales des cotes dites « sternales » ou « vraies » (les 7
premicres paires). En complément, le déplacement du sternum et les variations de 1’angle sternal (ou
angle manubrio-sternal) lors du mouvement respiratoire ont été analysés en suivant la méthodologie
développée au cours de ce travail doctoral. Les résultats ont montré que 1’angle sternal se modifie
durant le mouvement respiratoire. Les amplitudes des mouvements costaux par rapport au sternum
diminuent graduellement dans les étages inférieurs. La position et ’orientation des axes hélicoidaux
fini et moyen a été détaillée. Cette derniére ¢tude est la premiére présentant une analyse quantifiée in
vivo des cinématiques articulaires sternocostales durant le mouvement respiratoire chez 1’humain.

En conclusion, ce travail doctoral a permis de développer une méthode d’analyse détaillée des
cinématiques articulaires du thorax in vivo lors du mouvement respiratoire. Les résultats obtenus

ouvrent des perspectives autant en modélisation que pour des applications cliniques diverses.
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ABSTRACT

Breathing is a vital phenomenon that implies synergy of various anatomical structures that
constitute the thorax. Joint physiology remains a relatively poorly-known component of the overall
thorax physiology. Quantitative literature related to in vivo thorax kinematics during breathing is
scarce. The present work focuses specifically on developing and applying a methodology to reach this
goal. The developed method combined processing of CT data obtained at different lung volumes and
infographic techniques. Detailed ranges of motion (ROMs) and axes of movement (mean helical axes,
MHAs) were obtained at costovertebral joints in 12 asymptomatic subjects; rib ROMs gradually
decrease with increasing rib number; lung volume and rib level have a significant influence on rib
ROM; MHAs did not differ between rib levels. In addition, the method was applied on a sample of 10
patients with cystic fibrosis. The pathological condition significantly influenced CVJ ROMs while the
orientation of the MHAs did not differ. Finally, the sternal displacement, sternal angle variations and
sternocostal joints (SCJ at rib1 to 7) kinematics during breathing motion were analyzed. Rib ranges of
motion relative to sternum decreased with increasing rib number similarly to CVJ. Orientation of the
MHAs did not differ between SCJ levels. A significant linear correlation was demonstrated between
sternum vertical displacement and rib ranges of motion at both CVJ and SCJ. The present work
substantially contributes to 3D modelling of human thorax in breathing at a joint level both

qualitatively and quantitatively.
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RESUME

La respiration est un phénoméne vital qui implique une synergie entre diverses structures
anatomiques qui constituent le thorax. La physiologie articulaire reste un parent pauvre de la
physiologie et la littérature concernant la quantification de la cinématique 3D des articulations du
thorax durant le mouvement respiratoire est rare. Ce travail se concentre sur le développement et
I’application d’une méthodologie permettant de répondre a cet objectif. La méthode développée
combine le traitement de données tomodensitométriques réalisées a trois volumes pulmonaires
différents et des techniques d’infographies. Les amplitudes (ROMs) et axes de mouvements (axe
hélicoidaux moyen, AHMs) ont été obtenus au niveau des articulations costo-vertébrales de 12 sujets
asymptomatiques. En résumé, les amplitudes diminuent graduellement dans les étages inférieurs ; le
volume pulmonaire et 1’étage costal influencent significativement les amplitudes costales ;
I’orientation des AHMs ne différe pas entre les étages costaux. En complément, la méthode a été
appliquée pour un échantillon de 10 patients atteints de mucoviscidose. La condition pathologique
influengait significativement les amplitudes de mouvements mais pas 1’orientation des AHMs. Enfin,
le déplacement sternal, les variations de I’angle sternal et la cinématique des articulations
sternocostales a été analysée. Les déplacements angulaires des coOtes par rapport au sternum
diminuaient dans les étages inférieurs comme au niveau des articulations costo-vertébrales.
L’orientation des AHMs des articulations sternocostales ne différait pas entre les étages. Une
corrélation linéaire a ét¢ mise en évidence entre les déplacements verticaux du sternum et les
amplitudes de mouvement costales au niveau costo-vertébral et sternocostal. Ce travail contribue de
facon substantielle a la modélisation 3D du thorax humain durant le mouvement respiratoire d’un

point de vue qualitatif et quantitatif.
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List of abbreviations

AF Anatomical frame
AL Anatomical landmark

ANOVA Analysis of variance

AS Asymptomatic subjects

BMI Body mass index

CF Cystic fibrosis

COPD chronic obstructive pulmonary disease
CT computed tomography

Cvl] costovertebral joint

FHA finite helical axis

FRC functional residual capacity

IC Inspiratory capacity

JPP Joint pivot point

MHA mean helical axis

MIC middle of the inspiratory capacity
MPP mean pivot point

MSJ Manubriosternal joint

ROM range of motion

RV Residual volume

SCJ sternocostal joint

TLC total lung capacity

VC Vital capacity

VRML Virtual Reality Modelling Language
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Chapter 1 : General Introduction

The word “thorax” has a long history starting approximately in 8" century B.C. with Homer’s
poems in which he referred to the protection of the chest of soldiers. During centuries of Greek
history, the thorax referred to protective fortified wall over the body or building. The entrance in
medicine came with Hippocrates, and was defined later by Galen who explained “all that cavity
bounded by the ribs on both sides, extending to the sternum and diaphragm in front and curving down
to the spine in the rear is customarily called Thorax by the physicians” (cited by French, 1978;

Roussos, 1995). An ancient representation of the thorax is presented in figure 1.

Figure 1: From French R.K., The thorax in history, Thorax, 33, 1978

Today, the definition from medical sciences is not far from previous historic anatomic descriptions.
Considering anatomical structures, the thorax is formed by 12 thoracic vertebrae and intervertebral
discs (i.e. the thoracic spine), 12 pairs of ribs and costal cartilages, the sternum (see figure 2A) and the
muscles and fasciae attached to these; below; it is separated from the abdomen by the diaphragm (see
figure2B from Graeber & Nazim, 2007); it contains the chief organs of the circulatory and respiratory
systems, respectively heart and lungs.

Considering functional aspect, the thorax is a fundamental anatomical entity that provides vital
organs protection and structural support for both respiratory function (Cappello and De Troyer, 2002)
and spinal stiffness (Oda et al., 1996, 2002; Takeuchi et al., 1999).

The present work will focus on the respiratory function and more specifically on the thorax joints

physiology and biomechanics during breathing.
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Figure 2: A: Bones and cartilages of the thorax (modified from Van Sint Jan, 2007); B: Chest wall and
muscles implicated in breathing function (Modified from Graeber & Nazim, 2007). Left: Muscles of the
abdomen; Middle: Diaphragm muscle in inhalation (or inspiration) and exhalation (or expiration); Right:
intercostal, scalene and sternocleidomastoid muscles.
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Chapter 1 : General Introduction

1. Anatomy of the thorax
Since the present thesis will concentrate on joint kinematics, the following anatomic description

will mainly focus on bones and joints of the thorax. The descriptions refer to figure 2 and 3.

1.1. Thoracic vertebrae
The thoracic spine consists in a series of 12 thoracic vertebrae (Th) that articulates through thoracic
intervertebral discs. Th2 to Th9 are typical vertebrae while Th1l, Th10, Th11 and Th12 are considered
as transition vertebrae. Semifacets for the heads of the ribs are found superiorly and inferiorly at the
junction between the body and the pedicles. The transverse processes of Thl to Th10 have costal
facets that articulate with the tubercles of the ribs. The transverse processes are oriented laterally and

increasingly backward from Th1 to Th12.

1.2. Ribs, costal cartilages and sternum

The 12 pairs of ribs can be divided in sub-groups (see figure 2A); the seven first pairs are
attached posteriorly to the vertebra and anteriorly to the sternum through the costal cartilage.
Therefore, these ribs are denominated as “true” or vertebrosternal ribs (Drake et al., 2010) and
constitute the vertebrosternal costal arches (Osmond, 1995). The five rib pairs underneath are “false”
ribs, the 8", 9™ and 10™ have their cartilage attached to the one of the rib above forming
vertebrochondral costal arches. The two last ribs 11™ and 12" terminate freely in a small cartilaginous

tip, constituting the “floating” ribs.
The sternum can be divided in three parts, the manubrium (upper part), the body of the sternum and
the xyphoid process. The entire sternum embryologically derived from the combination of five
sternebrae that are laterally attached to costal cartilages. The angle between manubrium and sternum

body forms the so-called “sternal angle” in sagittal plane (Osmond, 1995).

14
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Chapter 1 : General Introduction

1.3. Joints of the thorax
The articulations of the thoracic spine encompass several amphiarthrodial joints between vertebral
bodies through the intervertebral discs, and several diarthrodial joints between vertebral arches

through the zygapopghyseal facets.

At the posterior part of the thorax, the ribs articulate with thoracic vertebra through synovial
costovertebral joint complexes. Typically, at each costal level, the rib head articulates with the bodies’
of two adjacent vertebrae (see figure 3B). This architecture differs for rib1, 10, 11 and 12 where the
ribs articulate with a single vertebra through a single facet. The articular facets for rib on the vertebral

bodies and transverse processes are shown in figure 3A.

At the anterior extremity of each rib, direct continuity of the costal cartilages forms a series of
costochondral joints. All chondrosternal joints are of synovial type, but the first chondrosternal joint
that shows continuity between bone and cartilage as for all costochondral junctions (see figure 4) is of
synchondrosis.

Note that a series of well-developed ligaments are increasing the stability of each joint, however we

will not describe these ligaments in further details.

Costovertebral joints

Figure 3: A: representation of thoracic vertebrae and costal surfaces. B: Typical costovertebral joint
complex organisation.

15
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Chapter 1 : General Introduction

Figure 4: Sternocostal joints (from Kapandji, 1964). A: E = expiration, I = Inspiration; during inspiration,
a rotation (t and t’) occurred around costal cartilages.

B: Representation of the anterior end (6) of the true ribs link to the sternum border (1) through costal
cartilage (4) at costochondral and chondrosternal joints. Right: cone shaped lateral extremity of the costal
cartilage (5); dihedral shape of the medial part of the costal cartilage (3) that fit the dihedral angle of the
sternal border (2). Note that these descriptions are not based on measurements.

16
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Chapter 1: General introduction

2. Mechanics of breathing

The act of breathing constitutes a vital phenomenon that allows oxygen transfer from air to blood
while carbon dioxide is removed. Two main successive mechanisms are adapted to work in parallel,
the ventilation and the diffusion. The ventilation allows displacement of air from the surrounding
environment to lungs through the rhythmic inspiration and expiration processes, while gas-exchange
occurs in the lungs within the alveoli during diffusion mechanism through the alveolar-capillary
membrane. This ventilation is organized from two rhythmic successive events, inspiration (inhalation)
and expiration (exhalation), while the ventilation rate is defined by the frequency of these combined
events.

During the inspiratory phase, the rib cage and abdomen expand due to the activation of several
respiratory muscles that act in synchrony with chest wall as a thoracic pump. During expansion of the
chest wall, the system store energy through the elastic properties of the lungs (pulmonary alveoli), the
joints and costal cartilages in combination with respiratory muscles activation. During quiet
expiration, this energy is restored explaining how unforced expiration is a passive mechanism. Note
that the elastic recoil of the chest wall seems to assist the return of the chest wall to the neutral position

mainly above +-75% of the total lung capacity (Agostoni et al., 1965; Agostoni and Hyatt, 2011).

Note that breathing rate is about 12-20 cycles per minute in human adults at rest, that represents
around 17000 to 29000 cycles a day and some billions of cycles during lifetime. The chest wall
expansion that occurs during inspiration is determined by the articulations between ribs and vertebrae
at the costovertebral joint (CVJ) and sternocostal joints (SCJ) complexes at the anterior extremity of
the ribs, connecting the ribs to the sternum through the costal cartilages. Considering the joint
structures, it is worth noting that no other articulation except the temporomandibular joint is

supporting such a permanent cyclic and rhythmic activity.

2.1. Clinical implications

In manual therapies, such as osteopathy, physiotherapy or physical therapy, it has been recognized
for a long time that breathing could have an influence on the global body function. It has been
demonstrated that breathing function can be altered due to several different factors. Thoracic shape can
be altered in various congenital diseases such as idiopathic scoliosis in which the severity of
pulmonary impairments has been correlated to the degree of spinal deformity (Weber et al., 1975).

In lung pathology, the modification of lung volumes, such as in patients with chronic
hyperinflation, can be responsible for breathing dysfunctions. In chronic obstructive pulmonary
disease (COPD), asthma, modifications of neural drive of the respiratory muscles can lead to a
decrease of the efficiency of the respiratory mechanics (Dassios et al., 2013). Furthermore, the

configuration and dimension of the thorax can be altered in patient with lung hyperinflation (Cassart et
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al., 1996; Laghi and Tobin, 2003; Sharp et al., 1986; Walsh et al., 1992). Stress or diseases are both
able to modify respiratory drive. The latter modification was demonstrated to possibly alter tonicity of
the respiratory muscles (Konno and Mead, 1967; Meessen et al., 1993; Muller et al., 1981), especially

when these factors are repeated and become chronic.

Back pain in the thoracic region is recognized to be related to joint facets in 10-15% of the spinal
pain (Manchikanti et al., 2004). Pain is also commonly related to both musculoskeletal and emotional
conditions (Arroyo et al., 1992; Sales et al., 2007). Recent clinical studies have shown that
costovertebral joint dysfunction can be a cause of misdiagnose atypical chest pain (Arroyo et al.,
1992). At the anterior part of the chest wall, costochondritis is also described in literature as an
anxiogenic pain (Proulx and Zryd, 2009). Numbers of structural modifications of the structures
surrounding the joints are also able to cause pain. These modifications such as exostosis, erosion,
sclerosis at a bone/cartilage level; calcification, fibrosis at a ligament level are often demonstrated in
normal aging, or during rheumatologic conditions such as Rheumatoid arthritis (Cohen et al., 1978) or
ankylosing spondylitis (Pascual et al., 1992). Finally, the relation between back pain, motor control
and breathing dysfunction has been revealed in few studies (Hodges and Gandevia, 2000; Lee et al.,
2010).

In such conditions, the goal of manual approaches (i.e. physical therapy, manual therapy,
osteopathy...) is to restore “normal” physiology of the target structures (e.g. lungs, joints, muscles...)
using exercises, manipulation/mobilization of soft tissues and joints.

Therefore, estimating the “normal” behavior of the joints in both qualitative and quantitative way is

an issue.

2.2. Chest wall kinematics in breathing

Breathing physiology analysed respiratory function from gas exchanges, focusing on
pressure/volume and global shape variations along the breathing cycle (Cala et al., 1996, Bellemare et
al., 2001b, Bellemare et al., 2001a, Kenyon et al., 1997, Hostettler et al., 2011). Chest wall motion
expansion was quantified in several studies using various instrumentations such as medical imaging
(Cassart et al., 1996; Sharp et al., 1986; Walsh et al., 1992; Wilson et al., 1987, 2001) or
optoelectronic stereophotogrametry (Bruni et al., 2011; Cala et al.,, 1996; Parreira et al., 2012).
However, literature concerning breathing kinematic quantification at a segmental joint level is scarce.
As mentioned previously (Ward and Macklem, 1995), the “understanding of the kinematics of the
chest wall and the mechanisms responsible for its efficient functioning has evolved slowly. This has
largely been due to the difficulty in making direct measurement in human subjects.” This is especially

true for determining segmental joint kinematics which is still not achieved to date.
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2.2.1. Rib and chest wall motion

Typical motion at costovertebral joint is described as following (see figure 5):

|

Figure 5: Schematic representation presented by Osmond (1995) of axes and direction of movement of (A)
upper ribs (“pump handle” movement), (B) lower ribs (“bucket handle” movement), and (C) lowest ribs
(“caliper” movement). Inspiratory positions are indicated by broken lines.

Literature usually describes a change in orientation of the axis of rib rotation as shown in
figure 6. At upper rib levels, the axis is supposed to follow the orientation of the transverse process,
i.e. close to a frontal plane, while at lower levels, orientation gradually points obliquely between
dorsoventral and mediolateral axes.

Since the ribs rotate mainly around an oblique axis, chest wall diameters are altered in both frontal and

sagittal plane according to “bucket-handle” and “pump handle” motion respectively (see figure 6).

Abb. 3. Ri halsachse frontaler Kri gswinkel

1. und 6. Rippe.

Figure 6: Change in orientation of the costovertebral joint axis of rotation between upper and lower rib
level. Left: in (Von Hayek, 1970) ; Center: in (Kapandji, 1964); Right: in (DeStefano, 2011).
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2.2.2. Modelling of the thorax

Various models are presented in literature depending on which parameter is analyzed. For
example, chest wall response to dynamic impact or quasi static/dynamic loading was studied, using in
vitro methods and finite element modeling (Bir et al., 2004; Chen, 1978; Closkey et al., 1992; Eckert
et al., 2000; Eckert, 2001; Vezin and Berthet, 2009; Vezin and Verriest, 2005; Viano, 1978). These
studies are mainly used in the field of accidentology in order to develop injury criterions as a function
of several mechanical parameters (a representation of such a model is given in figure 7B). Other
applications were develop for surgical approaches such as in scoliosis (Andriacchi et al., 1974;
Closkey et al., 1992; Kenyon et al., 1991) in which the rib are constructed as a series of articulated
portions in order to determine rib deformations associated to the disease (see figure 7A). Several
necessary parameters are of importance to introduce in finite element modelling is the mechanical
properties of each component of the thorax (i.e. bones, joints, soft tissues...). Thorax joints
mechanical properties were analyzed using various in vitro methodologies (Duprey et al., 2010; Eckert
et al., 2000; Oda et al., 1996; Schultz et al., 1974a; Takeuchi et al., 1999). Rib mechanical properties
were studied in various analysis during loading (Roberts and Chen, 1970, 1972; Schultz et al., 1974b)
or from medical imaging techniques (Perz et al., 2015; Zhu et al., 2013) and were demonstrated to be
flexible (Schultz et al., 1974b). However, further specific analysis on respiratory movement of the
chest wall mentioned that “forces required to bend a human rib or costal cartilage are very much
greater than those required to move a rib around its joints” and therefore, kinematic analysis of the rib

during breathing motion could be assessed considering the ribs as rigid bodies (Saumarez, 1986).

g
/1

/|
/4

=

A

Figure 7: 3D models of the thorax. A: from (Closkey et al., 1992); B: Chest wall model from (Vezin and
Verriest, 2005).

Concerning respiratory mechanics, mechanical models were found in the early literature (see
figure 8A,B) focusing on thorax shape variations ( Fick, 1911; Hayek, 1960). Later, a two
compartment model of the chest wall was described (combining rib cage and abdomen) to estimate
chest wall change as a function of lung volume using one degree of freedom (Konno and Mead, 1967).
Adaptations were then made to include respiratory muscles contributions (Loring, 1986; Macklem et

al., 1983; Mead and Loring, 1982). More recently, the development of technologies enables to build
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very sophisticated models (Aliverti and Pedotti, 2014; Kenyon et al., 1991; Pelosi et al., 1998; Ward et
al., 1992) that combine chest wall compartment, lung (see figure 8C) .

Rib cage =4
muscles S :

~——— Bony skeleton
other than
rib cage

RC pul ——- [

Central tendon
Spring

RC ab____J}
Ppl ap —
Costal 7]
diaphragm

Crural diaphragm

Anterior
abdominal —{
wall

C

Figure 8: A: Thorax model from (Fick, 1911); B: Model proposed by (Kapandji, 1964) C: Modern model
from (Ward et al., 1992) combining, chest wall motion, muscles properties, lung elastic properties.

While a relatively significant number of models concerning the entire chest wall are described
in literature, only few studies have detailed in vivo kinematics of the joints of the thorax in breathing
conditions in a quantitative manner. Most of previous results related to costovertebral joints were
obtained from geometrical extrapolations (see figure 9) combined with in vivo measurements

(Jordanoglou, 1970; Saumarez, 1986).
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Figure 9: Schematic explanation of costovertebral joint complex geometry and probable axes of rotations
(Saumarez, 1986).

In humans, the only studies that measured segmental 3D kinematics of rib motion in breathing from
medical images are those from Wilson et al. (Wilson et al., 1987, 2001) on samples of 2 (at rib 3 to 7)
and 5 subjects (at rib 2 to 9). In these studies, cartesian coordinate system was oriented as follow: x-
axis, caudal to cephalic, y-axis, right to left z-axis adjusted so that it layed “in the sagittal midplane
behind the spine”, with an “arbitrary origin of the coordinate system” (Figure 10A). Then, they fitted a
plane passing through a set of landmarks (70-80 points) along the ribs reconstruction to define rib
coordinate system (& ; n ; {) (Figure 10B) with vertical axis ({-axis) normal to the “best fitting” plane
(& ; m) (pointing cephalically), and therefore not passing through the rib neck (Figure 10B).

Finally the orientation of the “rib plane” relative to the global coordinate system was expressed
using o (between x-axis and &-axis) and B (between y-axis and n-axis) angles for “pump handle” and
“bucket handle” respectively (see Figure 10C and D).

The transformation between the two poses was computed relative to the fixed global coordinate
system, therefore the spine was considered fixed (see Figure 10). In addition, data of different subjects
were shifted so that the spine and rib positions matched “as well as possible”, probably introducing
some unquantified artefacts in the final results.

Note that the later studies from Wilson et al, 1997 and 2001 formed the basis for reflection of the

present doctoral thesis.
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Figure 10: Methods used by Wilson et al, 1987, 2001. Details are presented in the text.

The later studies do not describe a method especially dedicated for the computation of the axes
of movement of the ribs during respiratory movement. The 3D representation with integration of the

both kinematic parameters and geometry of the bones of interests was also not available.

A method often use in joint kinematics is the finite helical axis (FHA) that allows describing
movement of rigid bodies through a rotation around and translation along one single axis (Woltring et
al., 1985). This method have been previously used for various joints of the human body such as the
cervical spine (Cattrysse et al., 2013; Cescon et al., 2014; Dugailly et al., 2010), the wrist (Salvia et
al., 2000) or also for the rib displacements for applications in radiation oncology (Didier et al., 2007;
Ladjal et al., 2013; Marshall et al., 2015). This method (see figure 11 from Marshall et al, 2015) was
used for computation of respiratory movement at tidal volume directly from extraction of computed

tomography (CT) scan images (Ladjal et al., 2013; Marshall et al., 2015), without describing the
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influence of rib level or in relation to lung volumes. Note that this method was combined with 3D
representation of the kinematic parameters and 3D bones geometry for the cervical spine (Dugailly et

al., 2010, 2013, 2014).

s

Final state
T=t1,t2, 3. o

Q_‘, R«fm:n j K Initial state/

Figure 11: Representation of the finite helical axis method and application on a rib at two successive
position. This figure was adapted from Marshall et al, 2015.

3. Overall methodology

Use of CT-scan data at various lung volumes

The above description of the methods used to estimate chest wall kinematics has underlined
that the only in vivo methodology that enables segmental quantification at a joint level remains the use
of medical imaging. The use of radiography has shown several limitations, especially due to planar
approach while the use of CT data at various lung volumes seemed to be the most accurate and
relevant tool to obtain reproducible measurements (Mueller et al., 2012), accurate bone geometry and
to compute discrete kinematics (Wilson et al., 1987, 2001). However, some concerns related to recent
radiation recommendations (Van Sint Jan et al., 2006) were raised.
Therefore, we explored the availability of retrospective data in the Erasme academic hospital of the
Université Libre de Bruxelles. Studies were found that used spiral CT-scan at three different lung
volumes in order to estimate effect of lung volumes on diaphragm and chest wall parameters in
hyperinflated patients and normal volunteers (Cassart et al., 1996, 1997). Further studies were
performed in a cohort of patients with cystic fibrosis (Dufresne et al., 2009). The CT data obtained
during these previous studies were used to constitute the basis of the present research. In total, data

were obtained in a sample of 12 asymptomatic subjects and 12 stable patients with cystic fibrosis.

Details of the breathing manoeuver performed during CT acquisition

During these studies, the CT data acquisition procedure was performed by senior
pneumologist and radiologist. The method they developed for the respiratory manoeuver was
organized as follows: the subjects were asked to perform few practice trials of the entire
breathing manoeuver to familiarize themselves with the procedures and with the sensation of

respiratory muscle relaxation. While wearing a nose-clip and lying supine with their upper limbs
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raised above the head, the patients were asked to breathe to total lung capacity (TLC), functional
residual capacity (FRC), and FRC plus one-half inspiratory capacity (MIC), where the acquisitions
were performed. To attain this last volume, the subjects were connected to a spirometer and instructed
to breathe in to TLC and slowly expire until MIC was reached. At each volume, the subjects were
asked to hold their breath and relax against a closed airway. During the acquisitions, one of the

investigators encouraged the subjects to appropriately relax the respiratory muscles.

Kinematics computation and 3D representation

While the finite helical axis method was used to compute rib displacement, no consensus
exists concerning the use of a series of anatomical landmarks to define vertebra, rib and sternum
coordinate system. Based on a previous description, the rib will be considered as rigid bodies
(Saumarez, 1986).The present research first focus on the development of the entire methodology to
describe rib kinematics and to allow 3D representation of kinematic parameters with respect to bone

geometry.

4. Aims of the doctoral thesis

Firstly, the aim is to develop a method that allows robust computation and 3D representation
of thorax joints kinematics from the use of CT data obtained at three different lung volumes.

Secondly, as described by Wilson et al. (1987, 2001), rib displacement seemed to be
dependent on the rib level but literature focused only on ribs 2 to 9 and no further analysis was
performed to estimate the influence of lung volumes on rib kinematics. In addition rib displacement is
supposed to be dependent on the orientation of the transverse process of the thoracic vertebra, and as a
consequence the orientation of the rib axis of motion is supposed to follow the orientation of the
transverse processes. Therefore, in asymptomatic subjects, we hypothesized that the rib angular
displacement could be modified by rib level, lung volume and laterality. As a consequence, the same
hypothesis related to the axes of rib rotation will be assessed.

Thirdly, studies have demonstrated that thoracic kyphoscoliosis and ankylosing spondylitis
may alter rib motion (Jordanoglou, 1969; Jordanoglou et al., 1972), however the assessment of rib
motion in respiratory disease such as chronic obstructive pulmonary disease (COPD) is poorly
described and is mainly based on planar estimations (Cassart et al., 1996; Sharp et al., 1986, 1986).
The latter researches have shown that the change in rib angle (from lateral radiograph) between lung
volumes can be reduced due to lung hyperinflation. Therefore, we hypothesized that a pathology that
could alter both lung volume and/or chest wall geometry should lead to a decrease in amplitude of ribs
rotation without any change in the orientation of the rib axes of rotation. This hypothesis is tested from
the analysis of a sample of patients with cystic fibrosis.

Finally, the above hypotheses focus on costovertebral joints while respiratory kinematics

involves the anterior joints of the thorax as well. The relation between rib and sternum kinematics was
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previously assessed in only two studies in dogs (De Troyer and Decramer, 1985; De Troyer and
Wilson, 1993) while description in humans is lacking. The objective was therefore to investigate and
compute a detailed analysis of the SCJ kinematics. The hypothesis is that rib level and lung volume

could influence SCJ kinematics similarly to CVJ.
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Dissertation outline

The present doctoral work will focus on the skeletal and joint components of the thorax, and
will be especially dedicated to analyse joint physiology during breathing motion using 3D modelling

infographic technics.

The first five chapters are presented following the format of published articles or articles in
submission (see figure 12 for a schematic overview of the relation between these five chapters).

Finally, these chapters will be discussed in the last section of the present dissertation.

In the first chapter (Chapter 2), the methodology aiming to quantify costovertebral joint (CVJ)
3D kinematics from medical imaging (computed tomodensitometry or CT) data obtained at three
different lung volumes is developed. The kinematic analysis concerned only the 7 first ribs,
anatomically described as “true” ribs according to their direct relation with the sternum. The main
objectives were to develop a methodology usable for the remaining of the thesis and to obtain a
combination of joint kinematics quantification and representation through 3D subject specific

modelling of the bones of interests over the breathing manoeuver.

The second chapter (Chapter 3) focuses on the effect of anatomical landmarks (ALs) definitions
on the computation of the axes of motion. The use of interpolation and the propagation of ALs errors
on the position and orientation of the mean helical axes of CVJ] were analyzed. The goal was to
estimate the accuracy of the entire methodology, and to propose the use of mean helical axes to align
proximal/distal anatomical frames of the joint coordinate system. In the same time, the position of the

pivot points relative to the joints of interest is reported.

In the third chapter (Chapter 4), the full methodology was extended on lower rib levels 8 to 10
on a larger sample. An analysis of respiratory ribs (i.e. functional aspect considering rib 1 to 10) is
reported. The aims were to test the hypothesis that rib level and lung volume may alter kinematic
parameters. The influence of the side on kinematic parameters was also tested. Further estimation of

the correlation between rib kinematics and lung volumes was analyzed.

The fourth chapter (Chapter 5) presents the comparison of costovertebral joints kinematics

obtained in asymptomatic subjects with those of a sample of patients with cystic fibrosis. The
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influence of a pathological condition on the costovertebral joint kinematics was tested following above

mentioned methodology.

In the fifth part (Chapter 6), kinematic analysis of the anterior joints of the thorax is presented.
The developed method was used to compute the kinematics of the ribs (“true ribs”) relative to the
sternum. In addition, the sternum displacement relative to the thoracic spine was also considered as

well as the correlation between sternum and rib displacements.

Finally, the last chapter (Chapter 7) is dedicated to the discussion and conclusion of the present
doctoral thesis. Various aspects, such as methodological considerations, clinical implications and

research perspectives will be described.

7’

Chapter 2

Development -
of the method

=

Improvement of the computational robustness : Monte-Carlo simulation for
optimisation of the mean helical axis

Chapter 3

Chapter 4

=

Application Evaluation of the impact of a pathological condition on CVJ kinematics
sFthermathod Chapter 5 parameters: analysis of a sample of patients with cysticfibrosis

Application of the methodology to the anterior joints of the thorax in asymptomatic
subjects

Chapter 6

-

Figure 12: Schematic overview of the organization of the different sections and studies of the doctoral
thesis.
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ABSTRACT

Background: The costovertebral joint complex is mechanically involved in both respiratory
function and thoracic spine stability. The thorax has been studied for a long time to
understand its involvement in the physiological mechanism leading to specific gas exchange.
Few studies have focused on costovertebral joint complex kinematics, and most of them
focused on experimental in vitro analysis related to loading tests or global thorax and/or lung
volume change analysis. There is however a clinical need for new methods allowing to
process in vivo clinical data. This paper presents results from in vivo analysis of the
costovertebral joint complex kinematics from clinically-available retrospective data.

Methods: In this study, in vivo spiral computed tomography imaging data were obtained from
8 asymptomatic subjects at three different lung volumes (from total lung capacity to
functional residual capacity) calibrated using a classical spirometer. Fusion methods including
3D modelling and kinematic analysis were used to provide 3D costovertebral joint complex
visualisation for the true ribs (i.e., first seven pairs of ribs).

Findings: The 3D models of the first seven pairs of costovertebral joint complexes were
obtained. A continuous kinematics simulation was interpolated from the three discrete CT
positions. Helical axis representation was also achieved.

Interpretation: Preliminary results show that the method leads to meaningful and relevant
results for clinical and pedagogical applications. Research in progress compares data from a
sample of healthy volunteers with data collected from patients with cystic fibrosis to obtain
new insights about the costovertebral joint complex range of motion and helical axis

assessment in different pathological conditions.

Keywords: costovertebral kinematics, rib cage mechanics, respiratory mechanics, thorax

modelling, helical axis
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1. Introduction

The rib cage is regarded as an anatomical structure organized for both protection of vital
organs, and mechanical support for respiratory function and spinal stiffness. Rib cage mobility
function was previously demonstrated to support breathing (Cappello and De Troyer, 2002). The
relationships between the costovertebral joints (CVJs) and the thoracic spine were also described (Oda
et al., 2002, 1996; Takeuchi et al., 1999). Functional impairments of the respiratory function and the
thoracic spine has been related to show important kinematic and compliance consequences (De Troyer
et al., 1986a; M Estenne et al., 1985; Gilmartin and Gibson, 1986). Quantification of rib cage mobility
from computerized tomography (CT) images is a reproducible method (Mueller et al., 2012). Clinical
perspectives of this method are promising in order to describe normal and pathological patterns of
both respiratory and postural thorax mechanics (e.g., neuromuscular or musculo-skeletal diseases,
etc...). Also, as no evidence is currently available on manual therapy techniques for improving rib
mobility or alveolar gas exchange, methods should be developed to evaluate validity and kinematics
impact of such therapeutic approaches. According to the literature (Dugailly et al., 2010; Salvia et al.,
2000), the 3D orientation of motion axis was reported to provide qualitative description of motion.

The aim of the present study was to develop a methodological protocol allowing in vivo
quantification and representation of CVJs 3D kinematic behaviour with an emphasis on using motion
representation that would respect the physiological CVJ behaviour (Beyer et al, 2011; Beyer et al,
2013). Another aim of the study was to develop the protocol from data that are ethically acceptable in

clinical practise; therefore use of invasive methods was avoided.

2. Method
2.1. Subjects

This study is based on a previously-described method used for CVJ motion representation
(Beyer et al, 2011; Beyer et al., 2013). This study relied on the latter method to collect data related to
in vivo CVJ] behaviour during breathing. Retrospective codified medical imaging datasets were
obtained from the Department of Radiology of the Erasme Academic Hospital for 8§ asymptomatic
volunteers (mean age 30.4 (5.5) years old; mean body mass index 21.1 (2.2) kg/cm?). The protocol
was approved by the local ethical committee (P2005/021).

2.2. Medical imaging and 3D bone model reconstruction
Spiral Computed Tomography (Siemens SOMATOM, helical mode, slice thickness = 0.5 mm,
inter-slice spacing = 1 mm, image data format: DICOM 3.0) was performed at three different lung
volumes: Total lung capacity (TLC); Middle Inspiratory Capacity (MIC); and Functional Residual
Capacity (FRC) (Cassart et al., 1997; Gauthier et al., 1994a; Pettiaux et al., 1997). TLC and FRC
respectively ranged from 4.86 L to 7.33 L and from 2.75 L to 4.04 L). Lung function was tested before
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imaging was realized on the complete thorax from the 1* to the 12" thoracic level. Each lung volume
corresponded to one particular thorax attitude; therefore three discrete positions of the thorax were
available for further CVJ kinematic analysis.

A data segmentation software interface (Amira 4.0, San Diego, CA, USA) was used to obtain
3D models of all bony thorax structures from the three available CT datasets (Fig. 1). Both manual and
semi-automated procedures were used during the segmentation process. All bone models were stored

in Virtual Reality Modelling Language (VRML) prior to further processing.

Figure 1: First and seventh CVJ complex (involving respectively 1* thoracic vertebra (Th1); the 7™ rib
and the 6™ and 7" vertebrae (Th6 and Th7)) in the three available discrete positions (TLC in white, MIC
in red and FRC in purple). Posterior view.

2.3. Kinematics computing and analysis

A custom-made software (called IhpFusionBox) was used to process the obtained 3D models. This
software was developed from the open-source MAF library (Viceconti et al., 2007) and allowed virtual
palpation of anatomical landmarks (ALs) observed at the surface of the bone models (Van Sint Jan et
al., 2006; Van Sint Jan, 2007) (Fig. 2A, B). All AL coordinates were defined in the technical frame of
the original CT dataset. Strict palpation definitions were adopted to increase palpation reproducibility
(Van Sint Jan and Della Croce, 2005). Five ALs were palpated on each rib and each vertebra model.
The palpation protocol reproducibility (3 repetitions performed by 2 operators during two sessions
with a 24-hour interval) was assessed and showed an inter-session maximal standard deviation (SD) of
1.4 mm on AL location, and an intra-examiner variation inferior to 1 mm (Table 1). The discrete
spatial location of the palpated ALs was further processed to determine each bone spatial
displacements defined in the CT global coordinate system and obtain helical axis data (such as mean
helical axis (MHA) and pivot point) related to each CVJ joint component (Van Sint Jan, 1997; Beyer
etal., 2013).
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INTER Examiner
Day 1 Day 2
X y z X y z
RMS 0,6 0,8 0,7 0,7 0,9 0,9
INTRA Examiner
Exam 1 Exam 2
X y Z X y Z
RMS 0,4 0,4 0,2 0,2 0,3 0,3
INTRA SESSION
Exam 1 Exam 2
X y Z X y Z
MSD Day 1 0,3 0,3 0,3 0,2 0,2 0,3
MSD Day2 0,3 0,4 0,5 0,2 0,2 0,1

Table 1: RMS for intra/inter examiner palpation reliability; RMS = root mean square error. MSD = mean
of standard deviation. All results are presented in millimeter (mm).

2.4. CVJ local coordinate system definition and HA representation

In order to represent CVJ kinematics, two supplementary ALs were added at the centre of
upper and lower endplates of each vertebra (Fig. 2) to create vertebral and costal anatomical
coordinate systems, or anatomical frames (AFs), corresponding to each CVJ segment. Rib and
vertebra specific coordinate systems were used to express rigid body kinematics, according to
previously-proposed orientation recommendations (Beyer et al., 2011, Beyer et al., 2013; Wu and
Cavanagh, 1995; Wu et al., 2002) (Fig 2C) . The X-axis was oriented forward, the Y-axis upward and
the Z-axis to the right. Rib AFs were manually oriented so they were collinear to vertebra AF for each
true rib level with the origin at mid-distance between R1 and R2 (Fig 2C). The mean pivot closest to
all available finite helical axes (FHA) in a least squared sense was calculated to define the optimal
position vector. Then the optimal direction vector (i.e., mean helical axis or MHA) was calculated as
the vector with the smallest angle between axes (Stokdijk et al., 1999; Woltring et al., 1990). Two
points located along the MHA at equal distance from the MHA pivot point (Van Sint Jan et al., 1997)
were computed to express the orientation of local rib MHA relative to the vertebrae over the complete
range of motion. Motion around the X-axis, Y-axis and Z-axis were defined as upward (+) / downward

(-) bending, right (+) / left (-) rotation and flexion (+) / extension (-), respectively.
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A
€<—R4
X-axis y-axis
R2
Z-axis
\ R1
R5 —>
B RS

C P X-axis =P Y-axis =3 7Z-axis

Figure 2: A: Anatomical landmarks (ALs) and Anatomical coordinate systems used for vertebra (from left
to right: inferior, superior and posterior view); B: ALs and coordinate frames used for ribs (from left to
right: superior, posterior and inferior view); C: AFs alignment at TLC position as referential position
(left: inferior view, right: superior view).
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Vertebra Landmarks: (Fig. 2A)

Vi
V2
V3
v4
V5
V6
V7

Centre of inferior border of left pedicle

Centre of inferior border of right pedicle
Superior junction of lamina

Posterior and superior apex of spinous process
Posterior and inferior apex of spinous process
Center of upper endplate

Center of lower endplate

Rib Landmarks: (Fig. 2B)

R1 Posterior apex of tuberosity
R2 Anterior apex of inter-articular crest of costo-corporeal joint
R3 Inferior point of tuberosity
R4 Superior apex of costo-chondral surface
R5 Inferior apex of costo-chondral surface
3. Results

and supplementary material) for all true ribs. CVJ behaviour computed showed that the motion
components around the X- and Z-axes were similar for each pair of homologue (i.e. left-right ribs:
mean X-range between 4.6° ((7" rib) and 8.9° (2™ rib), Z-range between 5.7° (7" rib) and 12.2° (1*
rib)). Mean displacements around the Y-axis showed smaller ranges (between 2.4° (5™ rib) and 4.8°
(1* rib)). Mean standard deviation concerning all degrees-of-freedom of all rib ranges of motion was

2.8°.

mean standard deviation of 1.0°. Supplementary material (in annex) gives the opportunity to visualize

3.1. Local coordinate systems and absolute range of motion

continuous motion simulation.

CVIJ motion representations and absolute ranges of motion were obtained (Table 2, figures 3

Intervertebral motion displayed a similar range around all axes, between 1.0° and 2.8° with a

Figure 3: Superior view of CVJ Complex with specific costal and vertebral AFs and example of MHA

visualisation for first (green) and seventh (red) thoracic level for both right and left side.
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Ox Oy Oz Ox Oy Oz
Left Right Left Right Left Right
Rib1 7,0 8,1 4,3 4,8 11,2 12,2 Th1/Th2 1,7 1,4 1,9
(4,5) (3,9) (2,4) (1,7) (2,7) (2,3) (1,4) (0,8) (0,9)
Rib2 89 6,7 3,2 4,3 10,1 10,7 Th2/Th3 1,3 1,2 2,8
(3,3) (3,7) (0,9) (1,8) (2,8) (2,6) (1,1) (0,8) (1,7)
Rib3 86 7,8 3,7 3,8 71 9,4 Th3/Tha 1,9 1,9 2,1
(39 (2,2 (0,9) (0,9) 2,2) (2,2) (1,5) (1,2) (1,3)
Rib4 82 5,9 3,7 3,3 7,5 9,4 Th4/Ths 2,2 1,4 1,6
(2,9) (2,5) (1,4) (1,8) (2,7) (1,8) (0,7) (1,2) (1,0)
Rib5 7,0 6,2 2,8 2,4 6,81 7,8  Th5/Thé 1,0 1,4 2,3
(2,6) (2,3) (1,2) (1,1) (2,3) (2,1) (0,6) (0,6) (1,0)
Rib6 6,6 5,5 3,2 3,9 6,6 7,2 The6/Th7 1,6 1,5 1,8
(2,3) (2,3) (0,8) (2,7) (1,8) (2,2) (0,8) (0,7) (0,9)
Rib7 51 456 2,8 3,1 5,7 7,1

27) (20 (19  (1,2) (2,3) (2,2)

Table 2: Mean ranges of motion (in degrees). Results are defined in terms of rotation around the x-, y- and
z-axes as 0x; Oy and 0z. Maximum are displayed in red and minimum underlined.

3.2.HA orientation and location

MHA data were determined for both sides and all levels for the global motion (from TLC to
FRC). Visualisation of MHA results for the 1* and 7" CVJ levels is provided in Fig. 3 for one subject.
HA location and orientation with respect to each local vertebral AF are given in Table 3 for the same
subject. Results show that, for example, the 1* rib HA is obliquely oriented in similar way caudally,
laterally and anteriorly for both sides. HA for the 7" rib level is oriented more laterally and caudally,
closer to the frontal plane for the 7" level.
Mean orientation (average direction cosines with respect to each x, y and z axis) of MHA is given in
Table 4 for the 1% and 7™ CVJ levels. It is presented as an average of direction cosines for the 8
subjects studied in this study. Both x and z direction cosines were similar for 1st to 7th level. Inter-
subject variability in direction cosines range between 0.09663 and 0.73673 with maximal value for 7"

CVJ (Table 4).

Direction cosines Pivot Point coordinates in Vertebra AF
(in mm)

Left Right Left Right

X y z X y z X y z X y z
Ribl | 0,5334 -0,6396  0,5535 | -0,6604  0,2337  0,7136 9,50 9,84 4,73 14,45  -049 1,23
Rib2 | 0,5317 -0,0344 0,8461 | -0,5334  0,2880  0,7952 -0,11 0,86 24,43 | 1,26 5,16 23,42
Rib3 | 0,9546 -0,0340  0,2960 | -0,6447  0,2286  0,7294 6,20 5,56 22,34 | 5,64 1,97 5,01
Rib4 | 0,6893 -0,1369  0,7114 | -0,8831  0,1216  0,4530 17,40 1,29 -13,38 | -6,81 0,15 21,81
Rib5 | 0,5674 -0,1174  0,8151 | -0,6549  0,2123  0,7252 -12,38 -0,83  -27,65 | -0,26  -6,52 21,11
Rib6 | 0,8817 -0,2656  0,3899 | -0,6798  0,5024  0,5342 9,02 4,27 -19,24 | -1,43 8,63 25,59
Rib7 | 0,1782 -0,2379  0,9548 | -0,4312  -0,1507 0,8896 -897 28,89  -5539 | -2536 14,72 35,29

Table 3: Mean Helical Axis orientation (direction cosines) and position (spatial coordinates of MHA pivot
point) with respect to x, y and z axes for one subject,
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Direction cosines

X y V4

Left
0,54396 (0,13478) -0,15226 (0,23993) 0,77629 (0,11726)
0,50372 (0,33989) -0,07369 (0,16722) 0,76985 (0,16065)
0,66837 (0,20538) -0,20363 (0,13932) 0,65151 (0,19558)
0,60517 (0,12506) -0,16206 (0,13389) 0,75496 (0,09663)
0,63948 (0,12951) -0,19411 (0,23511) 0,68284 (0,16577)
0,61650 (0,18367) -0,20050 (0,21067) 0,69995 (0,13021)
0,47978 (0,25306) -0,01524 (0,44636) 0,67098 (0,31892)

Right
-0,60801 (0,10793) 0,28983 (0,15123) 0,70542 (0,14539)
-0,52112 (0,14716) 0,15264 (0,18089) 0,80580 (0,09688)
-0,31298 (0,64515) 0,17000 (0,15245) 0,35266 (0,64519)
-0,46966 (0,26509) 0,16469 (0,15929) 0,80129 (0,17414)
0,00274 (0,73673) 0,09587 (0,27405) 0,33883 (0,61907)
-0,37289 (0,53352) 0,20977 (0,18846) 0,60096 (0,44803)
-0,21007 (0,55932) 0,11308 (0,30929) 0,40251 (0,69582)

Table 4: Average (n=8) of mean helical axis direction cosines and standard deviations for both sides with
respect to x-, y- and z- axes, Minimal and maximal SD is respectively underlined and written in red.

4. Discussion

4.1.CVJ local coordinate system

In this study, kinematics results are expressed according to a previous proposal of specific
CVJ anatomical frames (Beyer et al., 2011, Beyer et al., 2013). Motion representation was realized
using conventional anatomical planes to describe rib displacements to improve our understanding of
thorax deformation during breathing and to develop novel visualization tools understandable for
clinicians. As presented previously, it is possible to characterize CVJ kinematics in both mechanical
and clinical representation (Beyer et al, 2011, Beyer et al., 2013). The method presented in this paper
allows motion representation of the CVJ behaviour during breathing. Previous work (Wilson et al.,
1987; Wilson et al., 2001) reported a different method to quantify rib motions using for example the
best fit plane passing through the anterior body of the rib, and relative to global sagittal and frontal
midplane. Despite its usefulness, such global representation does not allow local CVJ joint
representation. Our method proposes local CVJ coordinate system built from anatomical landmarks,
allowing anatomically-meaningful representation for clinician, especially when the rib local
coordinate system is localised within the rib neck. Results are however describing similar CVJ
behaviour. As such, the main rib displacement is often referred as a so-called "bucket handle"
(corresponding to the rotation about the x-axis in our study) and "pump handle" (rotation about the z-

axis in this paper) between two extreme positions (maximal inhalation and exhalation) (Wilson et al.,
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1987; Wilson et al., 2001). Results from our paper indicate that the largest amplitudes are found
around the X- and Z-axes (see Table 2).

4.2.Global range of motion and HA

The ranges-of-motion measured in this study seem to be in agreement with previous reports
related to "bucket" (sagittal axis) and "pump" (frontal axis) handle angle variations (Wilson et al.,
1987; Wilson et al., 2001) stating that both decrease with the rib number. In this study, the MHA were
not strictly oriented along the rib neck axis as approximated in most previous theoretical papers
(Hayek, 1960; Kapandji, 1964). However, a previous experimental study (Wilson et al., 2001) already
discussed the possibility that during passive inflation, with gliding movement of costotransverse joint,
the axis of rib rotation and rib neck would not coincide. Our results enhance that first rib motion for
example was shown to occur almost equally around Z-axis and X-axis instead of the classical frontal
“pump handle” axis description. Also average MHA orientation between 1* and 7" rib showed similar
orientation with respect to the X-axis and Z-axis. This similar orientation of MHA for each level
correspond to what was proposed in previous experimental work that estimates around 45° the angle
between axis of rib rotation and transverse midplane (Wilson et al., 2001). In this study we obtained
complete 3D parameters of effective rib rotation axis along each plane.

Inter-individual variations of MHA seemed to be more important at lower levels. The impact of
different diseases (i.e. pulmonary; neuro-musculo-skeletal, etc...) on kinematics parameters should be
evaluated.

The authors acknowledge that the data used in this study were obtained from discrete positions.
Continuous motion would probably be more representative of actual joint kinematics. However,
techniques based on continuous tracking of external landmarks (i.e., reflective markers) are difficult to
implement for CVJ motion in vivo, due to the problems related to marker positioning and skin motion
artifacts. The main advantage of the presented method is that it can be used within existing clinical
imaging protocols like in this study, and could be therefore useful to understand thorax biomechanics

in different pathological conditions.

4.3.Perspectives: correlation with anthropometrical measurements and functional
pulmonary test
A study is currently running to quantify the links between ribs/vertebrae kinematics
determined in this study and other clinically-relevant information such as anthropometrical
measurements and functional pulmonary tests. The long-term objective is to create a larger database
including the same kind of data. Few studies have already tested such an influence of anthropometrical
parameters on thoracic cage dimensions (Bellemare et al., 2003; F. Bellemare et al., 2001; J. F.
Bellemare et al., 2001; Gayzik et al., 2008; Laurin et al., 2012). Our study offers the perspective to

complement these previous results and provide kinematics parameters for clinical applications. It is
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also expected that results will allow improving our general understanding of the relationships between
clinical measurements of physiological signals (e.g., FPT), thorax behavior obtained from clinical
medical imaging and the underlying disorders (e.g., cystic fibrosis, asthma, etc...). Note that this study
was limited to analysing the behavior from ribs 1 to 7 because of the constraints of the underlying
clinical medical imaging protocol (see method section). The remaining ribs (from 8 to 12) could be
studied by extending the imaging protocol to the entire thorax and applying the data processing

method described in this study.

5. Conclusion

This paper presents a novel methodology related to CVJ kinematics. It has been applied on 8
asymptomatic subjects to describe normal CVJ behaviour. Classical description of “bucket handle”
and “pump handle” component of rib motion seemed to occur similarly for each level. The method
seems promising in order to link particular thorax disorders with CVJ behaviour. Running work on

patient data should determine if results can be clinically-linked to other available clinical parameters.
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Next steps

The previous chapter focused in designing methodology to obtain 3D representation of CVJ
joints 1 to 7 from CT data. Further work was needed to improve the processing of the kinematic data
obtained, especially concerning the orientation of the helical axes. Therefore the next chapter will
focus on improving the above-developed computational method and will estimate the error

propagation of AL location on motion representation.
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ABSTRACT

Literature concerning quantification of costovertebral joint (CVJ) motion under in vivo conditions is
scarce. Most papers concerning this topic are related to ex vivo loading conditions. /n vivo protocols
are available from the literature to determine rib and vertebra kinematics but new developments are
needed to improve data processing concerning CVJ behaviour obtained from discrete breathing
positions showing limiting ranges-of-motion and sensitive to noise. Data from previous work were
used to implement a method analysing mean helical axis (MHA) and pivot point parameters of the
CVIJ complexes. Several levels of noises were estimated within Monte-Carlo simulations to optimize
MHA results. MHA parameters were then used to transform and define a CVJ-specific local
coordinate system. This study proposes an improvement for CVJ kinematics processing and
description from in vivo data obtained from computed tomography. This methodology emphasizes the
possibility to work with variability of MHA parameters using Monte-Carlo procedures on anatomical
landmark coordinates and to define a local coordinate system from this particular joint behaviour.
Results from the CVJ joint model are closer to a hinge joint (secondary motions inferior to 3°) when
anatomical frames are expressed from MHA orientation. MHA orientation and position data obtained
from the proposed method are relevant according to angular dispersion obtained (from 7.5° to 13.9°)

and therefore relevant to define behaviour of CVJ.

Keywords: Mean helical axis, Monte-Carlo procedure, costovertebral joint, rib kinematics, pivot point,

breathing thorax
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1. Introduction

The rib cage is a multiple joint complex organisation implicated in respiratory function and
spine stability (Cappello and De Troyer, 2002; Oda et al., 1996; Takeuchi et al., 1999). Due to the
number of degrees of freedoms (DoFs) of the thorax that includes many joints, costovertebral joint
(CV)) kinematic analysis at a specific level is difficult. Previous in vivo CVJ kinematic analysis
proposed a method based on medical imaging (i.e., 3D modelling) and mean helical axis (MHA)
computation (Beyer et al., 2014a, 2013b). Thorax medical imaging in 3 different positions (Cassart et
al.,, 1997; Gauthier et al., 1994a; Pettiaux et al., 1997) previously allowed estimation of local
kinematic impairments of CVJ complexes (Beyer et al., 2014a); this previous work recognised to be
limited by the influence of small range-of-motions (RoM) on the helical axis determination (de Lange
et al., 1990) and by the reduced amount of available discrete positions (i.e., 3). In a previous study
(Beyer et al., 2014), the authors acknowledged that discrete data are probably less representative than
continuous motions obtained from external landmarks tracking; unfortunately the latter method is
difficult to implement for accurate in-vivo CVJ motion analysis due to small rib displacements and
skin motion artifacts. Therefore, a more complete description of RoM effect on finite helical axis
(FHA) and MHA parameters related to CVJ behaviour is needed to extend this previous work and
obtain better interpretation of the available raw data. Another issue is to determine the influence of
virtual palpation performed on medical imaging data on CVJ mechanical parameters for clinical
applications.

The purpose of this paper was therefore to investigate CVJ helical parameters from the effect
of Monte-Carlo random noise simulation using spatial locations of anatomical landmarks (ALs)
obtained from in vivo medical imaging. The influence of interpolation between discrete positions on
MHA parameters and ranges-of-motions analysis using two different coordinate systems was also

tested.

2. Method
2.1. Data acquisition and organisation

CT-scan data acquisition procedure (including three respiratory poses, or frames, for each
subject) and AL virtual palpation methodology were described in previous work (Beyer et al., 2014a).
. Six subjects were analyzed. On each subject, the 7 first left and right ribs, and corresponding
vertebrae were virtually palpated to locate 5 ALs on each available bone (Fig. 1). Then, 3D locations
of the left ALs were mirrored (Meskers et al.,1998) to the right side to avoid sign errors from left/right
anatomical coordinate systems and to increase representativeness of the data.

For 3 subjects, the entire palpation procedure was repeated twice after 24 hours for

reproducibility purposes. (Max SD = 2.1 mm; Mean SD= 1.4 mm). Note inter-observer repeatability
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of this palpation procedure was previously assessed and showed an RMS error close to Imm on AL
location (Beyer et al., 2014).

In summary, a pool of 9 (6+3) subjects (18 half-thoraxes) was analysed. Due to too large error
on further transformation residual, 3 sides were removed from the study leading to 15 available half

thoraxes.

LR1

Figure 1. ALSs used in this study. In this figure and in figure 2, rib laterality is indicated with the prefix R
or L for right and left, respectively.

Vertebra Landmarks: (Fig. A)

Vi Centre of inferior border of left pedicle

V2 Centre of inferior border of right pedicle

V3 Superior junction of lamina

V4 Posterior and superior apex of spinous process
V5 Posterior and inferior apex of spinous process
Rib Landmarks: (Fig. B)

R1 Posterior apex of tuberosity

R2 Anterior apex of inter-articular crest of costo-corporeal joint
R3 Inferior point of tuberosity

R4 Superior apex of costo-chondral surface

R5 Inferior apex of costo-chondral surface
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Four ALs (from the first CT-scan frame) were used to convert 3D data from CT
coordinate system to a unified coordinate system (UCS) using right hand rule as following.
Let us define four (3x1) column P matrix: P,=(VI1;+V2)/2 , i=1,7 ; P,=LR4s5; P;=RR4s
from ALs palpated at CVJ levels 1, 5 and 7, where V;, LR; and RR; are vertebrae, left ribs, and
right ribs respectively (see Figurel and Figure 2B ). Then, by defining the Euclidian matrix

norm||...

, we obtained Y =(R—PR)/|R-PF,

L X, =(YX(B-B):X =X,/|X,

Z=XxY

T
. Finally, point U in UCS could be obtained from point P in CT as U =T [PT ,1] , Where is

T= [X Y. Z ,P7] is the (3 x4) transformation matrix required to transform data from the CT

reference frame to the UCS frame.

For each bone AL cloud solidification (Cheze et al., 1995) was applied using the 3
available poses and rigid cloud transformation (Soderkvist and Wedin, 1993). Analysis of the
transformation residuals allows estimating the range of palpation error for vertebrae and ribs.
This error was further used to estimate the range of random noise introduced in further

Monte-Carlo simulation.

2.2. Monte-Carlo simulation and kinematics parameters

Due to discrete nature of the raw data (i.e., obtained from medical imaging) and the small
ranges of motion of the costovertebral joints (Beyer et al., 2014a), it has been supposed in this paper
that MHA orientation and position could have been ill-determined as described in a previous paper (de
Lange et al., 1990).

After processing original CT-scan data obtained in 3 positions only 2 finite helical axis (FHA)
(de Lange et al., 1990) could have been evaluated to estimate MHA. However, the availability of 2
FHA only makes results sensitive to errors from AL palpation. In order to decrease the amplitude of
this noise issue, and before running further random variations of palpated AL location as explained in
the next alinea, an interpolation was applied in order to increase the amount of available positions and
to smooth the data. Spatial coordinates of ALs associated to each available bone pose were then first
stored using the so-called “pre-processed gait data” (or PGD) convention (the PDG convention has
been previously recommended for motion data storage, see Cappozzo et al., 1995). Then, a parabolic
interpolation was performed on each PGD DOF independently and between each bone pose. At last,
interpolated intermediate data were solidified (Chéze et al., 1995). This artificial data creation
procedure allowed to estimate the optimal amount of intermediate data (or artificial time-like step)
required to minimize differences in MHA orientation between the intermediate poses. (See Annex A

for MHA parameters estimation).

54
Beyer Benoit - Doctoral Thesis 2016



Chapter 3 — Effect of anatomical landmark perturbation on mean helical axis parameters of in vivo upper
costovertebral joints

In order to perform the final interpolation step (for MHA evaluation) and the filtering of
rotational angle values, a Monte-Carlo method was applied to imitate the influence on MHA
orientation evaluation using the error magnitude of the reproducibility analysis related to AL palpation
errors. Intra-observer distribution of error on ALs location was similar at all levels therefore 3
different amplitudes of noise with common mean standard deviation of the reproducibility were used
as input for Monte-Carlo procedure (0.7; 1.4 and 2.1 mm) in each direction. Three levels of simulation
noise were adopted to reflect the reproducibility issue between different research sites reported in the
literature (Van Sint Jan and Della Croce, 2005). The procedure was applied in loop for each selected
half-thorax. Four hundreds iterations were adopted after convergence analysis ensured results
stabilization. All seven available CVJ levels were processed to estimate mean and standard deviation
(mean, SD) from all trials for each individual level and subject. Then, similar estimation was
performed to estimate mean values for the entire sample to obtain the dominant direction of CVJ

MHA from breathing positions.

2.3. CVJ local coordinate system definition and comparison

Results obtained in previous work (Beyer et al., 2014a) proposed rib and vertebra local
coordinates built following ISB recommendations (Wu and Cavanagh, 1995; Wu et al., 2002). The X-
axis was oriented forward, the Y-axis upward and the Z-axis to the right. In this paper, first angular
displacements were obtained from “ISB-like” coordinate orientations (UCS, Figure 3). A reorientation
is then proposed to define a MHA oriented (MHAO) reference frame constructed from MHA
parameters (i.e. orientation and position) obtained after Monte-Carlo iterations. The Z-axis was
oriented along the MHA (with positive projection on UCS Z-axis) with its origin located at the mean

pivot point.

3. Results

Raw AL data, previously captured in three positions, were solidified (Cheze et al., 1995) and
each bone anatomical frame (AF) global transformations were interpolated and finally reframed to
obtain 41 poses (following analysis of MHA orientation convergence vs. reframing). Then, for the
MHA orientation evaluation, each level data were filtered by selecting frames of the CVJ angular
rotation (between frames) larger than 0.5°. The amount of selected frames was between 15 and 40,

depending on the subject and CV]J level range-of-motion.

3.1. Local coordinate systems and range-of-motion
From both AF representations (i.e., UCS and MHAO), CVJ motion parameterization was

obtained and compared. The two AF parameterizations lead to different out-of-plane or secondary
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motion representations (Figure 3); this discrepancy in the motion representation is well-known for
specific joints moving around one principal axis (Piazza and Cavanagh, 2000). CVJ behaviour
computed using UCS AF was not comparable to a hinge joint (the amplitudes of rotations along the X-
axis and Z-axis were similar). For MHAQ, angular components demonstrated a behaviour closer to a
hinge-like joint mechanism (i.e., the primary displacement took place around the Z-axis). A complete

description of the MHAO results is given in Table 1.

TERE ERER L s o o [ |
RoM X[°] RoM Y[°] RoM Z[°]

level min | max mean SD | min | max mean SD | min max mean SD

1 0.2 4.4 1.4 1.1 | 0.1 33 1.5 1 9.6 344 | 17.7 7.5
2 0.2 6.1 2.2 1.6 | 0.2 3.9 1.4 0.9 |10.7 |30 16.3 5.8
3 0.1 4.4 1.9 14 103 2.9 1.5 0.8 |98 272 | 152 4.7
4 0.1 43 2.1 1.3 102 3 1.1 0.7 | 11.9 | 219 | 143 3.1
5 0.1 4.4 1.6 1.3 0.1 2 0.8 0.6 |85 18.5 | 12.2 2.7
6 0.1 3.9 1.3 09 |02 2.6 1.2 0.7 | 7.7 158 | 12 23
7 0.6 3.1 1.7 0.8 0.2 3.1 1.1 09 | 838 15.1 | 11.3 1.8
mean | 0.2 4.4 1.7 1.2 102 3 1.2 0.8 |9.6 233 | 142 4

SD 0.2 0.8 0.3 03 ]0.1 0.5 0.2 0.1 |13 6.9 2.2 1.9

Table 1: Amplitudes of CVJ angular rotation defined in the MHAO proposed in this paper.

Amplitudes of CVJ angular rotation for each level were estimated relative to the joint
coordinate system constructed from MHA orientation (Z-axis) and two axes (X- and Y-axes)
orthogonal to Z. Results are presented in the column 1-12 (Table 1). As expected, the major rotation
occurred around the Z-axis (mean (SD) value 14.2° (4°) in columns 11, 12). Amplitude of rotation
around secondary axes [mean (SD): X=1.7° (1.2°); Y=1.2° (0.8°)] were almost within expected
accuracy of measurements. Maximum values for the X- and Y-axes (X=4.4°; Y=3°) were expected
due to the use of averaged MHA orientation in total from 6000 (400 iterations *15 sets of ribs) trials
for each of seven CVIJ levels. For angular displacements obtained from each AF orientation an
example is given (Figure 3) for one subject showing obvious decreases of secondary motion (around

X-and Y-axes) at 4 different CVJ levels.
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Figue 3: A: Frontal (Left) and superior view (right) of MHA orientation (yellow lines). Pivot points are
displayed as red balls. Unified coordinate system (UCS) following ISB convention is displayed in Red,
Green, Blue corresponding to X, Y and Z-axes. Blue balls correspond to AL of levelsl, 3, 5 and 7. Gray
balls correspond to AL from levels 2, 4 and 6. B: Superior view (Left) of AL used to calculate distances;
Antero-lateral visualization (Right) of distance (L) between midpoint of RR1 and RR2 and CVJ mean
pivot point; and shortest distance (M) between this midpoint and the MHA.

3.2. MHA and mean pivot point parameters

Table 2 contains a summary of results for the 6000 trials for one selected subject CT-scan
data. For each level and each side, MHA orientation was first estimated by averaging the results of
400 random trials of the AL locations. Then, for each level MHA orientation was estimated as the
mean of 15 right sides. Results are presented as direction cosines in UCS with XYZ oriented

anteriorly, vertically and right laterally respectively.
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0 1 7 3 |4 E 6 7 8 9
L [mm)] M [mm] Pivot [mm] D[°] | MHA direction cosines

level | mean(SD) mean(SD) | x Y Z X Y z

1 148 (104) | 54(4.2) 69 |137.0 |18.6 |11.1 |-0.54981 | 0.19732 | 0.81165
2 13.5 (9.7) 4.6 (3.6) 1.0 | 1186 |255 |13.9 |-0.67907 | 0.1712 0.71383
3 15.1(10.7) | 6.0(3) 47 (938 213 |[112 |-0.68252 |0.19524 | 0.70431
4 17.2(9.8) 7.73) 2.1 {693 18.5 | 13.6 |-0.63826 | 0.18387 | 0.74754
5 18.8(11.3) | 8.3(4.4) 99 [503 |233 [134 |-0.66891 |0.09902 |0.73672
6 20.9(10.7) | 8.6(3.5) -6 (226 | 161 |75 -0.62952 | 0.08359 | 0.77247
7 18.4(9.8) 9.0 (3.8) -12 |17 19.6 | 13.9 |[-0.62393 | 0.02526 | 0.78107
mean | 17.0(10.3) | 7.1 3.7) -1.7 | 705 204 | 121 |-0.64109 |0.13698 | 0.75514

Table 2: Results of pivot point position (columns 3-5) and MHA orientation (columns 7-9, direction
cosines around X, Y and Z-axis) evaluation presented in the first frame of the UCS for 7 levels obtained
from Monte-Carlo procedure and averaged for 15 right sides of the selected subject CT-scan data.
Column 1 contains mean distances L. from midpoint of the CVJ to mean pivot point. Column 2 contains
mean shortest distances M from midpoint of the CVJ to the MHA line. Column 6 contains mean angular
dispersion D [°] values. All data were estimated for each level from 15 right sides and 400 trials each.

The mean angular dispersion (see Annex A) of the seven CVJ levels was calculated as 12.1
(2.3)°. Results showed that the dominant MHA orientation is postero-lateral. In Table 2, column 1
contains mean distances L (also illustrated in Figure 1B) from midpoint of CVJ to the mean pivot
point (MPP). Column 2 contains mean shortest distances M from midpoint of CVJ to MHA. Column 6
contains mean angular dispersion D[°] values. Visualisation (see supplementary materials) of results
concerning MHA and pivot point during full range was obtained after fusion of kinematics and 3D
bone models using a custom made software (i.e., lhpFusionBox, (Van Sint Jan et al., 2013)), giving
the opportunity to visualise the proximity of MPP to the real anatomical CVJ complexes i.e. between

two ALs in costovertebral and costotransverse joints (see Figure. 2B).
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Figure 3. Graphic presentation of ranges of motion (vs. interpolated poses 0, 1, 2) relative to respectively X
(Red), Y (Green) and Z-axis (Blue) in both AF representation (UCS on the left; MHA on the right) for one
subject. Results are given for right CVJ levels 1, 3, 5 and 7.

4. Discussion

4.1. Local coordinate systems and range of motion

A previous paper proposed rib and vertebra-specific AFs to express CVJ kinematics (Beyer et
al., 2013, 2014) organised following anatomical conventions but the functional method (Besier et al.,
2003; Mannel et al., 2004) was not used to express kinematics. In addition to previous work we
attempted to use this method on CVJ mechanism considered to be close to a hinge joint and not
aligned with conventional anatomical planes (Saumarez, 1986; Wilson et al., 1987). The method
(MHA orientation) proposed in this paper to orient the AF Z-axis along the average of MHA obtained
from iterations allow minimizing the result cross-talk obtained using UCS from ISB conventions.
Ranges of motion are decreasing with rib level as previously described (Beyer et al., 2014a; Sharp et
al., 1986; Wilson et al., 1987). One subject in this sample showed very high ranges of motion at upper
levels (presented in Figure 3). Inter-individual variations could explain higher SD observed at upper
level compared to smaller ranges and SD at lower levels. This observation could be explained by so-

called various breathing patterns (Tobin et al., 1983) and should be analysed on larger sample.

4.2. MHA and mean pivot point parameters

MHA parameters could be ill-determined (de Lange et al., 1990) especially for small ranges of

motion joints (Ehrig et al., 2007). This procedure, combined with a large number of iterations (400 in

59
Beyer Benoit - Doctoral Thesis 2016



Chapter 3 — Effect of anatomical landmark perturbation on mean helical axis parameters of in vivo upper
costovertebral joints

this study), allows noise reduction of MHA parameters and provided a mechanism closer to a hinge
joint with respect to the real anatomical joint organization (Kapandji, 1964). The distance L between
MPP and anatomical CVJ (Figure 1B) could be increased in a real hinge, but the results obtained
concerning shortest distance M from CVJ to MHA lead to relevant joint mechanism considering that

MPP should be located next to the area of the anatomical joints.

This paper presents results from Monte Carlo simulation performed with 3 levels of noise.
A 95% confidence interval could have been adopted from the reproducibility study performed but it
must be stressed that it is acknowledged in the literature that AL location shows important
discrepancies between individuals from various groups (Van Sint Jan and Della Croce, 2005). The use
of 3 levels of noise aims to consider 3 scenarios ranging from most the optimal to the worst case of AL
location and to therefore better reflect discrepancies of AL location performed at different sites.

The authors recognize that the obtained results are processed from the discrete position
interpolation, but the presented method allows reduction of noise on MHA parameters. Results for
each level show few disparities concerning secondary motions for some levels that could be attributed
to subject-specific mechanism or error of AL virtual palpation. Nevertheless inter-individual variations
in shape and orientation of different articular surfaces involved in the mechanism, and also “misfit”
during motion (Saumarez, 1986; Wilson et al., 1987) at each costotransverse and costovertebral joints
could explain the mean angular dispersion of MHA (from 7.5° to 13.6°). Error filtering could be
proposed using transformation residual for inexperienced users who would produce little accurate
virtual palpation. To the best of the author’s knowledge no procedure is available today to collect
continuous motion of each rib and vertebra in in vivo conditions. Neither external (e.g. external
landmark recording) nor internal measurement (e.g. dynamic magnetic resonance) tools are currently
available to sample continuous motion of each a specific CVJ level that could more accurately

describe this particular joint complex mechanism during full breathing.

5. Conclusion

This paper presents an improvement to a previous analysis (Beyer et al., 2014a) of CVIJ-
related kinematic data characterized by small spatial displacements. Data processing was oriented to
obtain motion representation respecting the underlying hinge-joint like behaviour of the CVJ joints.
Results obtained from random noise simulation and filtering proposed in this study indicate that the
method is robust and leads to a relevant joint mechanism and better understanding of the CVJ complex
which is poorly explored. Compared to the previously published paper, results show the robustness of
the method and support the use of interpolation for stabilisation of MHA parameters. This could allow
a better understanding of breathing patterns in normal and pathological conditions. Current work

focuses on applying the procedures on a larger set of normal subjects and cystic fibrosis patients.
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Annex A. Mean helical evaluation algorithm.

“To provide an indication of the precision of the FHA estimation procedure, the dispersion of the
FHA's was calculated, with respect to a Mean Helical Axis (MHA) First, a mean rotation "pivot" of
all FHA's, defined as the point with the smallest rms distance D; to the FHA's was calculated. The D;-
value was taken as a measure for the error in the helical position estimation. Subsequently, the optimal
direction vector of the MHA was defined through this pivot by minimizing the rms values of the sines
of the angles between the MHA and the FHA's. Herewith, the angular dispersion x» is defined as the
arcsine of this rms value. Its wvalue was taken as a measure for the error in the helical direction

estimation.” (de Lange et al., 1990).

Mean helical axis (MHA) unit vector g,:,(|g,a|= 1) estimation is based on a set (size »n) of finite

helical axis (FHA) u,.i=1,...,n unit vectors. Let us define #, = (uﬁ;u@;u&_jrsﬁx 1) vector column of

0 —u, u

wprojections. Also let us define i, = u, 0 —u, J(3%3) a skew symmetric matrix. Then
U, U, 0

ﬁf: —il,, i, = i, = Hﬂjuﬂfr -E, where E is (3 > 3) identity matrix. Let

- 7 - - ' ' "
5, =sin"(@,) =(u; x1y) -(1; xuy),i =1....n. where @, is angle between two directions then is

5, =(ﬁjﬂﬂjr(ﬂjﬁﬂ) = ﬁg(—ﬁbﬁﬂ = ﬂg(E - Hﬂlunlrjﬂﬂ Then mean s characterizes MHA dispersion and

I

1 1.r .~ - .
is calculated asSZ—ZSfZ—IéA%= where AZZ(E—HTM;T) is a2 (3x3) symmetric matrix.
Iy

i=1 i=1

Minimal value of Scorresponds to the minimal eigenvector w4, of the matrix Awith eigenvalue 4_,_ .

Finally, i, = u_, and angular dispersion is evaluated asd = arcsin ,jJ4_, /7.
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Next steps

Chapters 2 and 3 aimed to develop an entire methodology enabling 3D modelling of
costovertebral joint kinematics from CT scan data. The accuracy and reproducibility were estimated
and results obtained are therefore considered relevant and applicable to any rib level. However, the
previous results were not linked to pulmonary function. Therefore, the next chapter aims to evaluate
the influence of laterality, lung volume and rib level on kinematic parameters of the respiratory ribs 1

to 10.
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1. Introduction

Since the descriptions of Von Hayek (Hayek, 1953) and Felix (Felix, 1928), ribs have been
demonstrated to be involved in both respiratory function (Cappello and De Troyer, 2002) and thoracic
spine stability (Oda et al., 1996; Takeuchi et al., 1999). Literature concerning in vivo segmental
costovertebral (CVJ) kinematics during breathing is scarce. Planar radiographic techniques were
previously used to quantify 2D rib angle variations (i.e., the “pump handle”) at various lung volumes
over the vital capacity (VC) (Sharp et al., 1986). Three-dimensional (3D) kinematics of the upper ribs
were quantified at specific costal level according to vector displacement analysis from external
measurements (Jordanoglou, 1970, 1969; Jordanoglou et al., 1972) and joint surface geometry
(Saumarez, 1986). 3D rib displacements between total lung capacity (TLC) and functional residual
capacity (FRC) were also obtained from medical images on small samples (Wilson et al., 2001, 1987).
Recently, a method was developed using computed tomography (CT) data (obtained at three different
lung volumes (Cassart et al., 1997; Pettiaux et al., 1997)) and virtual palpation of few anatomical
landmarks (ALs) on the 3D bone models reconstructed from the available CT data (Beyer et al.,
2014b). Sensitivity analysis was used to quantify the influence of AL palpation errors on the
determination of the axis of motion at each specific CVJ level (Beyer et al., 2015b). These previous
works focused on the CVJ ranges-of-motion (ROMs) of the seven first pairs of ribs only and did not
attempt to quantify the relations between CVJ ROMs and lung volumes. A non-uniform coupling
between the ribs and the lungs was also previously demonstrated in dogs; no conclusive explanation
was however given to explain the underlying coupling mechanism (De Troyer and Leduc, 2004; De
Troyer and Wilson, 2002). The influence of both rib level and lung volume above FRC was
demonstrated to alter rib compliance in caudal-cephalic direction (De Troyer et al., 2005b; Wilson and
De Troyer, 2004). Further, force transmission during diaphragmatic contraction has been previously
demonstrated to create a mechanical linkage between the ribs in the lower rib cage and those in the
upper rib cage (De Troyer, 2012). From these studies, one may expect that the behaviours described
will be reflected in the kinematics of the CVJ, but detailed quantified relationships between rib 3D

kinematics at a specific CVJ level and lung volumes are yet to be described in humans.

In this paper, a previously-published method (Beyer et al., 2015b; Beyer et al., 2014b) was
used to analyse the 3D angular displacements and axes of rotation of the ten first rib pairs relative to
the vertebrae in 12 humans in supine position. The main objectives of this study were: 1) to quantify
CVI 3D kinematics at CVJ 1 to 10 as function of lung volume; 2) to test the correlation with
functional respiratory measurements and anthropometrical characteristics; 3) to test the influence of

laterality, CVJ level and lung volume on CVJ 3D kinematics parameters.
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2. Methods

2.1. Computed tomography data

Retrospective codified CT datasets were obtained from the Department of Radiology of the
Erasme Academic Hospital. Spiral computed tomography (Siemens SOMATOM, helical mode, slice
thickness = 0.5 mm, inter-slice spacing =1 mm, image data format: DICOM 3.0) was performed in
asymptomatic volunteers at three different lung volumes. Lung volumes were previously obtained
during pulmonary functional tests and available for this study. CT images were sequentially performed
at total lung capacity (i.e, TLC pose), middle inspiratory capacity (MIC pose) corresponding to
FRC+50% of inspiratory capacity (IC) and functional residual capacity (FRC pose), (Cassart et al.,
1997; Gauthier et al., 1994a; Pettiaux et al., 1997). In order to control the lung capacity adopted during
the CT sequences, patients were connected to a spirometer and instructed to hold their breath against a
closed airway at each expected lung volume. The protocol was approved by the Erasme Hospital
Ethics Committee (P2005/021). Just prior to CT data collection, subjects were allowed to perform a
few rehearsal trials to get acquainted with the breathing procedure (Cassart et al., 1997; Pettiaux et al.,
1997). A sample of 12 datasets from asymptomatic adults (mean age 314 6 years old) was obtained.

Details of anthropometric and pulmonary characteristics of the subjects are given in Table 1.

Age, yr 30 + 6
Sex, M/F 6/6

Height, cm 171 £+ 8
Weight, kg 63 + 13
TLC, 1 6,25 =+ 1,1
MIC, 1 486 = 0,7
FRC, 1 344 £+ 043
RV, 1 1,67 + 0,37
IC, 1 2,82 + 0,87

Table 1: Anthropometric and functional characteristics of the subjects. Values are means + SD. All lung volumes were
measured seated during functional pulmonary tests.

2.2. 3D-data extraction and kinematics computation

The entire procedure allowing to obtain 3D models and to compute costovertebral joint (CVJ)
kinematics for the true ribs (n°1 to 7) has been previously described (Beyer et al., 2015b; Beyer et al.,
2014b). In the present study, this procedure was used and extended to lower CVJ levels (n°8 to 10) to
describe the individual behaviour of all ribs involved in breathing (i.e., CVJ1 to 10) and to perform a
comparison with the related lung volume quantified by the spirometer. A custom made software (Van
Sint Jan et al., 2013) (called ThpFusionBox) was used to locate the spatial coordinates of 5 well-
defined ALs on the reconstructed 3D model of each rib and vertebra (Beyer et al., 2015b) (Figure ).

Rigid transformation parameters of ALs clouds between poses (Soderkvist and Wedin, 1993) were
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obtained from the available AL coordinates using so-called “pre-processed gait data” (or PGD)

convention (Cappozzo et al., 1995) for each rib relative to vertebra of same level (Beyer et al., 2015b).

V3

Figure 1: Definition of anatomical landmarks (ALs) which spatial coordinates were used to compute
transformation matrices between breathing poses. Vertebra ALs: V1, Centre of inferior border of left
pedicle; V2, Centre of inferior border of right pedicle; V3, Superior junction of lamina; V4, Posterior and
superior apex of spinous process; V5, Posterior and inferior apex of spinous process. Rib_ALs: R1,
Posterior apex of tuberosity; R2, Anterior apex of inter-articular crest of costo-corporeal joint; R3,
Inferior point of tuberosity; R4, Superior apex of costo-chondral surface; R5, Inferior apex of costo-

chondral surface.

ALs cartesian coordinates were converted from the CT coordinate system to a global thorax coordinate
system oriented following conventional anatomical planes obtained from recommendations of the
International Society of Biomechanics (Beyer et al., 2015b; Beyer et al., 2014b; Wu et al., 2002; Wu
and Cavanagh, 1995): x-axis pointing anteriorly, y-axis point upwards and z-axis pointing laterally to

the right as shown in Figure .

y-axis y-axis

Try

T Tl

Figure 2: Global thorax coordinate system used to express kinematic parameters at each costovertebral

joint level.
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The CVIJ axes of motion were then computed using finite helical axes (FHA) description (de
Lange et al., 1990) which consists in the determination of the axis around which a solid rotates and
translates during one single spatial displacement between two successive poses. Then the mean helical
axes (MHA), defined as the mean of the finite helical axes (FHA) (de Lange et al., 1990) were
computed (see appendix A for details).
At each CVJ level, MHAs orientation was represented in the local vertebra coordinate system which
axes were collinear to the thorax coordinate system (Beyer et al., 2015b) at TLC pose. MHA were then
used to create joint coordinate systems (Beyer et al., 2015b; Wu et al., 2002) between each rib and the
physiologically-related vertebra (see Figure ) at each CVJ level. This local CVJ coordinate system was
created with a new Z-axis oriented along MHA and the x- and y-axes pointing anteriorly and upwards,
respectively. By convention, rotations around the Z-axis, i.e. rib lowering, were given negative values.
TLC position was chosen as reference (i.e., baseline) position for the registration procedure. Angular
displacements were then calculated and the average of dispersion angle (see appendix A for details)

(Beyer et al., 2015b) of MHA between subjects was obtained for each CVJ level.

Figure 3: CVJ coordinate system constructed from MHA. Negative value was assigned for caudal
direction.

2.3. Statistical analysis
In order to test the relation between anthropometric and kinematic parameters, parametric
correlation coefficients (Pearson’s coefficients r) were estimated and considered significant if p<0.05

and r>0.70 (Portney and Watkins, 2015). Analysis of variance (ANOVA) for repeated measurements
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was used to evaluate the influence of the following factors: respiratory position (at MIC and FRC
compared to the TLC reference position), laterality (left and right), CVJ level of rib pairs (n°1 to 10),
and motion component (X-axis, Y-axis and Z-axis component). A total of 120 kinematic parameters (2
volumes *10 CVJ levels * 3 components = 60 parameters per side) was tested. Values of p<0.05 were
considered statistically significant. When ANOVA indicated significant difference for specific factor,
a supplementary Bonferroni post-hoc test was used to determine the significant factors at p<0.05.

Statistical analysis was performed using Statistica software (Statistica 8.0° StatSoft. Inc., Tulsa, USA).

3. Results

3.1. Rib angular displacements
Mean angular displacements (and standard deviations) at each CVJ level and for each
component are given in Table 2 at MIC and at FRC relative to TLC. Both X- and Y-axes variations
were small, ranging from -1.3° to 1.1° (mean standard deviation = 1.1°) at any lung volume (MIC and
FRC). The principal motion component (i.e., around Z-axis in this study) ranged from -2.7° to -5.8°

and from -5.8° to -18.2° at MIC and FRC respectively.

At middle of inspiratory capacity MIC

LEFT RIGHT

Rib Level X Y z X % z

L1 0.7 (16 -13 (11 -37 (36) | -01 (1.6) -09 (15 -43 (3.6)
L2 08 (1.3) 02 (09) -46 (34) |11 (22) -04 (11) -47 (2.9)
L3 0.8 (1.8) -03 (1.0) -58 (32) |02 (1.8) -02 (12) -47 (2.9)
L4 01 (21) -01 (1.0) -5.0 (27) |00 (17) 00 (0.8) -50 (3.1)
L5 04 (14) 03 (0.8 -5.1 (26) |03 (1.6) 01 (12) -49 (3.2)
L6 02 (17) 01 (0.7) -47 (24) |02 (15 04 (1.0) -5.1 (3.3)
L7 03 (12) 00 (05) -45 (22) |-01 (09) 00 (14) -50 (2.8)
L8 03 (12) -03 (14) -38 (20) | -02 (13) 04 (1.4) -44 (2.6)
L9 07 (10) 02 (17) -33 (24) |01 (06) -03 (1.0) -43 (3.1)
L10 00 (13) -02 (15 -34 (16) |03 (14) -03 (17) -2.7 (2.5)

At functional residual capacity FRC

LEFT RIGHT

Rib Level X Y z X Y z

L1 01 (14) 01 (12) -167 (74) |-01 (1.0) -02 (1.3) -182  (7.3)
L2 00 (06) 03 (0.4) -156 (59) |-03 (0.8) -02 (0.4) -159  (5.7)
L3 04 (1.0) 02 (05) -145 (46) |03 (08) 01 (05 -143  (4.8)
L4 02 (12) -01 (07) -13.7 (35) | -04 (1.0) -02 (0.4) -134  (3.8)
L5 01 (04) 01 (03) -11.8 (29) |-05 (1.0) 0.0 (0.4) -115  (3.0)
L6 01 (08 -01 (0.4) -102 (23) |01 (11) 01 (0.5 -106  (2.7)
L7 01 (05 01 (0.6) -95 (25) |02 (05 -02 (1.0) -9.9 (2.5)
L8 00 (04) -02 (0.8) -9.1 (28) |02 (06) 01 (12) -9.6 (2.8)
L9 02 (06) -01 (0.8 -8.1 (19) |02 (10) 00 (10) -7.7 (3.0)
L10 00 (09) 02 (0.8) -58 (23) |08 (15 00 (1.8 -6 (1.7)

Table 2: Mean (SD) angular displacements in degree around CVJ coordinate system for left and right
sides. Results are given at MIC and FRC relative to TLC reference position. Z-axis was directed according
to MHA orientation. X-axis and Y-axis variations are secondary components.
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Results of principal component are summarized in Figure at MIC and FRC. In addition, data
were normalized by dividing the angular displacement variations by the inspiratory capacity (IC). The
average ROMs per liter of IC ranged from -2.1°/1 to -1.3°/1 and from -2.4°/1 to 7.0°/1 at MIC and FRC
respectively. No effect of side (p=0.942) on kinematic parameters was found; this indicates the
symmetry of motion within each rib pair. This symmetry was altered neither by the lung volume
(p=0.565) nor by motion component (p= 0.358). Therefore, further results will be considered

regardless of the rib laterality.
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Figure 4: Angular displacements around mean helical axis of motion in degree (°). Results are presented
for right and left sides at each costovertebral joint level to look like a patient seen from the front: left and
right CVJ levels are presented respectively on right (positive values) and left (negative values) side of
abscissa.
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3.2. Axes of rotation

Results related to the MHA orientation are given in Figure A using direction cosines. These
results indicate that the MHA axes were symmetric and similarly oriented (i.e., ventrally, medially and
caudally) at all CVJ levels. MHA at all CVJ levels mainly projected on the x- and z-axes (direction
cosines of 0.58 and 0.74 respectively) of the global anatomical thorax frame. (See Figure 6) allows
visualizing this similarity). In other words, considering anatomical planes, the MHA orientation was
intermediate between the frontal and sagittal planes at all CVJ level. An example of the 3D model
obtained at CVJ1 for the subject with the maximal ROMs (34.5°) is given in supplementary material.
The direction cosine on the y-axis direction was also variable, reflecting a small component of axial
rotation in the transverse plane. This component decreased, i.e. the axis got closer to horizontal, in the
lower CVJ levels (especially for CVJ 8 to 10). Inter-subject dispersion angle D of MHA (Figure 5B)
ranged from 8.3° to 25.5°. This dispersion increased at CVJ 8 to 10. The mean dispersion for all levels

and sides was 14.9° (£5.0°).
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Figure 5: A: MHA direction cosines according to axis components, CVJ levels and sides. Results show for
each CVJ level the MHA orientation expressed as percentage of MHA unit vector projection on each axis
of the thorax coordinate system (See figure 6). See text for further comments. B: MHA dispersion angle
(in degree) at each CVJ level for both left and right side.

73
Beyer Benoit - Doctoral Thesis 2016



Chapter 4 — Relationship between costovertebral joint kinematics and lung volume in supine humans

Figure 6: A: Representation of MHA at CVJ level 3 of a single subject in frontal (left) and transversal
(right) planes (x-, y- and z-axes related to these planes are indicated). For a given side, MHA is oriented
ventrally, medially and caudally (MHA is displayed as a cylinder in this figure). B: Example of
representation of MHA of a single subject at all CVJ levels displayed in the transverse plane of the thorax
coordinate system. The similar rough orientation of the MHAs at all CVJ levels is clearly observable. Such
illustration shows the relevancy of using 3D representation of experimental measurements to visualize
relevant anatomical and physiological results obtained from a specific subject. The other processed
subjects showed similar MHA alignment.

3.3. Correlation between anthropometric and kinematic parameters
No significant linear correlation was demonstrated between any of the

anthropometric/pulmonary variable and kinematics parameter (p>0.05 and r<0.70).
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3.4. Effects of lung volume and CVJ level on angular displacements

Due to the absence of linear correlations between kinematic parameters and anthropologic

measurements, no covariate was introduced in the statistical model. ANOVA results are given below:

Lung volume: (see Figure and Table 2) CVJ kinematics parameters were significantly different
between volume changes (p=2.2 10™'%). This difference occurred at MIC (p=1.6 10”°) and FRC
(p=1.35 10™"%) compared to TLC (i.e., the reference pose). Also a significant difference was

demonstrated between MIC and FRC (p=1.8 10°®).

CVJ level: The ranges of rib motion were significantly influenced by CVJ level (p=1.8 10%).
Post hoc analysis showed the following differences between analysed CVJ level (see Figure 7): -
CVIJ 1 differed from CVJ 5 to 10; - CVJ 2 and 3 differed from CVJ] 7 to 10; - CV] 5 and 6
differed from CVJ 1 and 10; - CVJ 7 and 8 differed from CVJ 1 to 3; - CVJ 9 differed from CVJ
1 to 4; - and CVJ 10 differed from CVJ 1 to 6. Note that ROMs did not differ between 2 to 4
adjacent ribs and that ROMs were always significantly larger in upper ribs.
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Figure 7: CVJ ROMs over the inspiratory capacity per CVJ level with 0.95 confidence interval (vertical
bars). The brackets show groupings of CVJ levels with similar behaviour compared to the level tested
given on the left of the bracket). See text for explanations

The interactions between CVJ level and specific volume change had a significant influence on angular
displacements (p=4.8 107). Above MIC, ROMs did not differ (p>0.05) between CVJ levels (see
Figure and Table 2). Below MIC, however, similar ROM differences (p<0.05) to the ones described
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above for total rib excursion were found. Note that the results of the above statistical comparisons

were not altered when performed on data normalized with the inspiratory capacity.

3.5. Effect of CVJ level and component on MHA orientation

CVIJ levels and motion components (x-, y- and z-components) had a significant influence on
MHA parameters (p<0.001). Bonferroni post-hoc tests showed that MHA orientation did not differ
(p>0.05) for group of adjacent ribs (see Figure A). MHA orientations at CVJ 1 differed from those at
CVJ 7 to CVJ 10 (p<0.001). Regardless of the CVJ level, mean orientation occurred preferentially on
z-axis (p=0.00014). Considering interaction with CVJ level, orientation was similar on x-axis and z-
axis from levels 2 to 7 but greater on z-axis (closer to frontal plane) at CVJ 1 and CVJ 8§ to 10.
Orientation on cephalo-caudal direction (y-axis component) was similar (p>0.05) at CVJ 1 to 6 and
differed from CVJ 7 to 10 (p<0.05). MHA was pointing caudally at upper CVJ levels and changed

gradually at each CV]J level pointing progressively closer to transverse plane.

4. Discussion

The present study describes for the first time a detailed analysis of segmental CVJ kinematics
for all respiratory ribs (i.e., all first ten pairs of ribs were processed) and their relation with lung
volume changes above the FRC. The results support the hypothesis that for a same lung volume
variation (i.e. 50% of the IC), the CVJ ROMs are significantly reduced above MIC. In addition, this
decrease is also dependant on the CVJ level.

Considering joint physiology, the first main result is the gradual decrease of rib ROMs
between TLC and FRC with increasing rib number (i.e., the higher the rib number, the smaller the
related ROMs). This confirms previous studies in which samples were relatively small (Wilson et al.,
2001, 1987) and did not consider all respiratory ribs simultaneously (Beyer et al., 2015b; Beyer et al.,
2014b; Sharp et al., 1986; Wilson et al., 1987). Our results showed that adjacent ribs did not differ in
terms of kinematics. The groups of adjacent ribs shown in Figure 7 largely overlapped, suggesting a
continuum in CVJ behavior. From a purely kinematics point of view, these considerations do not
support the subdivision of the rib cage in upper and lower regions (e.g. ribs 1-5 and 6-10).
Nevertheless, the influence of lung volume and costal geometry on such a kinematic pattern was not
determined.

A second important finding of this study is the critical influence of lung volume on the ROMs.
Above MIC, the CVIJ level has no significant effect on ROMs. ROMs above MIC correspond to
approximately 35% of the total ROMs at upper CVJ levels (CVJ 1 to 4) and to 50% at lower CV]J
levels (CVJ < 5). Note that a larger variability in FRC/MIC ratio observed at upper CVIJ levels

suggests individual behaviour in this region.
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Concerning the larger ROMs found below MIC, to the authors’ knowledge, this study is the
first to report quantified analysis of the previously-formulated assumption that segmental rib rotations
are altered by lung volume level. However, this finding is consistent with the decrease in chest wall
compliance with increasing lung volume (Agostoni and Hyatt, 2011; De Troyer et al., 2005b; West,
2012; Wilson and De Troyer, 2004) especially above +75% of TLC (corresponding approximately to
MIC). Moreover, this result is in agreement with previous studies on dogs that have demonstrated that
for a given rib rotation, the associated changes in lung volume is lower at high volumes than at FRC
(De Troyer and Leduc, 2004; De Troyer and Wilson, 2002).

The lack of correlation between kinematics and lung volumes can be related to the substantial
role of the diaphragm muscle during breathing ; indeed, previous reports concluded that 50 to 60% of
the vital capacity is attributed to diaphragm displacement (Cluzel et al., 2000a; Finucane and Singh,
2009; Singh et al., 2003). These results are in agreement with the conclusions of previous work in
dogs concerning the role of diaphragmatic and rib cage compliance in the coupling between rib
movements and lung volumes (De Troyer and Leduc, 2004; De Troyer and Wilson, 2002). Thus,
although the inspiratory volume attributable to the diaphragm will tend to obscure the relationship
between lung volume changes and rib kinematics, any relationship should be studied more
appropriately by relating regional kinematics and regional rib cage variations. This lack of a
relationship also raises the possibility that an important additional function of the ribs and their motion
with intercostal muscles activity is to stabilize the rib cage during inspiration (De Troyer et al., 2005b;
Wilson et al., 2001; Wilson and De Troyer, 2004).

Finally, this study also shows that MHA spatial orientation within the usual clinical planes
was similar at all processed CVJ levels. This is in agreement with previous work (Beyer et al., 2014b;
Wilson et al., 2001) reporting similar orientation of the rotation axes for ribs at all levels (i.e.,
according to these authors, these axes to lie close to 45° from the sagittal midplane). As previously
mentioned (Beyer et al., 2015b; Beyer et al., 2014b; Wilson et al., 2001), this axis similarity differs
from conventional descriptions used in earlier anatomy textbooks (Kapandji, 1964; Von Hayek, 1970).
Few individual variations were observed at CVJ 1, and CVJ 8 to 10 that could reflect regional
variations of joint geometry (Drake et al., 2010). The orientation of MHA was occasionally found to
be oriented more frontally at lower CVJ levels as confirmed in previous reports (Beyer et al., 2015b;
Beyer et al., 2014b). A rotation axis oriented closer to the frontal plane would induce chest wall
diameters variations in both sagittal and frontal planes with a preference for anteroposterior variations.
This supports previous descriptions of diameter variations during tidal breathing (Groote et al., 1997)
or over vital capacity (Cassart et al., 1996).

Rib kinematics description according to MHA orientation (Beyer et al., 2015b) allows
quantification of rib rotation as a single component. The secondary motion components allow to
understand the variation of MHA orientation during motion reflecting the fact that rib rotation does

not occur around single “fixed” axis (Saumarez, 1986; Wilson et al., 1987). This single-axis
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representation often leads to difficulty for clinicians to visualise motion along conventional anatomical
planes; results in this paper were therefore also represented using anatomical representation in Figure.
This representation is closer to the previous description (Beyer et al., 2014b; Wilson et al., 2001,
1987) of “pump” and “bucket” handle variations. Nevertheless, the present description following the
MHA orientation still gives opportunity to represent the “bucket handle” , “pump handle” and
“caliper” rib behaviour (Osmond, 1995; Wilson et al., 2001) if those would have been observable.
The slight cephalo-caudal MHA orientation (and the ey rotation in Figure A) found in this paper for
all CVJ levels confirms a "caliper like" motion at all CVJ levels, although previously-published
literature attributed this phenomenon to floating ribs only (Osmond, 1995). As explained in previous
publications (Saumarez, 1986; Wilson et al., 1987), MHA orientation of a specific CVJ level is

running along the exact orientation neither of the local transverse process nor of the costal neck.
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Figure 8: Maximal ranges of motion expressed according to anatomical planes in thorax coordinate
system (see Figure 2) for CVJ levels 1 to 10. At each CVJ level, x, y and z component are presented
successively from top to bottom. Values are mean (bars are standard deviations) ranges of rotation
obtained around each anatomical axis for left (positive values on the right) and right sides (negative values
on the left).
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4.1. Limitations to the study

Note that the computational robustness of the method used in the present paper was previously
validated through reproducibility and reliability determination for both CVJ ROM and MHA
orientation (Beyer et al., 2015b; Beyer et al., 2014b).

Nevertheless, there are several limitations to the present study. Firstly, the supine position
adopted by the subjects during medical imaging is a factor that does not allow generalisation of results
to normal breathing behaviour in standing and sitting position. Indeed, posture has been demonstrated
to alter chest wall kinematics (Lee et al., 2010; Romei et al., 2010; Sharp et al., 1975) as in the same
time compliance of both rib cage and diaphragm-abdomen are sensitive to posture (M Estenne et al.,
1985; Lee et al., 2010).

In our study the subject kept their upper limbs raised above the head ; this pose proves to raise
ribs closer to the body transverse plane (Sharp et al., 1986; Wilson et al., 1987) and could
consequently alter the rib ROMs. The latter could be slightly overestimated in our study compared to
in subjects lying supine with their arms alongside. Secondly, interpretation of results should not be
generalized to younger and elderly populations in which growth and aging could alter rib motion since
chest wall compliance was demonstrated to be age-related (M Estenne et al., 1985; Sharma and

Goodwin, 2006).

5. Conclusion

The present study provides a comprehensive and detailed 3D analysis of costovertebral joints
kinematics in breathing motion. The results demonstrate quantitatively that rib behaviour depends on
both rib level and lung volume and therefore highlight the regional specificity of rib kinematics in
respiratory mechanics. The findings provide a basis for costovertebral joint analysis and could be
useful to determine the influence of various pathological conditions affecting the relation between
respiratory parameters and rib displacements. Further research is required to determine the regional

change in lung volume associated with segmental CVJ kinematics.
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Appendix A. Mean helical evaluation algorithm.

“To provide an indication of the precision of the FHA estimation procedure, the dispersion of the
FHA's was calculated, with respect to a Mean Helical Axis (MHA). First. a mean rotation "pivot" of
all FHA's, defined as the point with the smallest rms distance D; to the FHA's was calculated. The D;-
value was taken as a measure for the error in the helical position estimation. Subsequently, the optimal
direction vector of the MHA was defined through this pivot by minimizing the rms values of the sines
of the angles between the MHA and the FHA's. Herewith, the angular dispersion x, is defined as the
arcsine of this mms value. Its walue was taken as a measure for the emor in the helical direction

estimation.” (de Lange et al., 1990).

Mean helical axis (MHA) unit vector g.:.(|g_:,‘= 1) estimation is based on a set (size »n) of finite

helical axis (FHA) u;,i=1,...,n unit vectors. Let us define #, = (umuﬁ:;u&_jﬂﬁx 1) vector column of

0 —u, u
u.projections. Also let us define @I, =| u_ 0  —u, |,(3x%3) a skew svmmetric matrix. Then
U, U 0
NI m al  mn AT : 3% 3) ident; :
=—ii, ;=0 =uu: —E, where E is (3 > 3) identity matrix. Let

« 2 - . . . R
5, =sin"(@,) =(u; xup) -(u; xuy).,i =1,...n, where @, is angle between two directions then is

S, =(EfﬁE)T(ﬁfﬁE] = ﬁg(—ﬁ?)ﬁc = ﬁg(E—ﬁfﬂ?]ﬁn. Then mean 5 characterizes MHA dispersion and

1< 1.7~ = .
is calculated as S=—Z.S“[. =—H[‘;TAMG: where A=Z(E—HT£§T:J is a (3x3) symmetric matrix.
] n =1

Minimal value of Scomresponds to the minimal eigenvector w4, of the matrix Awith eigenvalue A_, .

Finally, #, = u_, and angular dispersion is evaluated asd = arc sin ”J/,ﬂ_i:_ In.
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Next steps

The previous chapter described the relation between rib kinematics and lung volumes obtained
from functional pulmonary measurements. Results quantitatively described kinematic parameters for
each single respiratory ribs 1 to 10. It has been demonstrated that lung volume and rib level had a
significant influence on ranges of rib motion. The laterality had significant influence neither on ROMs
nor on MHA orientation whatever the rib level considered

At this stage, one could consider that rib kinematics description in asymptomatic human
breathing is achieved. However, a question remains: does a pathological condition alter kinematic

parameters in breathing? The next chapter is dedicated to answer this question.
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Abstract

Background: Thorax kinematics in various breathing conditions has been intensively studied
considering global shape but the literature concerning the costovertebral joints is really scarce
in both normal and pathologic breathing conditions. Recent studies analyzed costovertebral
joint physiology at different lung volumes in normal subjects. This paper presents results from
comparison of in vivo costovertebral joints kinematics between asymptomatic subjects and

patients with cystic fibrosis.

Methods: Retrospective spiral computed tomography data from samples of 12 asymptomatic
subjects and 12 patients with cystic fibrosis were processed following a previously described
method. These CT were obtained at three different lung volumes allowing computing 3D
kinematics at each costovertebral joints of the ten first rib pairs. A fusion method was used to
quantify and visualize 3D ranges of motion and helical axes parameters between each

breathing poses.

Findings: A significant decrease in rib ranges of motion was demonstrated in patients with
cystic fibrosis at upper rib levels. The interaction between rib level and lung volume had also
a significant influence on RoMs. However, the orientation of the axes of rib rotation was not

altered in patients with cystic fibrosis.

Interpretation: The results highlight for the first time the effect of a pathological condition
such as cystic fibrosis on the costovertebral joint physiology during breathing. However, the
decrease in RoMs should not be attributed to cystic fibrosis itself but rather to the lung

hyperinflation which is a common symptom in such a pathological condition.
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1. Introduction

Rib cage dimensions and chest wall kinematics are demonstrated to be substantially influenced by
various factors such as physical activity, stature, age, as well as various lung diseases such as cystic
fibrosis (J. F. Bellemare et al., 2001; Cala et al., 1996; Laurin et al., 2012; Wilkens et al., 2010).
Hyperinflation is a common symptom in cystic fibrosis (CF), and a previous study reported a sex
influence in thoracic adaptation to this phenomenon (Bellemare and Jeanneret, 2007). Nevertheless,
high level of inter-individual variability was shown to impact chest wall expansion in both
asymptomatic conditions (Hurtado and Fray, 1933) and lung diseases (Cassart et al., 1996; Sharp et
al., 1986; Walsh et al., 1992). At joint level, chest wall kinematic variations during breathing were
quantified at each costovertebral joint (CVJ) levels in recent studies focusing on asymptomatic
subjects (Beyer et al., 2015b; Beyer et al., 2014b, 2013a). The method is based on computed
tomography (CT) data obtained at three different lung volumes to reconstruct ribs and vertebrae in 3D
models that were subsequently used to quantify CVJ kinematics at rib level 1 to 10 (Beyer et al,
submitted). Segmental kinematics was demonstrated to have non uniform relation with different lung
volumes at various breathing poses (Beyer et al., 2015a), Beyer et al, submitted). To our best
knowledge, the influence of CF on CV] kinematics has not yet been quantified. Therefore, the first
objective of this study was to quantify and analyze CVJ kinematics in a sample of patients with CF,
using a previously described methodology (Beyer et al., 2015b; Beyer et al., 2014b). Secondly, we
tested the hypothesis that this specific clinical condition has no influence on CVJ kinematic

parameters by assessing the comparison of results with asymptomatic subjects (AS).

2. Materials and method

2.1. Data collection
The procedure used in this paper was previously published (Beyer et al., 2015b; Beyer et al., 2014b,
2013a) (Beyer et al, submitted). In summary, the protocol included processing and analysis of
retrospective codified medical imaging datasets obtained from the Department of Radiology of the
Erasme Academic Hospital. Spiral computed tomography (Siemens SOMATOM, helical mode, slice
thickness = 0.5 mm, inter-slice spacing = 1 mm, image data format: DICOM 3.0) performed at 3 lung
volumes: total lung capacity (TLC), functional residual capacity (FRC) and middle inspiratory
capacity (MIC). In order to relax their respiratory muscles at TLC and FRC plus one-half inspiratory
capacity, the subjects should hold their breath and relax against a closed airway while they were
connected to a spirometer during CT acquisitions.

2.2. Subjects
Data from a sample of twelve asymptomatic subjects (AS) was previously analysed and the results
obtained (Beyer et al, submitted) were used in this study as control group to test the influence of

pathological condition on CVJ kinematics. The aim was to determine if CF could alter CVJ 3D
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kinematic parameters. Twelve CF patients were included in the second sample (two of them were later
excluded due to significant scoliosis found during CT imaging). Finally, the data obtained in 12
asymptomatic subjects and 10 patients with CF showing similar age and morphology were available
and analysed (table 1). Note that Kolmogorov-Smirnov test has demonstrated normal distribution;
therefore t-test for independent samples was used to estimate differences in anthropometric and

respiratory parameters.

AS (n=12)  CF (n=10) p
VC 4,57 40,99  3,25#1,30* 0,013
cl 2,82+0,87  2,34+0,85 0,216

FRC 3,44 +0,43  4,13:0,80* 0,018
MIC 486+0,70  530%0,83 0,191

TLC 6,25+1,08  6,47+104 0,636
RV 1,67 40,37  3,210,97*  <0.001

Age, year 30,5 +6,30 28,0 6,2 0,351
Weigth, Kg 63,1 +12,63 58,5 +8,7 0,344
Heigth, m 1,71 0,08 1,73 0,06 0,543

Table 1: Physical and pulmonary function characteristics of subjects. Values are mean + SD;
p: values obtained T-Test for indepedendant samples, * for p<0.05

2.3. Kinematics computation

Virtual palpation of anatomical landmarks (ALs, see Figure ) was performed on each of the above-
mentioned reconstructed 3D models for the 3 available lung volumes (Beyer et al., 2015b; Beyer et al.,
2014b). Least square procedures were then applied on each AL cloud to determine the rigid
transformation matrices (Soderkvist and Wedin, 1993) between the TLC, MIC and FRC poses. The
matrices were then used to define the kinematics of each rib relative to the vertebra of same level as
previously described (Beyer et al., 2014b). Rotation angles were further described using angular
displacement around the helical axis (Beyer et al., 2015b) to represent rib rotation as a single
component. Full details for kinematics computation are given in previous studies (Beyer et al., 2015b;
Beyer et al., 2014b). Finite helical axis (i.e. axis of rib rotation between two consecutive poses) were
computed and orientation of the mean (i.e. mean from FHAs) helical axis (MHA) (de Lange et al.,
1990) was determined as well from direction cosines expressed in the global thorax coordinate system,
x-axis pointing to the front, y-axis vertically from Th12 to Thl and z-axis pointing laterally to the right
(see Figure). To avoid sign errors, orientation results were mirrored and expressed as same side
(Meskers et al., 1998). As proposed in previous work (Beyer et al., 2015b), the dispersion angle of
MHAs (i.e. the angle between different MHAs) was also calculated to indicate the variation of MHA

between subjects at a specific CVJ level.
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LR1

Figure 1: Anatomical landmarks (ALs) used for ribs and vertebrae. In this figure, rib laterality is
indicated with the prefix L for left side. A) Rib landmraks: R1: Posterior apex of tuberosity; R2: Anterior
apex of inter-articular crest of costo-corporeal joint; R3: Inferior point of tuberosity; R4: Superior apex
of costo-chondral surface; RS: Inferior apex of costo chondral surface; B) Vertebra landmarks: V1:
Centre of inferior border of left pedicle; V2: Centre of inferior border of right pedicle; V3: Superior

junction of lamina; V4: Posterior and superior apex of spinous process; V5: Posterior and inferior apex of
spinous process
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B

Figure 2: 3D models showing coordinate systems used to express kinematic results. A: global thorax
coordinate system on frontal (left) and sagittal (right) view. B: Costovertebral joint complex with vertebra
and rib coordinate systems oriented following global thorax axes orientation (Left) and following MHA
orientation (Right).
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2.4. Data analysis
Analysis of angular displacements was processed using mixed design analysis of variance (ANOVA)
for repeated measurements according to 3 within-subjects factors: side (left/right), lung volume
(TLC/MIC/FRC) and CVJ; level (i varying from 1 to 10). Same statistical tests were performed on
MHA data according to different factors: side (left/right), CVJ; level and orientation component (on x-,
y- and z-axes). The pathological condition was chosen as between-subject variable. When appropriate,
Bonferroni post-hoc tests were performed at a significant level of P=0.05 to detect statistical

relationships between groups, lung volumes and CVJ displacements.

3. Results

3.1. Subjects characteristics
The two groups did not differ significantly with respect for age, weight, height, inspiratory capacity
(IC). Note that the residual volume (RV) and vital capacity (VC) differed significantly between AS
and CF groups which highlights lung hyperinflation. (see Table ).

3.2. CVJ angular displacements
Firstly, results of ANOVA for repeated measurements showed that laterality had no significant
influence on CVJ ranges-of-motion (ROM) (P=0.401). The interaction between side and pathology did
not have a significant effect (P=0.464). This reflects the symmetrical aspect of CVJ ranges of motion
at any level. Averages between left and right RoMs were therefore calculated for each participant to
express CVJ as a single value for each CV1J level considered.
Results of angular displacement (around MHA) at each CVJ level 1-10, at each lung volume in both
AS and CF groups are given in figure 3.

10

| I K 3
’ 1

Angular displacment around MHA in degree (°)

_20 L
-25 o TLC
CVJ1 2 3 4 5 6 7 8 910 CW1 2 3 4 5 6 7 8 9 10 _2 MIC

FRC
AS CF -

Figure 3: Angular displacements around MHA in degree (°) at each CVJ; level for each lung volume
(TLC, MIC and FRC) in both AS and CF groups.
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For the AS sample, mean range of angular displacements decreased inversely with the CVJ

level: from 17.4° (CVIJ1) to 6.0° (CVJ10). In CF patients, displacements ranged from 6.4° (CVJ2) to
2.5° (CVJ9). In the latter sample similar values were obtained between CVJ1 and CVJ4 and decrease
with increasing CVJ level. Note that range at CVJ1 (6.0°) was inferior to CVJ2, while range at CVJ10
(2.9°) was superior to CVJ9. At MIC in CF patients, mean angular displacement at almost all CV]J
levels showed some positive values, i.e. a cephalic rotation between TLC and MIC ranging from 1.6°
to 7.1°.
Results also indicated that CF significantly influenced CVJ RoMs (P<0.001). In addition the
interaction between lung volume and pathology had a significant influence on RoMs (P=0.005) (see
figure 4). Bonferonni post-hoc test indicated significant RoM differences between AS and CF only at
below MIC (P<0.001), while such differences were not significant at high lung volume (i.e., above
MIC, P=0.069). Note that in each group, RoMs were significantly influenced by lung volumes (see
figure 4) (AS: P<0.001 and CF: P=0.002).

CVI level had also a significant influence (P<0.001) on RoMs. At MIC, Bonferroni test could
not show any significant differences of CVJ RoM at most CVJ levels between AS and CF groups.
Only CVJ1 showed a significant difference between groups. (See figure 5 upper part). At FRC,
differences between CF and AS were significant for CVJ1 to CVJ5 (P <0.05), but not significant
between CVJ6 and CVJ10 (see figure 5 lower part).

o & A on s
*

12
14
-16

Mean (least square) angular
displacement in (°)

TLC-MIC MIC-FRC TLC-MIC MIC-FRC

AS CF
Figure 4: Average of angular displacements (between CVJ levels) as a function of the two studied
populations (i.e., AS and CF) and three lung volumes (TLC, MIC and FRC). Red stars denote significant
difference between lung volumes. Black stars denote significant difference between AS and CF group for a
specific lung volume.
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Figure 5: Angular displacement at MIC (upper part) and FRC (lower part) in both AS (blue) and CF
(red) groups according to each CVJ; level. Black stars demonstrate significant difference between the AS
and CF groups at each specific CVJ; level. Vertical bars denote 0.95 confidence intervals.

Maximal RoMs (figure 6) showed significant differences between groups (P <0.001) and between

CVlJ; level (P =0.012). Bonferroni tests further indicated significant differences between groups for the
first four CVIJ levels (CVJ1 to CVJ4). For lower CVJ levels differences in maximal RoMs between

groups did not reach significance but remained lower in CF group.
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Figure 6: RoMs at CVJ; in both AS and CF group. Double stars indicated a highly significant difference
(P < 0.01), single stars show significant difference between groups (P <0.05). Vertical bars denote 0.95
confidence intervals. Note the RoM decrease with increasing rib number in both groups. RoMs tended to
be smaller in CF group at all CVJ levels, while significant differences were found from CVJ1 to CVJ4
only.

3.3. Mean helical axis orientation at each CVJ level

The orientation of MHA is presented using its direction cosines expressed in the global thorax
coordinate system at TLC reference position (figure 7). No difference was found for laterality
(P=0.437) and between the two groups (P=0.818). Therefore, as for RoMs, averages between sides
were calculated and are presented in the below-section.

The interaction between pathological condition and CVJ level was shown to impact MHA orientation
(P<0.001). However, Bonferonni test indicated a significant difference between AS and CF for CVJ9
only. In the AS group, the level did not have any impact on MHA orientation while a significant
difference was present between CVJ level 9 and 10 (P<0.001) in CF group.

An interaction between pathological condition and MHA orientation component was demonstrated
(P<0.001). Note that this difference was observed only on z-axis component (P<0.001) that was
smaller in CF group. In addition the interaction between pathology, CVJ level and MHA components
did not show significant effect (P=0.641).
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Figure 7: MHA direction cosines according to each axis of vertebra coordinate system in both AS (blue

circles) and CF (red squares) group. Vertical bars denote 0.95 confidence intervals.

The dispersion angle of MHA is ranging between 9.3° to 24.9° in AS and from 20.7° to 44.5° in CF

patients. The dispersion was similar between CVJ1 and CVJ6 in both groups, and then increased for

other lower CVJ levels. This increase is greater in CF group. Also the ratio between CF and AS shows

that MHA dispersion is about two times greater in CF than in AS.

Dispersion angle (°) AS CF
cwil 10,9 20,7
Ccvi2 9,3 24,2
cvi3 10,0 24,6
Ccvia 12,3 25,6
CVi5 16,0 25,0
CVl6 12,8 29,6
cvi7 15,0 38,9
CVi8 18,1 38,6
Ccvi9 20,0 44,5

cviio 24,9 30,1

Table 3 : Dispersion angle of MHA in degree (°) at each CVJ level in both AS and CF group.
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4. Discussion

The principal findings of this study could be summarized as follows: 1- CF patients showed smaller
and altered CVJ RoMs compared to AS. 2- The cystic fibrosis pathological process did not alter the
orientation of MHA.

To the best of the authors’ knowledge, this paper reports the first study that demonstrates the influence
of a pathological condition such as cystic fibrosis on CVJ kinematic parameters. A previous report
(Beyer et al., 2015a) presented preliminary results related to CVJ displacements along anatomical
planes and indicated significant RoMs differences between CF and AS groups at upper CVJi levels for
both “bucket-handle” and “pump-handle” components of rib motion. However, these previous results
were difficult to interpret further due to the motion decomposition into 3 components (i.e., the 3
anatomical planes). MHA representation (6) used in the present works enables description of rib
displacements relative to vertebra and allows to analyze both CVJ RoM and MHA simultaneously.
Spatial MHA orientation found in this paper confirmed previously-published results reporting that rib
kinematics during breathing would alter the thorax shape in both anteroposterior and lateral planes
simultaneously (Beyer et al., 2014b; Cassart et al., 1996) due to similar global x- and z-axis
components at all CVJ levels in both groups. Note that the principal orientation of MHA close to the
global lateral axis suggests a principal shape modification in anteroposterior diameter as previously
described in both AS and chronic obstructive pulmonary disease (COPD) patients (Beyer et al., 2014b;
Cassart et al., 1996; Groote et al., 1997; Walsh et al., 1992).

Interestingly MHA orientation did not globally differ between AS and CF which
demonstrates that modifications of thoracic shape associated to patients with CF or
hyperinflation (Bellemare and Jeanneret, 2007; Botton et al., 2003; Wilkens et al., 2010) does
not alter the mean orientation of CVJ axes. Note that the MHA medio-lateral component (i.e.
along z-axis) was smaller in CF group which could lead to an increase in lateral diameter
variations. However, the dispersion angle of MHA between the 10 analyzed CV]J; levels was
approximately twice as large in CF as in AS. This dispersion could be attributed to the smaller
RoMs in patients with CF, that could lead to MHA ill-determination (Cheéze et al., 1998;
Woltring et al., 1985). Another explanation could be the possible structural modifications of
CV] but this was not previously described in the literature (Laurin et al., 2012). Furthermore,
this paper was limited to the processing of data obtained in discrete positions and thorax
shape behavior in patients with CF could be altered during an active continuous breathing
cycle, however, it does not appear that CVJ kinematics analysis during continuous breathing

is possible with today available technologies.
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The influence of pathological condition on thorax dimension was previously described in COPD (J. F.
Bellemare et al., 2001; Cassart et al., 1996; Sharp et al., 1986; Walsh et al., 1992) and patients with CF
(Bellemare and Jeanneret, 2007; J. F. Bellemare et al., 2001). Considering the rib angular
displacements, previous studies assessed rib angles (RA) from lateral radiographs (Sharp et al., 1986;
Walsh et al., 1992) at CVJ4 to CVJ7. RA was demonstrated to be similar in COPD and normal
subjects at TLC, FRC and residual volume (RV). Decreased in RA differences (i.e., more similar to rib
RoMs) was demonstrated in both groups (Walsh et al., 1992). These results of decreasing RoMs with
increasing rib number could be confirmed by the present study and previous work in AS (Beyer et al.,
2015b; Beyer et al., 2014b; Wilson et al., 2001, 1987). However, this was not observed in the present
study at high volume level between TLC and MIC, where RoMs were similar for all CVJ; in both
groups. Note that in patients with CF, no significant differences were observed between CVJ; levels. In
CF, the effect of hyperinflation on RA was not significantly different but AS values were greater
indicating more horizontal ribs (Sharp et al., 1986; Walsh et al., 1992). This could be correlated to a
possible modification of rib interdependence due to diaphragm muscle contraction altering upper ribs
displacement (De Troyer, 2012). This phenomenon was previously demonstrated in AS: neighboring
ribs, grouped by 4 to 5 ribs, showed no significant differences in range of angular displacements
(Beyer et al, submitted). Therefore, the alteration of diaphragmatic surface and area in hyperinflated
patients with CF (Cassart et al., 1997; Pettiaux et al., 1997) could lead to this alteration of rib

interdependence (De Troyer and Leduc, 2004).

As reported in the literature, patients with cystic fibrosis frequently display back pain in the
thoracic region (Rose J et al., 1987; Tattersall and Walshaw, 2003). In our opinion, the present work
opens perspectives to consider costovertebral joints physiology as a possible cause of thoracic back
pain. In addition, the fact that limitations occurred specifically at upper rib levels should be of interest
for further studies concerning the effect of manual therapy/physiotherapy techniques that could be

evaluated using the present protocol.

Respiratory muscles contraction during the breathing old procedure against closed airway could also
contribute to the differences observed in angular displacements in patients with CF. Indeed, even if the
subjects were encouraged to relax against closed airway during the CT procedure, the discomfort in
patients with CF could have led to involuntary muscles activation as it was highlighted in previous
study using the same CT acquisition protocol (Cassart et al., 1996). Note that respiratory muscles
impairments were also demonstrated in patients with CF (Dassios et al., 2013; Pinet et al., 2003). This
could explain the “paradoxical” motion demonstrated in the present results of patients with CF at MIC
of various CVJ levels, and more especially the upper ones 1-2. A second alternative is that respiratory
muscles activity could be altered in patients with CF at different lung volumes. Supplementary
material gives the opportunity to visualize the synchronized breathing motion of one AS with one CF

patient.
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Today respiratory medicine is mainly based on lung-centered approach, and rib behavior as
described in this paper is not of major interest for most clinicians. However, many other clinical fields
use joint physiology to objectivize secondary clinical signs related to a primary lesion of some organs
(for example, limb gait analysis in Cerebral Palsy patients with brain lesions). This work represents a
first step into this direction, i.e. to find the link between rib behaviors (i.e., the secondary clinical sign)
with a primary disorder (e.g., cystic fibrosis). Further research, including clinical validation, should

demonstrate the real interest of this paradigm in clinical practice.

5. Conclusion

To the authors’ knowledge, the present study is the first to assess 3D kinematics of the
costovertebral joints during breathing in a group of patients with CF compared to AS. The influence of
pathological condition on rib kinematics is demonstrated and gives relevant information that could be
taken into account during physical examination and/or treatment by physical and/or manual therapies
for CF patients. The alteration of both rib interdependence and RoMs highlighted in the present study
is of importance to understand the effect of hyperinflation on breathing kinematic parameters. Further
analysis in various non respiratory clinical conditions such as musculo-skeletal or neurologic

conditions could lead to a better understanding of joints respiratory mechanics of the thorax.
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Chapter 6— In-vivo analysis of sternal angle, sternal and sternocostal kinematics in supine humans during
breathing.

Next steps

Chapter 5 described rib kinematics in a sample of patients with cystic fibrosis and compared
them to a control group. Results have shown a significant influence of pathological condition on rib
ROMs while no significant difference was established for mean helical axes orientation. These results
demonstrate that a pathological condition is able to alter rib kinematic parameters in breathing,
although not significantly modifying CVJ kinematics. This could seem at first view contradictory.
However, the description of the CVJ kinematics mainly describes the posterior joints of each rib, and
did not consider the anterior joints of the thorax (i.e. sternocostal arches); this could explain the above
paradox. In order to fine-tune the overall rib behaviour during breathing closed kinematic chains
should be considered. Therefore, the next chapter focuses on applying the developed methodology on
analysing sternum and sternocostal kinematics during breathing starting from the same database, and
considering closed kinematic chains to describe rib behaviour related to the corresponding vertebrae

posteriorly and the sternum anteriorly.

Chapter 6:
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humans at various lung volumes.
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Abstract

This paper investigates for the first time in supine humans the combination of sternum
displacement, sternal angle variations and sternocostal joints (SCJ) kinematic of the seven fist rib pairs
over the inspiratory capacity (IC). Retrospective codified spiral-CT data obtained at total lung capacity
(TLC), middle of inspiratory capacity (MIC) and at functional residual capacity (FRC) were used to
compute kinematic parameters of the bones and joints of interest in a sample of 12 asymptomatic
subjects. 3D models of rib, thoracic vertebra, manubrium and sternum were processed to determined
anatomical landmarks (ALs) on each bone. These ALs were used to create local coordinate system and
compute spatial transformation of ribs and manubrium relative to sternum, and sternum relative to
thoracic vertebra. The rib angular displacements and associated orientation of rotation axes and joint
pivot(JPP), the sternal angle variations and the associated displacement of the sternum relative to
vertebra were computed between each breathing pose at the three lung volumes. Results can be
summarized as following: 1) sternum cephalic displacement ranged between 17.8 and 19.2mm over
the IC; 2) the sternal angle showed a mean variation of 4.4° + 2.7° over the IC; 3) ranges of rib
rotation relative to sternum decrease gradually with increasing rib level; 4) axes of rotation are
similarly oriented at each SCJ; 5) JPP spatial displacements showed less variations at first SCJ
compared levels underneath; 6) linear relation is demonstrated between SCJ ROMs and sternum

cephalic displacement over the IC.
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1. Introduction

The sternum was demonstrated to participate to rib cage stability (Watkins et al., 2005) and to
be related to rib motion during breathing (De Troyer and Decramer, 1985; De Troyer and Wilson,
1993). Sternocostal junctions (SCJ) include two joint components, i.e., the costo-chondral joint and the
chondro-sternal joint, that are involved into thorax shape alterations and motion transmission from ribs
towards the sternum. The 3D geometry of the ribs, their decreasing ranges-of-motion (ROMs) at
costovertebral joints with increasing rib number (Beyer et al., 2015b; Beyer et al., 2014b; Wilson et
al., 2001, 1987), and the shape and size differences in costal cartilages seem to have an influence on
the coupling between the ribs and sternum during breathing. Thus, the nature of each joint is specific
to different region of the thorax. Indeed, all chondro-sternal joints, but the first one, are synovial
joints. The first chondro-sternal joint and all costo-chondral joints show an anatomical and functional
continuity between bone and cartilage (i.e., so called synchondrosis joints) (Osmond, 1995).
Furthermore, the manubrio-sternal joint (MSJ) is recognized to allow slight variation of the sternal
angle (or angle of Louis) as a secondary cartilaginous pliable hinge joint, enabling thorax deformation
during deep breathing (Kaneko and Horie, 2012; Osmond, 1995). Previous works have analyzed the
mechanical coupling between the ribs and sternum in dog (De Troyer and Decramer, 1985; De Troyer
and Wilson, 1993), and concluded that the upper rib cage is tightly linked to the sternum (De Troyer
and Decramer, 1985; De Troyer and Wilson, 1993). Similar relation was then observed in 2 high
tetraplegic patients (De Troyer et al., 1986a). While the relationships between sternum and rib motions
are widely recognized, no quantitative data are available in literature, neither on asymptomatic human
subjects nor in pathological conditions. Therefore, the aim of the present study was to obtain
quantitative analysis of sternal angle variations and the relation between the “true ribs” rotation (i.e.,
ribs 1 to 7 articulating anteriorly with the sternum) and sternum displacements as a function of lung
volume over the inspiratory capacity.

The following hypotheses were tested: - 1) the sternal angle is altered with increasing lung
volume - 2) the rib rotation relative to sternum decreases with increasing rib number following costo-
vertebral joints pattern (rib rotation relative to vertebrae was previously reported to decrease inversely
with rib number (Beyer et al., 2015b; Beyer et al., 2014b; Wilson et al., 2001) - 3) the position and

orientation of the axes of rib rotation relative to sternum differ between rib level.

2. Materials and method

2.1.8Sample and data collection
The protocol included processing and analysis of retrospective codified medical imaging
datasets obtained from the Department of Radiology of the Erasme Academic Hospital. Spiral
computed tomography (Siemens SOMATOM, helical mode, slice thickness =0.5 mm, inter-slice

spacing = 1 mm, image data format: DICOM 3.0) performed at 3 lung volumes: total lung capacity
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(TLC), functional residual capacity (FRC) and middle of inspiratory capacity (MIC) which
corresponds to FRC + 50% of the inspiratory capacity (Cassart et al., 1997; Pettiaux et al., 1997). CT
images were sequentially performed while the subjects were connected to a spirometer and instructed
to maintain inflation at each lung volume of interest while relaxing their respiratory muscle against
closed airway (Cassart et al., 1997). A sample of 12 datasets from asymptomatic adults (mean age 31+

6 years old) was analysed. Details of anthropometric characteristics of the subjects are given in Annex

1.

2.2. 3D models, anatomical landmarks and local coordinate systems

From the available CT data, 3D models of ribs, vertebrae, manubrium and sternal body with
xiphoid process were obtained using a dedicated data segmentation software (Amira 4.0, San Diego,
CA, USA) as previously detailed (Beyer et al., 2014b). Models were then imported within a custom-
made software called lhpFusionBox (Van Sint Jan et al., 2013) to obtain the spatial coordinates of
anatomical landmarks (ALs) located at the surface of the models following previously published
recommendations for ribs, vertebrae and sternum (Beyer et al., 2014b; Van Sint Jan, 2007). Note that
all details concerning the ALs are given in Figure 1A.
ALs were then virtually grouped into so-called “AL clouds” that were subsequently used to build
anatomical frames (AFs) on each bone of interest. Ribs and vertebrae coordinate systems were
obtained as explained in previous analysis of costovertebral joints (Beyer et al., 2015b; Beyer et al.,

2014b). Manubrium and sternum AFs are detailed in Figure B.
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Figure 1: A: Anatomical landmarks (ALs) located on vertebrae, ribs, manubrium and sternum. For ribs
and vertebrae: see Beyer et al, 2015, 2016; For manubrium: M1: uppermost point of the right clavicular
surface, M2: uppermost point of the left clavicular surface, M3: central point of the jugular notch, M4: at
the center of manubriosternal edge on the manubrium, For sternum body: S1: on the right top of the 2™
chondro-sternal surface, S2: on the left top of the 2" chondro-sternal surface, S3: at the center of
manubriosternal edge on the sternum (mirror of M4), S4: at the center of the lowermost extremity of the
sternum at xyphisternal joint.

B: Anatomical coordinate systems used to describe displacements. For _manubrium: y-axis (cephalo-
caudal, in green) was computed between M4 and M3 (along the body of the manubrium), z-axis (lateral to
the right, in blue) between M2 and M1, and x-axis (dorso-ventral, in red) normal to others and pointing
forward. For sternum: y-axis was computed between S4 and S3 along the sternum body, z-axis between
S2 and S1 normal to y-axis, and x-axis normal to others pointing forward. The sternal angle (angle of
Louis) was calculated as the angle between manubrium and sternum y-axes within the sagittal plane. For
ribs and vertebrae: see Beyer et al, 2015, 2016
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2.3.3D kinematic parameters computation

Note that all rib landmarks clouds were registered in Th7 coordinate system at FRC position chosen as
reference position. The displacement of the sternum was computed in both Thl and Th7 coordinate
systems using change in the position vector of the sternum body relative to the origin of the vertebra
coordinate system of interest (i.e. at the midpoint between V1 and V2 in Figure ). In addition, the
sternal angle (also called angle of Louis) is usually described at MSJ level as the angle in the
anatomical sagittal plane between the manubrium and the sternal body (Kaneko and Horie, 2012;
Osmond, 1995). Therefore, this sternal angle was computed as the angle between the y-axes of the
manubrium and sternum coordinate systems (see Figure 1B) at each breathing pose.

The kinematics of ribs AL clouds relative to sternum were computed using rigid body transformation
(Soderkvist and Wedin, 1993) and determination of finite helical axis (FHA) including joint pivot
point (JPP) (Beyer et al., 2015b; Beyer et al., 2014b; de Lange et al., 1990; Ehrig et al., 2007). The
rotation around FHA was used to express rib rotation relative to sternum as a single rotation
component. Dispersion of FHA orientation and position were also computed following previous
recommendations (Beyer et al., 2015b). Rib position dispersion was determined from the JPP
displacements as following. Firstly, the range of the JPP spatial coordinates along each axis was
determined to create a “bounding box” including all successive JPPs. The norm of the vector that
represents the “bounding box” was then calculated.

Finally, the mean helical axes (MHA) at each rib level were computed as the optimal direction vector
with the smallest angle between FHA (Stokdijk et al., 1999; Woltring, 1990). Details of the procedure
to define spatial position and orientation of MHA in local coordinate systems were previously
published ( Beyer et al., 2015b; Beyer et al., 2014b). MHA direction cosines in sternum coordinate
system were then used to report axes orientation. The location of the mean rotation center (i.e. the
mean pivot point (MPP), see (Beyer et al., 2015b; Woltring et al., 1985)) was also determined in the

sternum coordinate system.

2.4.Statistical analysis
Analysis of variance (ANOVA) for repeated measurements was used to evaluate the influence of the
side, rib level and breathing pose on rib kinematics. A one-way ANOVA test was used to analyse the
influence of breathing pose on sternal angle. The relation between rib kinematics and sternal
displacements was tested using Pearson correlation coefficient (r). Values of p<0.05 were considered
statistically significant. When ANOVA indicated significant difference for specific factor, Bonferroni
post-hoc tests were used to determine the significant comparisons at p<0.05. A linear regression was
conducted to elucidate the relation between sternum axial displacement and SCJ ROMs. Statistical

analysis was performed using Statistica software (Statistica 8.00 StatSoft. Inc., Tulsa, USA).
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3. Results
All results are given as mean =+ standard errors.
3.1.Sternum displacement in thoracic vertebra coordinate system

The displacement of the sternum relative to vertbera Thl and Th7 are presented in Figure . Note that
displacement along dorso-ventral axis (i.e. x-axis) significantly differed when expressed in Thl or Th7
coordinate system. In both Thl and Th7, the displacement occurred mainly on the cephalo-caudal axis
(i.e. y-axis). The mean displacements were 9.6 mm =+ 7.1, 17.8 £ 5.9 and 0.8 + 2.3 along x- , y- and z-
axis respectively. In Thl, the mean displacements were 3.8 mm + 4.2, 19.2 + 8.4 and 1.0 + 2.7 along

X-, y- and z-axis respectively.
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Figure 2: Sternal displacement relative to Thl and Th7 coordinate systems. Results are presented
according to each axis of the coordinate systems in millimeters +/- standard errors.

3.2.8ternal angle variations

The mean sternal angle was significantly decreasing from 16.7° + 5.5° at TLC to 14.9° + 5.2° at MIC
(p=0.016) and to 12.4° + 4.9° (p=0.0011) at FRC. The average ROM around the sternal angle was 4.4°
+ 2.7° similarly distributed above and below MIC with respectively 1.9° + 1.2° and 2.5° + 2.1°.
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Figure 3: Sternal angle variations between each available lung volume in degree (°). Black stars represent
significant difference (p<0.05) between lung volumes. Vertical bars denote +/- standard errors.

3.3.Rib angular displacement relative to sternum

Ribl1 to Rib7 angular displacements were then all expressed in sternum coordinate system to facilitate
comparison and interpretation (see Figure 4). ROMs were significantly influenced by lung volume
(p<0.001) and rib level (p<0.001). The interaction between the lung volume and the rib level also had
a significant influence (p<0.001) on ROMs. The total ROMs gradually decreased from 15.5° = 1.7° at
Ribl to 7.6 = 0.8° at Rib7. Note that Bonferroni post hoc tests demonstrated no significant differences
between two to four adjacent rib levels.

Above MIC, the ROMs ranged from 4.7° = 0.9° at Rib1 to 3.9 £ 0.7° at Rib7 without any significant
difference between rib levels. Below MIC, ROMs were gradually decreasing from 10.9° + 1.8° at Ribl
to 3.7° + 0.9° at Rib7. Note that as between TLC and FRC, no significant ROMs difference was
demonstrated between adjacent rib levels (similarly as below MIC). Furthermore, from Ribl to Rib3,
ROMs significantly differs between above and below MIC while other lower rib levels (i.e. Rib4 to

Rib7) were not altered by lung volume above or below MIC.
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Figure 4: Rib1 to Rib7 ROMs between each available lung volume. Results are presented in degree (°) in
the sternum coordinate system. Vertical bars denote +/- standard errors.

3.4 Dispersion of the FHAs and joint pivot points (JPP)

Results are presented in figure 5. The dispersion angle between FHAs was not altered by rib level
(p>0.05) and ranged between 14.7° = 1.3° and 18.5° + 1.5°. The displacement of the JPP increased
significantly with increasing rib number (p<0.001). Note that significant difference (p<0.01) was
observed for all rib levels but the first one when compared to the one at Rib2. The mean dispersion of
JPP ranged between 28.9 £ 3.8mm at Rib2 to 151.3 = 10.6mm at Rib7. Supplementary material gives
opportunity to visualize the displacement of each FHA.

25 180
—~ 160
£
20 £ ‘}
o 5 140 %
|5}
o o)
g }\ > 120
() c
< 15 g
£ g 100 5
o S
g g
© 5 80 5
5 10 g
8 S 60
% £ é
o kS
5 g 40 )
S <]
Z 20
0
RIB1 RIB2 RIB3 RIB4 RIB5 RIB6 RIB7 RIB1 RIB2 RIB3 RIB4 RIB5 RIB6 RIB7

Figure 5: A: Dispersion of FHAs in degree at each rib level regardless of the side. Results are expressed in
degree (°), vertical bars denote +/- standard errors.

B: Displacement of JPP. Results correspond to the norm of the vector that represents the “bounding box”
in millimeter. Vertical bars denote +/- standard errors.
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3.5 Mean helical axes orientation and centers of rotation

All direction cosines for the left bones were mirrored and expressed as right sided to enable
comparison between sides. The side had no significant influence on the orientation of MHAs
(p=0.864) (see Figure 6).

MHA mean direction cosines ranged between -0.52 and -0.31 on x-axis; between 0.49 and 0.53 on y-
axis and between 0.35 and 0.56 on z-axis. In other words, the axes were oriented obliquely caudally,
ventrally and medially at all rib levels considered (i.e. Ribl to Rib7). No significant difference were
observed between rib level (p=0.587). The interaction between level and component did not show any
significant influence (p=0.06). An example of the 3D visualization obtained is presented in Figure 8

where the left sides MHAs are pointing obliquely caudally, ventrally and medially at each rib level.
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Figure 6: A: MHA direction cosines according sternal coordinate system. Note that direction cosines of
left ribs were mirrored and expressed as right ribs. Results are presented as mean direction cosines;
vertical bars denote +/- standard errors.

The side had no influence on the position of the mean pivot point (p=0.701) while significant
differences were observed between rib levels (p<0.001). The position of the MPP was close to 0 mm
on dorso-ventral axis (x-axis), in other words close to the sternum frontal plane, laterally to the sternal

body and gradually caudally regarding each rib level. See Figure 7.
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Figure 7: Position of the mean pivot point in sternum coordinate system. Data are presented in millimeter
+/- 0.95 confidence intervals along each axis of the sternal frame. Note that left sided rotation centers were
mirrored to right side to allow comparison.

Figure 8: 3D representation of mean helical axes (MHAs), anatomical frames and bones of interest
observed in this study. Because they were not clearly visible in the original CT datasets used for this study,
costal cartilages were approximated as straight lines between the anterior extremity of the rib and the
insertion site on the sternum body or manubrium. The mean pivot point is displayed as a ball on each
MHA. A: Frontal plane B: Sagittal plane. 3D visualization of finite helical axes during breathing motion is
available in supplementary material.
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3.6. Relation between rib and sternum displacement

The range of cephalo-caudal displacement of the sternum was related to the ROMs at SCJ 1 (=0.92 ,
p<0.001) and SCJ7 (1=0.74, p =0.006). Linear regressions were determined at these 2 levels of interest
(see Figure 9). In addition, ROMs obtained in previous study at costovertebral joints ( Beyer et al.,
2015b) were used to test the correlation and linear regression between costovertebral kinematics and
cephalic displacement of the sternum. A significant correlation was demonstrated between
costovertebral ranges of motion and sternum displacement at ribl (r=0.95, p<0.001) and rib7 (r=0.81,

p<0.01).
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Figure 9: Rib angular displacement as a function of cephalo-caudal displacement of the sternum at
costovertebral joint (A) and sternocostal joint (B). Results are given for each of the 12 subjects, at
uppermost ribl and lowermost rib7. Ranges of motions are expressed in degree and sternum displacement
in millimeter.
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4. Discussion

The present study describes the sternal displacement, sternal angle variations and sternocostal
kinematics between different positions obtained at three different lung volumes on a sample of 12
supine human adults. To the author’s best knowledge, this is the first study reporting detailed in-vivo
quantification of these specific joints of the human thorax in breathing conditions. The functional role
of costal cartilages was previously analyzed in dogs using experimental approach (Fick, 1911) and
during recent in-vitro experimentation (De Troyer and Decramer, 1985; De Troyer and Wilson, 1993).
The linkage between sternal displacement and ribs was also described in 2 tetraplegic patients (De
Troyer et al., 1986a). Mechanical properties of the costal cartilages and the influence of growth on
cartilage geometry were reported in the literature (Andriacchi et al., 1974; Sandoz et al., 2013).
However, the present study enabled for the first time to describe quantitative in-vivo human data
related to rib and sternum kinematic behavior (i.e. ROM and axes of rotation).

The first major finding concerns averaged variation of 4.4° observed at the sternal angle. Since
the sternal angle increases between each lung volume (see Figure 3), MSJ could act as a torsion spring
able to store energy during lung inflation and restore it to facilitate thoracic cage deflation. This is
supported by the fact that exhalation is recognized to be a mainly passive mechanism resulting from
elastic recoil of mainly the lungs (i.e. pulmonary alveoli) with contribution of chest wall above 75% of
the TLC (Agostoni et al., 1965; Agostoni and Hyatt, 2011; Osmond, 1995). Note that aging seems to
be responsible of altering the torsion elastic modulus of cartilaginous joint leading to a decrease in rib
cage compliance (Estenne et al., 1985; Sharma and Goodwin, 2006). The increase in sternal angle
with increasing lung volume could have been related to the differences in rib length. Indeed, during
cephalic displacement of the sternum, the shortest ribs (i.e. ribl and 2) should lead to a backward shift
of the cephalic extremity of the sternum (i.e. manubrium), and by consequence to an increase of the
sternal angle.

Another result obtained in this study concerns the gradual decrease of sternocostal ROMs
occurring inversely to the analyzed rib level (i.e., the larger the rib level, the smaller the related ROM).
As previously underlined (De Troyer and Decramer, 1985), if the rib cage behaved as a rigid entity, all
ribs should display equal motions relative to the sternum. However, it was not the case in dogs for
which the upper portion of the rib cage was demonstrated to behave more as a unit than the lower ribs
(De Troyer and Decramer, 1985; De Troyer and Wilson, 1993). The present study seems to indicate
similar behavior in human, and that the rib cage does not move as a rigid entity.

The mechanical linkage between ribs and sternum is highlighted by the variability of both
FHASs orientation and position of the JPP during breathing motion. From a mechanical aspect, when a
joint mechanism is more constrained, the dispersion of the FHAs and the position of the JPP should be
more stable. The present result showed that the dispersion of FHAs orientation was similar at all SCJ

levels; however, the displacement of the JPP increased significantly and gradually from Rib1 to Rib7.
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In other words, the constraint is higher at Rib1 and decreases gradually at the rib levels underneath.
The supplementary material enables to visualize this finding.

Results of the present study indicates that the conclusion of De Troyer & Decramer (1985)
obtained in dogs largely apply to humans. Note that the decrease in sternocostal ROMs is similar to
costovertebral joint motion behavior in breathing (Beyer et al., 2015b; Beyer et al., 2014b; Wilson et
al., 1987) . Furthermore, the sample used in the present analysis was the same as in previously-
reported costovertebral joint (CVJ) analysis (Beyer et al., 2015b; Beyer et al., 2014b). Comparing the
CVIJ and SCJ ROMs, it appears that ROMs were systematically smaller at SCJ than at CVJ levels.
This difference in ROMs could be attributed to the difference in MHA orientation at CVJ and SCJ (i.e.
which are not parallel) and moreover the small rotation obtained at each intervertebral joint (Beyer et
al., 2014b).

In addition, the significant influence of lung volume and rib level on SCJ ROMs amplitude is a
behavior that was already observed at CVJ levels (Beyer et al., 2016). Similar to CVJs, SCJ] ROMs
decreased above MIC. Besides, this observation was not true for all rib levels. Indeed, only Ribl to
Rib3 showed larger SCJ ROMs below MIC, while Rib4 to Rib7 showed similar ROM above or below
MIC. Previous CVI] analysis (Beyer et al., 2015b) reported similar ROM decrease above MIC at rib
level 1 to 7. These observations are in agreement with the change in rib cage compliance with
increasing lung volume (Agostoni and Hyatt, 2011).

Finally, to the author’s knowledge, the orientation of SCJ axes of rotation (i.e., MHASs) was never
previously described. MHAs observed in the present study were orientated obliquely, ventrally,
downward and inward, and were not influenced by rib level. The computation of rib transformation
relative to manubrium gives insight about the cartilages structures in-between. The costal cartilages
were positioned close to the sternal frontal plane and gradually oriented downward from the second to
the seventh level (Osmond, 1995). The orientation of the first costal cartilage was almost parallel to
the 3D oblique orientation of the first MHA. At lower rib levels (Rib2 to Rib7) the MHAs were clearly
intersecting the plane of the costal cartilage. Note that the position of the MPP followed the position of
the costal cartilage, (see figure 7 along y-axis). Mechanically, MHA orientation variations indicate
different costal cartilage behavior during breathing. From a mechanical point-of-view, when the axis
of rotation is following the natural longitudinal axis of a costal cartilage (like for the first costal
cartilage), one might assume that such costal cartilage is working as a one degree-of-freedom torsion
bar (or spring) with a torque generated perpendicular to the axis of the bar. However, for lower rib
levels (i.e., with MHAs intersecting the cartilage) the torque generated during inflation should be
considered around multiple degrees-of-freedom. These considerations are in agreement with the fact
that the first rib is more rigidly attached to the first costal cartilage and to the sternum. Thus, it could
be considered that the first SCJ is driving the rib cage displacement, and is not able to deform as much

as the SCJ underneath.
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5. Conclusion
To the authors’ best knowledge, the present study is the first to describe sternocostal joint behavior
quantitatively in breathing humans. Reported results are of interest to improve our current
understanding related to normal thorax joints physiology and present data should be useful for
modelling of respiratory mechanics. Moreover, 3D representation of results enables both qualitative
and quantitative kinematics visualization that can be used for pedagogical purposes. Further research

will focus on the effect of pathological conditions on MSJ and SJC kinematics.
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The aim of this doctoral thesis was to investigate the human thorax joint physiology in
breathing conditions, trying to obtain both qualitative and quantitative results using 3D infographics
techniques. 3D modelling is an interesting tool that gives the opportunity to visualize complex
mechanisms such as specific joint kinematics. Based on the processing of medical imaging datasets,
the 3D models obtained from CT-scan images lead to accurate geometry of the joint surfaces
compared to geometry estimated from “direct modelling” using geometrical primitives. The present
methodology combines simultaneous 3D anatomically realistic reconstruction, motion visualization
and analysis. The use of custom-made software called “lhp-FusionBox” (Van Sint Jan et al., 2013)
gives the opportunity to combine anatomical landmarks spatial coordinate definition, anatomical frame
construction, kinematic parameters estimation from various formally published methods (i.e. Grood &
Suntay; Eular angles, helical axes parameters....) and moreover fusion and visualization of kinematic

parameters with 3D bone models of interests.

The major topic of the present thesis was therefore to develop a full methodology that allows 3D
modelling visualization and kinematic quantification of the thorax joints involved in breathing
mechanism. A second objective was then to test the influence of a pathological condition on the
kinematic parameters obtained. Finally, to describe the closed kinematic chains that link the vertebrae

to the sternum, we applied the methods to the anterior sternocostal joints.

The current general discussion will provide a short summary of each chapter focusing on major
findings. Then, various aspects of the developed method and associated findings will be criticized.

Finally, clinical considerations and research perspectives will be discussed.
1. Summary and methodological considerations

The first part of the present work (Chapter 2) focused on the development of a methodology to
enable in vivo 3D modelling of the costovertebral joint complexes at different lung volumes starting
from currently available CT-scan acquisition techniques. The methods focused on the true ribs and
proposed the use of mean helical axis orientation and ranges of motion obtained in anatomical planes.
Note that as noticed in the introduction, joint kinematics was computed considering ribs as rigid
bodies in breathing movement following previous recommendation (Saumarez, 1986). However, to
assess the validity of the “rigid ribs” assumption, a registration procedure using iterative closest point
algorithm was performed between each lung volume on few rib reconstructions. The root mean square
distance obtained from these registrations were inferior to 0.5mm and allows considering the “rigid
rib” assumption valid. The kinematic results obtained confirmed and complemented previously
published results concerning rib motion (Wilson et al., 2001, 1987) and added the intervertebral
displacement as a part of breathing motion over the entire inspiratory capacity. Eventually, this study

led to preliminary results considering only total ranges of motion of costovertebral joint and
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representation of the mean helical axis computed from only 3 available discrete poses. The
reproducibility of anatomical palpation was assessed and showed accurate palpation (MSD=1.4mm
inter session, and + Imm inter examiner) however the propagation of palpation error on kinematic
parameters was not assessed. The results of the propagation are presented in Figure 1 below along

each anatomical axis.

around y-axis
“caliper like”

around z-axis
“pump handle

0

b

around x-axis
“bucket handle”

X-axis y-axis z-axis
MSD 2° 1° 2°
MAX 4° 2° 5°

Figure 1: Mean standard deviation of ranges of motion obtained from 3 palpations performed by 2
observers. Results are expressed in degree (°) on each component of the anatomical frame. Note that
MSD was obtained from averaging results of all rib levels considered (i.e. rib1 to rib7)

These results highlight that small dispersion in ALs palpation could lead to important alteration of the
ROMs obtained in anatomical planes, (Max=5° on a total ROM of +15°).

In addition, the mean helical axes obtained showed important dispersion in orientation, with
high standard deviations (Max SD=0.7637) of the direction cosines. This demonstrated a
directrelationship between AL palpation error and discrepancy in the results related to the mean helical
axes. Furthermore, the use of only 3 discrete poses, or the magnitude of the step between each
successive pose used to compute MHA could have been a second factor for altering MHA orientation
and position. Figure illustrates the alteration of MHA orientation and position from the use of various
ALs palpation trials. In this case (A: 4 different ALs palpations on a single CVJ level), while MHA

orientation was moderately altered, position discrepancies for the MPP is clearly noticeable.

Note that the procedure to test reproducibility and propagation was time consuming and
therefore improvement was needed for both reiteration of the procedure and computation of all the

kinematic parameters at all CVJ levels on a larger sample.
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Figure 2: Representation of MHA and MPP for different ALs palpation. A: Superior view (transverse
plane) of series of MHAS obtained at left CVJ1 to CVJ 7 following simulations of ALs dispersion. B: 3D
representation of MHAS obtained at right CVJ7 with 4 iterations of AL displacements. The ball represent
the “mean pivot point” (MPP) of each MHA obtained (4 iterations are displayed).

The second part of the present work (Chapter 3) especially focused on improving/optimizing
the computational method. The aim was to develop an automated procedure that would give the
opportunity to simulate dispersion of the AL spatial coordinate and to compute kinematic parameters
automatically at each CVJ level. Different parameters that could alter kinematic results were tested
(i.e., interpolation, range step for FHA determination, range AL perturbation) in order to obtain an
optimal procedure. The effect of AL perturbation on MHA parameters was therefore tested. In
addition, the use of interpolation to increase the number of discrete poses, and consequently the
number of FHA available for computation of MHA was tested. Finally the procedure demonstrated

satisfactory results with dispersion of MHA ranging between 7.5° and 13.6°.
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The MATLAB procedure developed enables to process all kinematic parameters in about 1s,
i.e. all rigid body transformation parameters, for both left and right ribs and intervertebral segments.
Results were stored in a standard file format usually used in the field of motion analysis (i.e., C3D
files). The parameters obtained (i.e. AL trajectories, transformation matrices, position and orientation
vectors) are then directly observable in open-source software such as MOKKA® that are commonly
used in movement analysis laboratories. The final step was then the possibility to fuse trajectories of
each AL cloud with the 3D bone models from a single C3D file. This was achieved thanks to
lhpfusionBox software (Van Sint Jan et al., 2013). Note that this particular step is of interest since it
allows direct visualization of bone motion, to detect visually any typical modelling problem such as

bone positioning errors (i.e. collision or dislocation) (Schwartz et al., 2013).

The computation of the dispersion of the MHA was obtained following previously developed
methods (de Lange et al., 1990; Woltring et al., 1985). The use of interpolation is still questionable
since it may still differ partly from results obtained during continuous motion processing. However,
only one method was previously developed to obtain costovertebral kinematic parameters from
external measurements (Jordanoglou and Smith, 1970). Jordanoglou started from geometrical
parameters (Jordanoglou, 1970) to develop their jig, which corresponds to a linear displacement
transducer applied externally to the extremity of the ribs. Geometrical parameters were then used to
obtain rib rotation around a “plausible” axis of motion. However, the real position of the axis of
rotation was not known. Further development should use similar methods, which integrate regression
models of both geometrical and kinematic parameters of the spine and chest wall to obtain
anatomically relevant results. Finally, chapters 2 and 3 focused on the development of the
methodology with attention on accuracy and repeatability of preliminary results. The obtained
protocol had to be expanded to lower ribs and further analysis was needed to describe the relation

between rib kinematics and lung volumes on the respiratory ribs 1 to 10.

Consequently, in chapter 4, data from respiratory ribs were processed from a larger sample
(n=12) and the hypothesis that laterality, lung volume and rib level should alter rib kinematics was
tested. These questions were assessed to establish a link between joint mechanics and lung physiology.
Statistical analysis was performed to estimate the influence and correlations of the above mentioned
factors on the ranges of motion and MHA parameters. Results showed that rib displacements were
altered by lung volume, i.e. above MIC, the ribs displayed similar ROMs, while below MIC, ROMs
were gradually decreasing with increasing rib number. Results also demonstrated the symmetry
between left and right ribs that one could have expected. Finally considering total ROMs, results
showed that ribs rotate as small groups of adjacent ribs (3 or 4 ribs). By analogy, the interdependence
of rib motion could be described in the manner of an accordion bellows (Figure 3). The first upper ribs

are driving the rib underneath. We hypothesized that this linkage is obtained through the force
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transmission of intercostal muscles, which is in agreement with previous work (De Troyer et al., 1986,

2005b; Wilson et al., 2001; Wilson and De Troyer, 2004).

Angular displacementin degree (°)

1 2 3 4 5 8 7 8 9 10
CVJ LEVEL

B TLG-FRG

Figure 3: A: Movement of an accordion. B: Relation between ROMs obtained at each CVJ1 to CVJ10
(Beyer et al., 2016).

The laterality had no significant influence, (which was expected) however, many local
differences were observed in the results of MHA orientation. One explanatory hypothesis concerned
the anatomic variability of the costovertebral joint facets as it was similarly demonstrated on facets of
the thoracolumbar (Masharawi et al., 2004, 2004) and cervical vertebra (Laville et al., 2009; Pal et al.,
2001). Note that no previous study on CVJ facet geometry was found in literature. Finally, the analysis
of the orientation of joint facet showed interesting geometrical asymmetry as presented in the figure

below:

Figure 4: Left: 3D representation of a thoracic spine from CTscan images. Reconstruction is focused on
thoracic vertebra and rib heads only. Right: CT image reconstruction in transverse plane at Theé. Firstly,
a line was fitted to the joint surface of the transverse process, and then the angle between this line and the
antero-posterior axis was estimated. The difference between left (red lines) and right (yellow lines)
orientations is obvious.
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At this step, we considered that relevant results concerning CVJ kinematics and their relation with
lung volume in asymptomatic conditions were achieved. However, one question remained unclear: has

a pathologic condition the ability to alter CVJ kinematics?

The chapter 5 focused on answering the latter question by applying the entire methodology in a
sample of patients with cystic fibrosis (CF). This pathology is associated with respiratory symptoms
such as chronic dynamic lung hyperinflation. Results showed that patients with CF had a significant
decrease of CVJ ROMs. The influence of the pathology was mainly observed at upper rib levels. To
the authors’ knowledge, this is the first study that demonstrates quantitatively the influence of a
pathological condition on the CVJ kinematics at a segmental level. The reduced rib excursion
associated with hyperinflation was expected, however the present work enables to demonstrate it
quantitatively and moreover allows segmental analysis. Results concerning the effect of CF could be
criticized. Indeed, the reduced rib excursion has to be related to lung hyperinflation rather than to
cystic fibrosis itself. However, results from this work lead to an interesting hypothesis that CVJ
limitations could be part of the cause of back pain, which is a common symptom in such a

pathological condition (Rose J et al., 1987; Tattersall and Walshaw, 2003).

The previous chapters focused on determining rib kinematics at costovertebral joints in
asymptomatic and pathological conditions. However, the true ribs connect vertebrae to the sternum
through the costal cartilages. These anatomical structures are organized as a series of closed kinematic
chains, therefore, it seemed necessary to investigate the relation between rib and sternum displacement

at sternocostal joints.

The Chapter 6 focused on applying the above mentioned methodology to sternocostal joints. Note
that no previous quantitative results in humans were found in literature. Results demonstrated that the
axes of rib motion relative to the sternum were similar at Rib 1 to Rib 7. Furthermore, SCJ ranges of
motion gradually decreased with increasing rib level such as at CVJ. The significant correlation
between rib and sternum displacement allowed estimating a regression function that gives opportunity
to estimate CVJ or SCJ displacement from the vertical displacement of the sternum. This regression is
promising since it allows estimating joint kinematics from external measurements obtained at the
sternum for example using optoelectronic stereo-photogrammetry. Further research should try to
validate the present proposal. Note that the SCJ kinematics were computed as a rotation of the ribs
relative to the sternum since the segmentation of costal cartilage remains a challenge. A few
anatomical landmarks should be added to the sternum in order to compute the orientation of the costal
cartilages during the respiratory motion. However, such a simplistic straight line representation

remains of limited realism, especially for the lower half of the costal cartilages.
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2. Main limitations of the research

- Position of the subject

The CT data used in the present research were obtained from patients lying in supine position. As
it was previously demonstrated, the change in posture leads to a significant alteration of chest wall
kinematics (Lee et al., 2010; Romei et al., 2010; Sharp et al., 1975). As an example, Lee et al, 2010
have demonstrated that single plane changes in sitting posture are leading to a three-dimensional
alteration of both ribcage configuration and chest wall kinematics during breathing, while respiratory
function remains constant. In addition, the contact at the posterior part of the thorax could lead to
some limitations of the rib displacement since a load (weight of the thorax) is applied to the posterior
part of the ribs. Another parameter that was not “strictly” controlled is the position of the thoracic
spine. The inter-individual variability of thoracic spine curvature could also lead to an alteration of rib
kinematics. As a consequence, further studies should investigate rib kinematics in standing /sitting

position with specific concern on the thoracic spine curvature.

- Age and gender influence
The data set analyzed in this study covers a small age range (i.e. mean age < 40 years old) while
aging was demonstrated to influence the morphology of ribs and thorax morphology (Kent et al.,
2005; Gayzik et al., 2008; Weaver et al., 2014). Therefore, further analysis of the present samples
should estimate the influence of gender on rib kinematics since gender was shown to possibly
influence both rib geometry (Bellemare et al., 2003, 2006) or thoracic shape (Bellemare et al., 2003;

Bellemare and Jeanneret, 2007).

- Respiratory disease?

In the present research, the effect of a pathological condition on rib kinematics was assessed in a
sample of patient with cystic fibrosis. The variability in clinical conditions of such patients is wide.
However, the patients included in the present protocol seemed to have been selected when they were
stable. Due to their respiratory impairments, it could have been difficult for them to maintain apnea at
different lung volume.

Further research should focus on estimating rib kinematics parameters in patients with diseases

that affect especially the joint structures such as ankylosing spondylitis or kyphoscoliosis.

- Discrete kinematics
The present results are obtained from discrete poses, and further interpolation between static
positions was used to optimize the computation of the helical axes parameters. It remains questionable
whether these artificial positions really imitate a continuous motion. Therefore, further investigation
should estimate segmental kinematic parameters from a continuous measurement. Note that to our best

knowledge, such a method is actually not available.
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- Lung volumes
In the present research, thorax joint kinematics analysis was obtained from three lung volumes
above the functional residual capacity. However, to estimate the full displacement of the ribs over the
vital capacity, another position should have been added at residual volume (end of the forced

exhalation).

3. Clinical considerations

3.1. Applications to physical and manual therapies?
A previous study analyzed CVJ in rabbits and cats using microscopy aiming to verify the existence
of mechano-receptors in such a joint and trying to characterize their responses to rib movement. They
concluded that alike many other arthrodial joints, costovertebral joints contain mechano-receptors, and

moreover, their response are influenced by two main factors: rib position and rib movement (Godwin-

Austen, 1969). The discharge response was demonstrated to increase with faster movements compared
to slower ones. In addition, the same increase in discharge frequency was demonstrated for movement
in caudal direction compared to cephalic.

In humans, a comparable analysis was performed to determine if costovertebral joints are able to
produce pain (Erwin et al., 2000). The authors analyzed the presence of nociceptive-capable neurons
to verify if these joints had the anatomic capabilities to cause pain. They concluded that similarly to
spinal facet joints, the costovertebral joints contain specific nociceptive neurons that can cause pain
(Erwin et al., 2000). Literature reports also that costovertebral joints could be the origin of
misdiagnose chest pain (Arroyo et al., 1992), and could be sometimes related to rheumatologic
disorders (Pascual et al., 1992; Sales et al., 2007), in which treatment consists partly in physical and

manual therapies in order to reduce pain and improve joints mobility.

The new insights on costovertebral and sternocostal joints kinematics during breathing movement
are of interest in understanding the evaluation of symmetry and ranges of motion during manual
testing and manual therapeutic procedures. Indeed, thorax displacement evaluation is commonly used
in the examination of the thorax in patients with back pain or with respiratory diseases (Tuteur, 1990;
White et al., 2013). At a regional or local level, rib evaluation in breathing is based on the feeling of
displacement restriction. As an example, some authors report to evaluate rib cage following a “triad of
asymmetry, altered range of motion, and tissue texture abnormality” (DeStefano, 2011; Lee, 2015).

The present doctoral thesis adds quantification parameters that could lead to a better understanding
and estimation of this specific respiratory motion. Since one of the goal in manual therapies is to
estimate joint limitation, and to use various manual approaches (stretching, trigger points, joint
mobilization with or without high velocity thrusts, figure 5) to restore “normal” joint mechanics, it
seemed important to answer a simple question: What is the “normal” range of rib motion in breathing

manoeuver? The present kinematic results enable for the first time to describe both qualitatively and
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quantitatively the CVJs. Further work should investigate the relation between a loss of mobility
(global, regional or at a single rib level) perceived by the practitioner and the quantitative estimation

of such a limitation to validate clinical testing.

Symmetry evaluation in breathing:
The laterality had significant influence neither on ROMs nor on MHA orientations, whatever the rib
level considered. However, as mentioned in the discussion, small orientation variations could have
been related to anatomical variations of the joint facets. Therefore, this has to be considered when
evaluating symmetry at a specific rib level. One could not estimate whether the asymmetry should be
considered as “normal” or as a “restriction” when only considering movement orientation.
When rib motion is evaluated relative to the laterality (e.g. 7™ right rib relative to 7™ left rib), one

should keep in mind the axes of motion as presented in figure 6.

Figure 5: Example of various techniques used in manual therapies. Left: Diaphragmatic release technic;
Middle: rib mobilization in supine position; Right: Costovertebral joint mobilization or manipulation.

Rib displacement evaluation in breathing:
Considering ROMs, the displacement of the ribs occurred mainly below the middle of inspiratory
capacity; therefore, ballistic displacement could be estimated without asking a full deep inspiration.
When considering the orientation of the axes of rib rotation relative to the vertebra of same level (i.e.
MHAs in our studies), one should consider that rib excursion will be maximized at the rib part further
away from the rotation axis, due to rib shape. While the axes were oriented obliquely between the
frontal and sagittal planes, the greatest rib excursion should be perceived between the mid-clavicular

and the anterior axillary lines.
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Figure 6: Mean helical axes estimated from the motion of right ribs relative to the left ones at levels 1 to 8
in sagittal (A) and transverse (B) planes. Note that MHAs orientation in sagittal plane (A) are following
the orientation of vertebral endplates and thoracic kyphosis. The uppermost axis is pointing obliquely
forward and downward and this orientation becomes gradually closer to the horizontal in lower levels.

Orientation of the axes of motion: relevant for reappraising manual techniques?
Manual approaches request from therapists to apply forces usually through their hands on some
regions of the patient anatomy in order to obtain some therapeutical effects (see figure 5 for examples
of manual approaches of the rib cage). The knowledge of the underlying joint mechanism is of
importance to understand the real intra-articular effect of the applied force.

The findings concerning MHA orientation can be useful for a reappraisal of manual
techniques applied to the ribs. Indeed, for example, when a force is applied on a rib for mobilizing a
CVIJ in rotation, the farther from the MHA the force is applied by the practitioner, the larger will be
the lever arm (i.e. the orthogonal distance between the MHA and the line of action of the force
generated by the practitioner’s hand). Depending on the goal reached by the therapist and the patient’s
symptoms, the knowledge of these axes of motion is of interest to better adapt manual techniques. As
an example, for a given force applied by the therapist, positioning the hand close to the anterior end of
the rib (at costochondral junction) will exert an important torque at CVJ when, on the other hand,
force applied close to the rib posterior tubercle in direction of the rib head would produce a smaller

torque since the force vector will tend to be aligned and close to the CVJ axis of motion.
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Example related to “muscle energy techniques” and stretching:

Another manual approach frequently used to relieve pain in various anatomical regions is called
“muscle energy techniques” (Mitchell and Mitchell, 2001; Selkow et al., 2009) in which the concept is
to mobilize a joint by use of muscle contraction and an imposed fixed segment of the joint. The
knowledge of the axis of rib motion in breathing enables to consider the effect of respiratory

movement on various muscles lever arm.

To emphasize this aspect, a trial was done on the datasets of one subject in whom an entire
cervical spine was scaled and registered to fit with the first thoracic vertebra. Anatomical landmarks
were placed on the 3D models at the insertion sites of the anterior scalenus muscle (on the anterior
tubercles of the transverse process of the cervical vertebraec C2 to C4; on the tubercle of the first rib).
Then, moment arms were computed as the shortest distance from the muscle action lines to the MHA
obtained at the first CVJ. The 3D model and moment arm variations during breathing are shown in

figure 7.

SCANT_SUP Length (Time, 1e+001)
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Figure 7: Left: 3D model of a « generic » cervical spine and the first two costovertebral joints. The MHA
of the right first CVJ is displayed in blue and was used to compute lever arms of the anterior scalenus
muscle. Right: lever arm obtained for each fascicle of the anterior scalenus muscle

The moment arm decreases with the lung volume (see right part of figure 7); and in the same time
muscle length increases. If the goal is to stretch the muscle, then exhalation is to be recommended
since muscle length is maximal at FRC. If the goal is to mobilize the first rib at CVJ1 through the
action of the anterior scalenus muscle, both length and moment arm should be taken into account to
maximize force and torque generated at the CVIJ. Therefore, further work should determine the

length/moment arm ratio as a function of lung volume.
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4. Perspectives

Beside the above-mentioned clinical applications, results of this thesis may lead to various new
research tracks. Some of these topics have been already prospected and are presented in this section. It
shows that the thesis results are relevant for the futur and that more effort should be invested to
improve further our knowledge on the thorax kinematics.

4.1. Modelling
The kinematic results obtained at each joint of the thorax could be useful to improve modelling of the
breathing thorax that could integrate joint kinematics, dynamics, and muscle activity, in both normal
and pathological conditions. It represents also sustantial data to create or validate models of the thorax.

Starting from the kinematic results obtained during the present work, we developed a
simplistic kinematic model as following.

Three assumptions were considered, although they are known to simplify the physiologic
reality: the symmetry between right and left sides; non-deformability of the sternum; non-
deformability of the costal cartilage. The objective of this model is to allow simplified representation
of the thorax movement in breathing, and to estimate the impact of various parameters alteration (such
as orientation of the MHA, ranges of motion, rib geometry) on the global kinematics of the thorax.
Furthermore, the model gives the opportunity to verify that thorax movement in breathing (in the
context of the previous assumptions) could have been determined from only one degree of freedom.

Firstly, the origin of a referential system was defined at the intersection between MHA of the
right and left seventh ribs, close to the vertebral body of Th7. The axes of this thorax coordinate
system were oriented as follows, X¢-axis to the front, Y,-axis vertically to the top and Z,-axis laterally

to the right (see figure 8).

Left mean helical axis

Origin of the
coordinate system
at the crossing

point between each
left and right MHA
of Th7

Right mean helical axis

Figure 8: Illustration of the referential coordinate system defined for the kinematic model. Axes in blue and purple
correspond to the MHA of the right and left 7" CVJ respectively. B corresponds to midpoint between B, and B,. B,
and B, correspond to sternal attachment of the 7™ costal cartilage considered as the rib anterior extremity.
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The spine was also considered rigid as a first attempt but could be later considered with an additional
degree of freedom. Each costovertebral joint was defined as a Cardan joint (i.e. two hinges oriented at
90° to each other), with the possibility to define the orientation of the first axis as a constant parameter
(i.e. a in figure 9A). To be consistent with a unique rotation about the MHA, the angular parameter
around this first axis of the cardan, 8, is dependent on the angular parameter around the second axis 6.
The relation between both parameters is computed from an analytical equation expressing the
symmetry of the mechanism, i.e. the velocity of point B is assumed null on the Zo axis. Note that the
anterior extremity of the rib is considered rigidly attached to the sternum through the non-deformable

costal cartilage as a single spherical joint (in Br).

To test the model, the orientation of Z-axis of the ribs (Zr, coinciding with the MHA direction) were
defined from data measured on one subject of the present thesis. Only the right rib is described

thereafter (see figure 9A) since geometry is considered following right/left symmetry.

Geometrical parameters of the ribs (ar, dr and Xr) are defined, on the same subject, through the
anterior extremity of the rib at the point B considered at sternal attachment (B, for right rib in figure 8).

As it is a first attempt, only 2 levels were implemented, Th1 and Th7.

Then, using an optimization algorithm to consider the non-deformability of the sternum (i.e. fixed
distances between the four points Br, Br’, Bl and BI’), it is possible to compute the value of ©; as a

function of ©, at each instant of time.

As an example, when parametrizing the model from data of one subject of the present thesis, (i.e. with
al= a7= -10°; initial values of 1= f7= -3° since the orientation of MHA was demonstrated to be
similar between each rib level; and initial values of ©; = 34° and ©, =14°) the model obtained a
vertical displacement of the sternum (i.e. along Y,-axis) of 25.6 mm. The measured sternum
displacement in Th7 (reported in Chapter 6) for this specific subject was equal to 28.5 mm which is

close to the predicted one.

As mentioned above, note that this result should be only considered as an interesting starting
point to further develop a more sophisticated model. This model could be further modified, for
example without following the assumption of symmetry. Then, it could lead to estimate the impact of
asymmetry of motion at a single rib level on the behavior of the entire thorax during breathing. In
medicine and manual therapies, the examination of the thorax contains the evaluation of symmetry of
motion; furthermore, in manual therapies, joint kinematics is a basis knowledge for evaluating ranges

of motion, stiffness, symmetry that could be related to specific pathological conditions.
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Xo-axis

OBr = ar* Zr +dr* Xr

Yo-axis MHA (CVI1)

MHA (CVI7)

Xo-axis

B

Figure 9: A: Illustration of the cardan joint defined from the Mean helical axis obtained at the CVJ of the

right 7™ rib.

B: Model containing Th7, Thl, ribl, rib7 and sternum. The spine is considered rigid (grey line between
th1l and Th7). B, and B’, represent the anterior extremity of the rib (respectively 7 and 1) connected to the

sternum.
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4.2. Influence of other pathological conditions and surgical procedures on thorax

joint Kinematics

The present work focused on the influence of a respiratory condition; further analysis should
concentrate on the influence of musculoskeletal or neurologic disorder on kinematic parameters. The
present methodology could be proposed to evaluate these questions. The development of imaging
techniques should maybe give the future opportunity to reduce dramatically irradiation dose. In
addition, many 4D imaging techniques are presently under development such as 4D computed
tomography, or dynamic radiography to estimate thorax respiratory displacement (Brandner et al.,
2006; Rit et al., 2005; Saadé et al., 2012; Tanaka et al., 2015). The present computational method that
processes segmental kinematics from a set of 5 ALs on each structure of interest could be
implemented in a protocol of discrete pose imaging. This could lead to obtain quantitative data in
many other clinical conditions and moreover to study the effect of therapeutic procedures, such as rib
mobilization, or spinal manipulation on kinematic parameters.

In addition, the influence of various surgical procedures on the breathing kinematics of the thorax
could be estimated using the present protocol. Rib cage mechanics was shown to be altered after
media sternotomy, leading to a post-op restrictive ventilatory defect (Locke et al., 1990). It was also
reported that pulmonary complications after thoracotomy are frequent and that risk level should be
estimated before surgery. In scoliosis, various surgical procedures are described depending on the
severity of the curvature misalignment. The severity of the curve will depend on different variables
such as type and location of the defect, number of malformed/healthy vertebra or potential growth of
the patient (Piantoni et al., 2015), as will the therapeutic decision. The methods developed in our work
could serve as a basis for the design of surgical planning and follow-up methods that could improve

patient care.

4.3. Relation between CVJ kinematics, rib geometry and thorax shape

The present thesis focuses on analyzing thorax joint kinematics however the relation between joint
kinematics and thorax shape was not reported. Many studies focused on external measurements of the
thorax in breathing conditions (Causey, 1953; Konno and Mead, 1967; White et al., 2013). Also the
influence of posture on thoracic shape is well documented (Estenne et al., 1985; Lee et al., 2010;
Romei et al., 2010; Verschakelen and Demedts, 1995). However, the relation between thoracic shape
measurement and joint kinematics was never assessed. From the present CT database, we developed a
protocol to obtain anteroposterior and lateral diameters of the thorax (Beyer et al., 2015b). Further

analysis is currently running.
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Figure 10: Thorax models obtained to compute anteroposterior and lateral diameters at four different
thoracic levels. (See supplementary material CHAP_7 1)

In addition, it was anticipated that rib shape could have been related to regional changes in
thoracic shape that contribute to level specific lung volume displacements. Therefore, a method was
developed to determine rib geometrical parameters from rib 3D reconstructions. Various geometrical
parameters (such as arc length, chord length, rib width, rib bending, torsion, etc.) were computed (see
figure 11) following a previously published method (Dansereau and Stokes, 1988; Kindig and Kent,
2013). Results were obtained (Beyer et al., 2015a) but still have to be related to kinematic results. An

interesting issue will be to quantify regional volume change of the thoracic cage according to specific

rib geometry combined with kinematic parameters. Note that results obtained using this method were

used in paleoanthropology to compare ribs of Neanderthals to those of modern human adults.

(Chapman & Beyer et al, submitted, 2016).
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Figure 11: Top: 3D model of the ribs (left) and representation of the “rib-midlines” (right) obtained from
the centroid of each rib section. The green line represents the bending angle along the body of the ribs.
Bottom: Representation of each rib “slice” and their ellipse long semi-axes.
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It must be emphasized that rib and thoracic shape could have been influenced by sex in both
normal subjects (Bellemare et al., 2003) and patients with chronic lung hyperinflation (Bellemare and
Jeanneret, 2007). Due to the size of the sample, this parameter was not tested and will be estimated in
future work. As an example, see in Figure 12 the possible differences in thoracic shape of two males

and two females.

Si5 S16

Figure 12: Examples of thoracic shape in 2 males and 2 females. Reconstructions are displayed in both
sagittal and frontal plane for 2 males and 2 females at functional residual capacity.

4.4. Integration of muscle parameters in the thorax model

The present thesis focused on joint kinematics; however, the breathing mechanism is obtained
from a combination of joint displacement exerted by muscle activation and contraction. As the
diaphragm is considered as the main respiratory muscle, we are currently working on the same
imaging dataset in order to quantify the displacement and shape change of the diaphragmatic domes in
relation with the lung volume variations. A quick overview of the method is presented in figure 13.

A series of anatomical landmarks were set on the inferior aspect of the reconstructed lungs at each
breathing pose. Then, Delaunay triangulation is computed for right and left diaphragmatic domes
(RDD and LDD respectively in figure 13). From the 3D surfaces obtained, it is possible to compute
the volume contained between 2 successive surfaces. As results, the kinematics and the volume
displaced by the diaphragmatic domes can be obtained and further related to rib kinematics. (See
supplementary material CHAP_7 2).
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Figure 13: Top: Representation of the anatomical landmarks (Left) placed on the inferior part of the
reconstructed lungs.3D model from the entire thorax and the anatomical landmarks of the diaphragmatic
domes (Right). Bottom: Representation of the Delaunay’s surfaces obtained from the diaphragmatic
domes anatomical landmarks at each breathing pose (red: total lung capacity; green middle of the
inspiratory capacity; blue: functional residual capacity).

Note that the relation between rib and diaphragm kinematics is of clinical interest and was
largely studied from radiographic images (Bellemare et al., 2001), CT (Gauthier et al., 1994; Ladjal et
al., 2013; Pettiaux et al., 1997; Saad¢ et al., 2012) or MRI (Cluzel et al., 2000) imaging techniques.
While physiological aspects are to date deeply analyzed (Breslin et al., 1990; De Troyer, 2012; De
Troyer et al., 2005a; Hodges and Gandevia, 2000), literature concerning the influence of manual
approaches on diaphragm and thorax kinematics is still scarce especially considering physical and
manual therapeutic procedures applied in patients with lung or neurologic disorders. As an example, a
recent study describes the effect of a “diaphragmatic release technique” on inspiratory capacity and

diaphragmatic dome displacement in patients with COPD (Rocha et al., 2015).
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4.5. Integration into multiscale modelling of the respiratory system

A modern perspective related to modelling of the human physiology appeared in the last decade
with emerging new technologies. The Virtual physiological human project (Viceconti et al., 2008) has
for objective to elaborate multi-scales models to answer the need of integration of various field related
to health (i.e. physiology, anatomy, systems biology, biomedical informatics etc...) (Hunter et al.,
2010). This project has for perspective to develop integrated models across dimension scales, e.g. from
the cells, to tissues, to the organs, and to clinical applications. The present work focuses on musculo-
skeletal aspects of the respiratory mechanics, however various teams have already developed models
such as for lung parenchyma (Denny and Schroter, 20006), circulatory flow in the pulmonary
capillaries (Burrowes et al., 2004; Burrowes and Tawhai, 2006; Nabors et al., 2003). All these
development could be integrated together to reach the goal of a multi-scale, multi-physics modelling

of the entire respiratory system (Burrowes et al., 2008).

5. Conclusion

The present doctoral thesis contributes to the quantitative and qualitative description of
costovertebral and sternocostal joints during breathing movement. The determination of ranges of
motion and axes of rib rotation in breathing conditions was achieved as well as their relation with lung
volume. In addition, the possible alteration of such kinematic parameters was demonstrated from the
analysis of the results obtained in patients with cystic fibrosis. The 3D modelling approach developed
along the present work allows subject specific and anatomical representation, and could be useful for
pedagogical use in various health disciplines. Results obtained in the present work represent a
substantial basis for modelling the breathing thorax from various approaches. Further work will
concentrate on establishing relation between thorax kinematics and respiratory muscle parameters (e.g.

shape, kinematics, activation ...).
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