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Abstract

In 3D human movement analysis performed using dpttrenic stereophotogrammetric systems
and skin markers, bone pose estimate can onlyroedaut in an indirect fashion. During a motor
task, the deformation of the soft tissues makeskiremarkers move with respect to the underlying
bone generating the so called soft tissue art¢fita). In general, STA is caused by skin sliding
associated with joint movement, soft tissue volumoeleformation due to muscular contraction,
gravity and inertial effects on soft tissue masgesbbling). This movement has a frequency
content similar to the bone movement and it isiefoge, not possible to distinguish them using any
filtering techniques. In addition, STA is subjedtsk-, and location-specific. Therefore, STA is th

main problem in optimal bone pose estimate andoitspensation remains an open question.

The aim of this PhD thesis was to contribute to gbkition of this crucial issue. Modelling this
phenomenon based on measurable trial-specific hlagais a fundamental prerequisite for its
removal from skin marker trajectories. This modah ©e incorporated in future optimal bone pose
estimators thus reducing relevant inaccuracies sigdificantly improve the estimate of joint

kinematics.

Two model architectures of STA are proposed. litytija model of the thigh artefact at marker-
level is presented. STA was modelled as a linearbowation of angular kinematics of the joints
involved in the movement. This model was calibratesthg both ex-vivo and in-vivo invasive
measures (pin markers) of the STA. The considenaleber of model parameters to be identified
led to the approximation of the STA phenomenon. $fMé of a body segment can be represented
as a vector field composed by the displacementoii skin marker during the task with respect to
its reference position in the anatomical referefname. A modal approach was then used for the
STA approximation and three STA definitions weregmsed to represent the phenomenon as a
series of modes: individual marker displacementsker-cluster geometrical transformations, and
skin envelope shape variations. It is importanfptint out that the marker-cluster geometrical
transformations definition allows to separate figgdrcomponent of the artefact from its non-rigid
component. Modes obtained with the three above-oreed definitions were selected using two
different criteria: those that represent a cerga@ncentage of the total STA energy (ranking) or
those that describe the rigid component of thdfaotavhich can be chosenpriori. Following the
latter approach, it was empirically demonstratethwimulated data that only the rigid component
of the artefact affects joint kinematics, regardlesthe amplitude of the non-rigid component. For
this reason, a model of the rigid component ofSfé (at cluster-level) was then defined, using the

marker-cluster geometrical transformation, for thigh and shank segments. The selected rigid



modes were modelled as linear combination of thet jangles involved in the movement. This
STA representation, by reducing the degrees ofdbmeof the STA field, allows reducing the
number of the model parameters to be identified. @gecteptable trade-off between STA
compensation effectiveness and number of modelnpeteas can be obtained using this STA

modelling. This improves bone pose estimation #metefore, joint kinematics accuracy.

The main potential applications of the resultso$ tthesis are the following. First, the proposed
STA models can be used to generate, at both maakdreluster-level, realistic STAs which can be
effectively used for simulation purposes when corafiely assessing skeletal kinematics
estimators. Second and more importantly, by fo@usinly on the rigid component of the artefact,
the model attains a satisfactory reconstructionthef artefact by using a reduced number of
parameters. This circumstance makes incorporatiagrodel in an optimal bone pose estimator

feasible.



Sommario

Quando la stima del movimento scheletrico vienedotta utilizzando un sistema non invasivo
come quello stereofotogrammetrico e dei marcatostipsulla cute, la stima della posa dell’'osso
puo essere ottenuta utilizzando metodi indiretti.

Durante I'esecuzione di gesto motorio, la deformazidei tessuti molli causa un movimento reale
dei marcatori cutanei rispetto all'osso sottostagémerando il cosiddetto artefatto da tessutoemoll
(STA). In generale, lo STA é causato dallo stirarnetella cute associato al movimento articolare,
alla deformazione volumetrica dei tessuti dovuta abntrazione muscolare, alla gravita ed ad
effetti inerziali delle masse dei tessuti molli ¢ibsiddettowobbling. Questo movimento ha un
contenuto in frequenza simile a quello dellosstastante e, quindi, non e possibile distinguerli
usando tecniche di filtraggio. Inoltre, lo STA \arnla soggetto a soggetto, varia al variare del
movimento e della posizione del marcatore sul segonie esame. Per questi motivi, lo STA e |l
problema principale nella stima ottima del movineestheletrico e la sua compensazione rimane
un problema, ad oggi, tuttora irrisolto.

BN

Lo scopo di questa tesi e stato quello di dare amtributo alla soluzione di questo problema.
Modellare questo fenomeno utilizzando delle vatiabisurabili durante un dato esperimento € un
prerequisito fondamentale per la rimozione dektatto dalle traiettorie dei marcatori acquisit@ co

un sistema stereofotogrammetrico. Questo modelto gasere inserito in futuri stimatori ottimi

della posa per ridurne l'inaccuratezza e per migh® significativamente le stime di cinematica
articolare.

Due architetture di modello di artefatto sono stateposte. Inizialmente, viene presentato un
modello di artefatto di coscia per ogni singolo cadore (narker-leve). L'artefatto su ogni
marcatore € stato modellato come combinazione rinedella cinematica articolare delle
articolazioni coinvolte nel gesto motorio. Questodallo é stato calibrato utilizzando misure dirette
ed invasive dell’artefatto di coscia (pin intracoati) ottenute da datin-vivo ed ex-viva |l
considerevole numero di parametri del modello agmtificare ha condotto a considerare soltanto
un’ approssimazione dell'intero fenomeno. In paface, I'artefatto su di un segmento corporeo
puo essere rappresentato come un campo vettooalpasto dallo spostamento di ogni marcatore,
durante I'esecuzione del movimento, rispetto alia posizione di riferimento nel sistema di
riferimento anatomico. Un approccio modale e stafindi utilizzato per approssimare I'intero STA
e tre definizione matematiche sono state propostdgsua rappresentazione come una serie di
modi: individual marker displacementamarker-cluster geometrical transformatigng skin
envelope shape variationg importante evidenziare che la definizianarker-cluster geometrical
transformationsconsente di separare la componente rigida deli&tte da quella non-rigida. |
modi ottenuti con le definizioni sopraindicate sastati selezionati utilizzando due diversi criteri:
quelli che rappresentano una certa percentualedetgia totale del fenomenoafking o quelli
che descrivono la componente rigida dell’artefattoche possono essere defingi priori.
Utilizzando l'ultimo approccio, € stato empiricanberdimostrato utilizzando dati simulati che
soltanto la componente rigida dell’artefatto inflaa la posa dell’osso, e quindi la cinematica
articolare, indipendentemente dall’ampiezza detiemgonente non-rigida dello STA. Per questo
motivo, € stato poi definito un modello della comente rigida dell’artefatto considerando I'intero
cluster di marcatoricuster-leve), utilizzando lamarker-cluster geometrical transformatiqneer i



segmenti di coscia e di gamba. | modi rigidi cosilesionati sono stati modellati come

combinazione lineare degli angoli articolari coilivanel movimento. Questa rappresentazione
dell'artefatto, che riduce i gradi di liberta dehnapo STA, permette di ridurre il numero di

parametri del modello che devono essere identifiddtilizzando questa modellazione per

I'artefatto, si ottiene un compromesso accettabdecompensazione del fenomeno e numero di
parametri del modello. Cio migliora la stima deil@sa dell’osso e, quindi, I'accuratezza della stima
della cinematica articolare.

Le potenziali e principali applicazioni dei risultaresentati in questa tesi sono di seguito irtdica
Prima di tutto, i modelli proposti posso esserézz@ti per generare artefatti realistici, sia\elio

di singolo marcatore che per lintero cluster diroa#ori, che possono essere utilizzati in
simulazione, come quando devono essere confraditegisi stimatori della posa dell’osso. Inoltre,
e principalmente, focalizzandosi soltanto sulla porente rigida dell’artefatto, il modello ottiene
una ricostruzione soddisfacente dell’artefattoizgdndo un numero ridotto di parametri. Questa
circostanza rende possibile I'inserimento del miodel uno stimatore ottimo della posa dell'osso.



Résumé

En analyse 3D du mouvement humain, lorsqu'elle effectuée a l'aide de systémes
stéréophotogrammétriques optoélectroniques et dquears cutanés, I'estimation de la position et
de l'orientation des os ne peut étre effectuéedutacon indirecte. Au cours d’'une tache motrice,
la déformation des tissus mous engendrent le déplect des marqueurs cutanés par rapport a I'os
sous-jacent, générant ce que I'on appelle un attefss tissus mous (STA). En général, le STA est
causé par le glissement de la peau associé auxamans des articulations, a la déformation
volumétrique des tissus mous due a la contractioscolaire, a la gravité et aux effets inertiels sur
les masses molles (oscillations). La fréquence e& mouvements est similaire a celle du
mouvement des os, rendant, de ce fait, ces mouusrnrepossibles a distinguer par technique de
filtrage. En outre, le STA est sujet-, tache-, efifion-spécifiqgue. Par conséquent, le STA
représente le principal probleme lors de I'estioratie la position et de I'orientation optimales des

0s, et la question de leur compensation reste taiver

Le but de cette thése de doctorat a été de coatrdbsolutionner ce probleme crucial. Modéliser ce
phénomene a partir de variables essai-spécifiquesssurables est une condition fondamentale afin
d’en soustraire les effets a la trajectoire desguneurs cutanés. Ce modele doit étre introduit dans
un estimateur de position et d'orientation des afn de réduire de facon appropriée les

inexactitudes et d’améliorer significativement tiggtion de la cinématique articulaire.

Deux architectures de modéle de STA sont propo&s.commencer, un modeéle d’artefact de la
cuisse au niveau des marqueurs est présenté. LeaSé&#® modélisé comme une combinaison
linéaire de la cinématique angulaire de l'articolatimpliquée dans le mouvement. Ce modele a été
calibré en utilisant a la fois des mesures ex-@vm-vivo invasives (vis intra-corticales) de STA.
Le nombre considérable de paramétres du modekenéfidr a conduit a la simplification du champ
de STA. Ce dernier a été défini comme le déplaceémeichague marqueur cutané pendant la tache
par rapport a sa position de référence dans legepmtomique de référence. Une approche modale
a ensuite été utilisée pour approximer le STA, pequel trois définitions ont été proposées afin de
représenter le phénomene par une série de modéplacdments individuels des marqueurs,
transformations géométriques d’un cluster de manquet variations de la forme de I'enveloppe
cutanée. Il est important de souligner que la déim par transformations géomeétriques du cluster
de marqueurs permet de dissocier la composantergp I'artefact de sa composante non-rigide.
Les modes obtenus grace aux trois définitions snsommées ont été sélectionnés selon deux
criteres différents : ceux représentant un cerfpdurcentage de I'énergie totale du STA

(classement) ou ceux décrivant la composante rigedéartefact, qui peuvent étre choisi a priori.



En suivant cette derniére approche, il a été dem@mpiriquement avec des données simulées que
seule la composante rigide de l'artefact affectecif@matique articulaire, indépendamment de
'amplitude de la composante non-rigide. Pour cedtson, un modele de la composante rigide du
STA (au niveau du cluster) a été défini, en utiltsk transformation géométrique du cluster de
marqueurs, pour les segments de la cuisse et jdenlze. Les modes rigides sélectionnés ont été
modélisés par une combinaison linéaire des angliesilaires impliqués dans le mouvement. Cette
représentation du STA, en réduisant les degrésbded du champ de STA, permet de réduire le
nombre de paramétres du modele a identifier. Unpcomis acceptable entre l'efficacité a
compenser le STA et le nombre de parametres du lmqueut étre obtenu en utilisant cette
modélisation du STA. Ceci améliore I'estimation ldeposition et de 'orientation des os et, par

conséquent, I'exactitude de la cinématique articela

Les principales applications possibles des résuttatcette these sont les suivants. Tout d’abesd, |
modeles proposés permettent de générer, tant aawigu marqueur que du cluster, des STAs
réalistes qui peuvent ensuite étre utilisés eféoaent a des fins de simulation lors de I'évaluation
comparative d’estimateurs de la cinématique du lstiee En second lieu et surtout, en se
concentrant uniquement sur les composantes rigakeslartefact, le modele permet une
reconstruction satisfaisante de lartefact a l'aidein nombre réduit de parametres. Cette
caractéristique rend faisable lintroduction du mled dans un estimateur de position et

d’orientation des os.
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CHAPTER 1

1. Chapter 1

‘INTRODUCTION”

1.1. Area of interest of the research
Expert clinicians, physiotherapists and trainendquen a qualitative diagnosis\evaluations that can
be a fast and useful instrument. However, durinmesanstances, as occurs for comparisons
performed in different periods of time to evaludke rehabilitation strategy or to obtain an
objective evaluation, the problem to perform quatitie measurements characterized by high

precision arises.

The skin marker-based stereophotogrammetry is frexgiently used to analyse human motions for
its advantages in safety and usability. This tegh@iconsisting in gluing reflective or light-emiigi
markers on the skin and obtains their three dinoeasipositions using two or more calibrated
cameras. Compared with radiographic and fluorosctgmhniques, stereophotogrammetry does not
expose subjects to radiation and takes less tindeeffiort in measuring activities. An accurate
analysis of the human movement has an importaatinahe medical and sport field. In the medical
field, the human movement analysis can be an usefppport for the clinical evaluation of new
prosthesis implant, for rehabilitation programstlwgrapeutic protocols, while in the sport field it
can be useful to evaluate the motor task perforangde effect of a new training protocol.

The aim of the human movement analysis is to ghwe optimal estimation of the skeletal
movement during the execution of different mot@kta Nevertheless, there are some limitations
due to limited awareness of the methodological &mentals and experiments associated with the
use of instruments for the study of the biologmatem.

1.2. Context
The application of quantitative studies of humaoolaotion has contributed substantially to the
improvement in the treatment of injury and diseafséhe musculoskeletal system. In particular, the
treatment of neuromuscular disorders has been weprby analysing dynamic gait characteristics
of patients prior to treatment (Andriacchi and Adeger, 2000). Optoelectronic
stereophotogrammetric systems and skin markerssa@ to analyse human movement in the three
1



CHAPTER 1

dimensional (3D) space. The movement of the marieetgpically used to infer the underlying
relative movement between two adjacent segmentodeasrs for knee joint) with the goal of
precisely defining the movement of the joint. Tleeanstruction of the 3D human skeletal system
using this method is affected by two sources adrerrThe first concerns the instrumental errors due
to the system used and on the methods used to tbepeource of inaccuracy. The second is
associated with the erroneous assumption that msagkel body segments are rigidly connected. It
is well known that skin markers move with respecthte underlying bones for the interposition of
soft tissue. During a motor task, the deformatiérthe tissue surrounding the bone makes the
markers move with respect to the underlying boaesing the so called soft tissue artefact (STA).

This movement generates landmark mislocation ardsST

Its compensation is the main problem when aimingpaiimal bone-pose estimate. In recent years,
applied researches have become increasingly imteras the compensation of STAs: using
optoelectronic stereophotogrammetry and skin markiére inaccuracy involved with STAs still

represents an unsolved problem (Leardini et abD52@eters et al., 2010).

In general, an STA is caused by:
skin sliding associated with joint movement,
soft tissue volumetric deformation due to muscuatartraction and gravity,

inertial effects on soft tissue masses (wobbling).

This phenomenon have a frequency content similénédoone movements and it is, therefore, not
possible to distinguish between them using angrfily techniques. Moreover the STA is subject-
specific, task-specific, location-specific. Forghieasons, STA have been recognized as the major
source of error in human motion analysis and sév&ttadies have been performed to better
understand and measure the STA in different maisks What has been done in the literature has
been reviewed and reported in tGhapter 2 In order to compensate for this phenomenon, its
characterization and modelling is a crucial is8Me.can represent the STA as generated by the sum
of two contributions: the deformation of the sudamarker cluster (normally not uniform with
respect to the centroid of the cluster) and thal ridisplacement, translation and rotation, of the
cluster with respect to the underlying body segm&averal studies have been carried out to
compensate for STA, focusing on the deformatiothef marker cluster (Andriacchi et al., 1998;
Ehrig et al., 2006; Taylor et al., 2005). This aggwh showed a limited efficacy, since, as recently
guantified, the most important part of the STA mduced by the rigid movement of the cluster

rather than by its deformation (Andersen et alLZ®Barré et al., 2013; Grimpampi et al., 2014).

2



CHAPTER 1

1.3. Objective and structure of the thesis
A bone pose estimator embedding an STA model thghtncompensate also for the rigid
movement of the marker cluster remains to be asde8ased on a quasi-linear relationship of the
STA with the closest joint angles (Akbarshahi et 2010; Camomilla et al., 2013; Cappozzo et al.,
1996), a model able to generate realistic thigh $drAoth simulation and compensation purposes
during multi-articular movements has been devised assessed. Model feasibility was assessed
using both skin and pin markerg)-vivo during running and fronex-vivo experimental data
(Chapter 3.

In the perspective to embed an STA model in borsepestimator, the noticeable number of
relevant parameters could cause difficulties inveogence during the optimization process,
therefore this number has to be decreased. Foptinmse, a modal approach (Dumas et al., 2014a)
with different STA definitions (individual markerigplacements; marker-cluster geometrical
transformations; or skin envelope shape variationay proposed and it was applied to the
experimental dataQhapter 4. STA were represented using modes, composeddgetion and an
amplitude, which can be selected or ranked accgr@dinchosen criterion. Some quantitative
conclusions about that were drawn for each STAnde&in using information available in the
literature ancex-vivoexperimental data used also in the previous chapbtihe thesis. In addition,
the impact of different STA approximations, usihg different STA definitions, was evaluated on

the accuracy of knee joint kinematics estimatesgiginning data.

Among the proposed STA definitions, the markertgdusgyeometrical transformations, which
addresses the rigid and non-rigid transformationghe cluster of skin markers, from the result
reported in the Chapter 3, allows for the besteraff between STA compensation effectiveness
and number of modes, relative to knee kinematicsiracy and the number of parameters. Recent
studies quantified these cluster STA componentdiffierent motor tasks (Andersen et al., 2012;
Barré et al., 2013; de Rosario et al., 2012; Grimpiet al.), showing that the cluster rigid motion
(RM) is predominant with respect to the cluster-nigid motion (NRM). The results obtained in
these studies suggest that the cluster RM is thie aoenponent which affects the estimation of the
bone pose, mostly for its amplitude with respecitdccounterpart. Based on this observation, it is
concluded, either explicitly or implicitly, thatudter non-rigid motion has a limited impact on bone
pose estimation and that STA compensation shoulgtestdrate on the cluster rigid motion. In
Chapter 5it has been disputed the message carried by #iisnsént and it has been demonstrated
that the cluster non-rigid motion does not havergteéd effect on BPE accuracy, but, rather, it has

no effect whatsoever and that this is the casepmuigently from its magnitude relative to the
3
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cluster rigid motion. For this reason, the only SG@nponent to be compensated for is the cluster

rigid motion. Simulated data were used for the eitgli demonstration.

Given the importance to estimate the bone pose Wwigih accuracy, and therefore the joint
kinematics, the impact of selected removal of maggsesenting the soft tissue artefact has been
evaluated on the knee joint kinematics. In paréicut is evaluated the effect of removing a seléct
threshold of the STA or selected modes decidedaai gChapter ¢, as described in the previous
thesis chapter.

The STA model based on the marker-cluster geona¢tniansformations (GT) definition has been
developed for the propriety of the basis of vectbet can be defined a priori and for the numerical
results shown in the thesis. Moreover, the impédcuch model has been evaluated on the knee
joint kinematics Chapter 7.

The soft tissue artefacts have also an impact erstimation of the hip joint centre (HJC) position
during the star-arc movement, although an algorifomits compensation, such as the quartic
sphere fit method, proposed by Gamage and Las&®2) with the correction term introduced by
Halvorsen (2003), can be used. This method gavédkeresults compared with the symmetrical
centre of rotation estimation method proposed byigekt al. (2006), as shown in the study
performed by Cereatti et al. (2009). Based on réssilts, HJC estimations were performedean

vivo data (Cereatti et al., 2009), selecting a distal proximal skin marker cluster removing STA,
modes by modes, using the skin envelope shapdivasdor the STA modal approach. In addition,
the impact of STA on the HJC estimations has beatuated modelling the thigh artefact, for its

removal, as linear combination of the hip kinenatiteasured during the experimefyppendix L

The study performed in the Chapter 7, and all tihers presented here, lack of the information on
the pelvis STAs, which are probably as importanttrees thigh STA, and their impact on hip
kinematics and bone poses. To date, only one sissigssed STA with reference to markers located
on the pelvis. This was done by determining howldioal position of anatomical landmarks (ALS)
varied, as determined through manual palpationleathe hip assumed different flexion/extension
angles, using a multiple anatomical calibrationréet al., 2014). A study has been presented using
the same approach, but through a different anatro@ibration method which allowed for a better
reliability (UP-CAST, Donati et al., 2008) and foifferent hip flexion/extension and ad-abduction
angles Appendix 2.
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""" PROBLEMS to deal with... Chapter 2
OPTIMAL  ESTIMATION  OF optoelectronic iC= Instrumental errors i What has been done:
SKELETAL MOTION DURING THE | =) | stereophotogrammetric  [: =) Anatomical  landmark direct measure of the STA
EXECUTION OF MOTOR TASKS system and skin markers |: mislocation : and compensation methods
|=> Soft Tissue Artifact (STA) j proposed in the literature.
U’ - = 1 How modes should be selec’red.?-"-:
: Limitations: ; | STA mathematical model, driven

by trial-specific variables, to be

! ‘ * Choose modes A PRIORI to be embedded
ﬂ, ﬂ : embedded in bone pose estimator

in optimal bone pose estimators. :

Chapter 5 Chapter 6 Chapter 4 Lo for simulation purpose
Impact on bone pose || Define which portion | i GTA field split into additive components |: ﬂ
ectimation of STA of the soft tissue E (modes) = Modal Appraach. _ ..............................................................
described as the || artefact  requires || Modes ranked according to  the Chapter 3
combination of rigid || compensation when | il contribution that each of them gives to $TA model for the thigh segment,
and non-rigid || estimating  joint | i| the reconstruction of the STA. Three |ii| calibrated during a multi-articular
movement. kinematics i| eTA definition defined. movement, calibrated with ex-vive
N y ., ﬂ ................................ it and in-vive STA.
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s M Appendix 1 High number of parameters; i
i| Chapter 7 Soft tissue artefact modelling i« Calibration of the model performed using :
Effect of removing modelled STA rigid using the skin envelop shape i Pin data
modes as distal and proximal joint variation definition: its impact f '« Lack of information on pelvis STA and its :
kinematics on knee kinematic estimations. on hip joint centre estimation i impact on hip kinematics
ib—— during star-arc movement Termrrmmrrmsnss PR
: Limitations: 4 ﬂ

* Calibration of the model performed using Pin data
* Lack of information on pelvis STA and its impact on' Appendix Z
hip kinematics i Quantification of pelvis STA using
------------------------------ ﬂ multiple calibration and UPCAST
:> procedure.

Scheme 1.1 -Structure of the thesis. Main limitations of sonhagter are also shown.

Finally, conclusions and suggestions for futurelistsi are presented @hapter 8
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2. Chapter 2

“‘SOFT TISSUE ARTEFACT: STATE OF ART”

STA Soft Tissue Artefact
RSA Roentgen Stereophotogrammetric Analysis
HJC Hip Joint Centre
DOF Degree of Freedoms
AL Anatomical Landmark
CAST Calibration Anatomical System Technique
AF Anatomical Frame
CTF Cluster Technical Frames
PCT Point Cluster Technique
PST Percutaneous Skeletal Trackers
FHA Finite Helical Axis
CT Computed Tomography
RMS Root Mean Square
MRI Magnetic Resonance Imaging
LSTAD Local STA Deformation
RSTAM Rigid STA Movement
BMI Body Mass Index
SVvD Single Value Decomposition
PSM Pliant Surface Modeling
RBM Rigid Body Modelling
GO Global optimization
9 FE Flexion/Extension
0 E AA Abduction/Adduction
‘%?g IER Internal/External Rotation
=2 M Medio/Lateral
5% AP Anterior/Posterior
i PD Proximal/Distal

2.1 Theoretical background

To analyze human movement in the three dimensigpakte, the instantaneous position and

orientation of the different bones involved in thmtor task have to be defined. Optoelectronic

stereophotogrammetric systems and skin markerbearsed for this aim.

The muscle-skeletal system reconstruction and dngpatation of its kinematics, using a model of

the human body, exhibits a number of crucial pnoisle Firstly, there are issues concerning
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instrumental errors, e.g. camera calibration afiériing or smoothing of marker position data
(Chiari et al., 2005) along with the limitationgrioduced by the mechanical model used (as, for
instance, the assumption of rigidity of the boneshe number of degrees of freedom of the joints
involved in the analysis). Secondly, there aredssrelated to experimental errors. Actually, the
muscle-skeletal system generates the most impaetamits in the reconstruction of the movement:
the poor repeatability associated with the iderdiion of the anatomical landmarks (Della Croce et
al.,, 2005) and the relative movements between mmar&ad the underlying bone (Soft Tissue
Artefacts — STAs) (Andriacchi and Alexander, 20D8ardini et al., 2005; Peters et al., 2010). The
nature of this relative movement between the marlgued on the external surface of the segment,
and the underlying bone is associated with the iBpemarker set and experimental protocol

adopted.

In recent years, applied researchers have becooneasingly interested in the compensation of
STAs, however the problem is still seeking for fis$actory solution. During the execution of a
motor task, the measurement of the motion of dfiebody segments is mostly influenced by the
real movement of the surrounding soft tissue leadoninaccurate estimates of the poses of the
underlying bones (Leardini et al., 2005). This ntoeat is generated by muscle contraction, skin
stretching, and wobbling caused by the inertigheflimbs. Describe exactly the effect on the bone
pose estimation is very difficult due to the compleature of the human body. For example,
depending on the location of the markers on thestdiwnb and the analysed activity, a marker can
move more than 30mm compared to its initial posit{iGappozzo et al., 1996). This can affect the
position and the orientation of the segments (tligt shank) up to 31 mm and 15 deg, respectively
(Sangeux et al., 2006). Then, propagated to themasdn of the tibio-femoral joint kinematics, the
STA can introduce measurement error more than 18amin8 deg on the estimated displacements
and angles of the knee, respectively (Cappozzd. el 296). Moreover, movements of the body
segments and the STAs have the same frequencyntosdeit is impossible to apply any filtering
technique to eliminate this phenomenon. Then, a domwledge and characterization of the STA
is required to compensate it during different matsks. The measured STA depends on many
factors such as the anatomical properties of tliy kegments and joints, the motor task performed.
Hence, the acquisition protocol for the measuremenas critical as the parameters to be assessed.
Their interpretation and the derived hypotheses aése dependent to the number of subjects
analyzed. It is then interesting to know how theASias been assessed, for which activity, number
of subjects and what are the hypotheses formufatettie STA.

Based on the literature, the STA in the lower liigsib
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* the largest measurement erroirirvivo movement analysis;
* maximum in the thigh;

* both systematic and random error;

* subject dependent;

* task dependent.

This chapter section addresses, first, at reviewhegstudies aimed at assessing STA in the lower
limb with different methods. Proposed techniquesigieed to minimize these effects are also

reported. All the studies in the different sectians reported in a chronologic order.

2.2 STA measure
To directly measure the amplitude of soft tissuéefact on a segment of interest during

experimental data acquisitions, the movement ofitierling bone has to be acquired.

For this purpose the following methods can be ubede pins, external fixator devices, skeletal

trackers, or medical imaging.
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2.2.1 Intracortical pins

The major limitation of this method is its invassss and the mechanical issues related to the pins
(Figure 2.1). Some studies had concerns about

Reflective markers
® « N possible bending effects on the pins (Ramsey
2\__ x:oy;isz'z

_(X,.Y15Z.) _ and Wretenberg, 1999; Ramsey et al., 2003,
| 3., .. , _ _

4 B Reinschmidt et al., 1997b) which can reduce the

- quality of the reference data: the pins may cause

(X VarZa) |

0 Fixation device

discomfort and the anaesthetics may alter the
perception of the subject. To minimize the
Steinmann pin restriction of the movement of the skin marker,
Figure 2.1 - Schemati:c of darget cluster used they shouild be glued not close to the bone pin
Lafortune (1984). insertion (Reinschmidt et al., 1997a). The worst
case scenario with the use of the intracorticas snwhen they break. Indeed, two studies reported
the loss of data due to breakage or loosening efpths (Benoit et al., 2006; Reinschmidt et al.,
1997b). All these technical and ethical issues a@rpthe limited number of subjects and the
difficulty to recruit volunteers. Six is the maximunumber of subjects analysed with intracortical

pins in a study (Benoit et al., 2006).

Lafortune, 1984; Levens et al., 1948 were the @ang using intracortical pins to analyse skeletal
motion during walking. This method gave the oppuoitiuto track directly the motion of bones with
the insertion of pins equipped with reflective mexsk After a local anaesthesia around the insertion
site, a surgery is required to cut the skin, phegin around the muscles, tendons, or ligamens an
then screw the pin in the bone. The advantage ief tfethod is the employment of the same
acquisition system as used for reflective markdtached on the skin. In addition, the same
acquisition volume can be acquired for the refeeeand the skin marker system. This gives for

example the possibility to analyse the STA on adait cycle.

The use of X-ray video-fluoroscopy and intracoltigans to quantify STA magnitude was
described by Lafortune and Lake, in 1991. In thidipninary experiment using fluoroscopy, three
cycles of unloaded flexion-extension of the knegenanalysed. A 21 mm distal and a 23 mm
posterior displacement was exhibited by a markexcgd on the proximal tibia, and this
displacement was found to be linearly related teekflexion. In a second experiment, the STA
magnitude was analysed at heel strike during ngiridata were obtained from a marker attached
to a cortical pin inserted into the tibia and franmarker glued on the skin of a volunteer over the

lateral tibial condyle. The relative movement bedwehese two markers reached 10 mm, and was
9
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dependent also upon the type of impact. The saitt®a, in another study (Lafortune et al., 1992)
showed the tibio-femoral 3D kinematics during watkusing target clusters fixed directly into the
bones, without providing information on STA.

External marker devices, each consisting of a mmmew and an aluminium tripod instrumented
with three reflective spherical markers, were ametiamn the distal femur and on the proximal tibia
(Karlsson and Lundberg, 1994). In addition, thrki@ snarkers were glued on the distal thigh and
on the proximal shank. While standing, the two wtders performed a hip internal-external
rotation with extended knee. The knee joint rotatioobtained with bone-anchored and skin-
attached markers showed a great difference: the knernal-external rotation when measured with
the cluster of markers linked with the bone shovweedange of about 20 degrees, which was
observed to be about 50 degrees when measuredheitbkin marker cluster. Moreover, the skin

displacement tracked by thigh markers was fourtsetbigher than that by shank markers.

The impact of the STA durintpe stance phase of a level walking task on bo#ekand ankle was
assessed by (Reinschmidt et al., 1997a). Intraabttlofmann pins with triads of reflective markers
were inserted into the lateral femoral condyle, keral tibial condyle and the postero-lateral
aspect of the calcaneus (Figured.i five male volunteers (age: 28.6+4.3 years,an88.4+10.2

kg, height: 185.1+4.5 cm). The task was performgedich subject three times. Six skin markers
were also glued on the lateral and anterior aspdtse thigh, shank and shoe. The knee and ankle
joint kinematics were described using standard entigns (Cole et al., 1993; Grood and Suntay,
1983). Only the data from three subjects were vébid the measurement of the knee joint
kinematics due to issues with the pins for the otlwer subjects. The maximal difference between
bone- and skin-marker based knee rotations wereddg4 8.4 deg and 4.3 deg (obtained as the
mean value over all the volunteers), in the frgritainsverse and sagittal plane, respectivelyhén t
same anatomical planes the maximal difference kmtwmone- and skin-marker ankle rotations
were 5.4 deg, 5.1 deg and 5.9 deg. It was showrtlikahigh is the most affected segment by the
STA due to muscle movements during the stance plmagdenay be even higher during the swing
phase, through segmental error analysis (the agatdigrence between the bone- and skin marker-
based motion). It was concluded that only the kilee@on/extension (FE) can be measured using
skin markers, seeing as the error introduced bysih& can almost be as high in magnitude as the

real joint motion for the knee abduction/adduct{éi) and internal/external rotations (IER).

10
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Figure 2.2 — Experimental setup with intracortical pins impkd in lower limbsa) Reinschmidt et al.,
1997c;b)Ramsey et al., 2008) Houck et al., 2004]) Benoit et al., 2006) Camomilla et al., 2013.

The effect of STA on 3D joint rotations was assdsaso in the stance phase of five running trials
by the same authors (Reinschmidt et al., 1997cg¢ Fdme acquisition protocol was used for 3
subjects (age: 25.7+2.1 years; mass: 85.5£9.6 éighth 1.87+0.10 m). As in the previous work,
the knee kinematics was defined using the Cardgtesrcalculated from both the external and
skeletal markers. For the knee FE again a goocagret was found between skin- and bone-based
knee patterns, while for the other two angular degrof freedomi.€., AA and IER), the difference
between the two kinematics had similar amplitudehwiespect to the amplitude of the
corresponding physiological motion. Such errorgress in percentage of the relative full range of
motion were 21%, 70%, and 64%, for FE, AA and IEg&pectively. Therefore, it was shown that
skin markers lead to an overestimation of jointioratWhen the impact of the STA was evaluated
on the single segment, the error analysis for tiamls did not exceed 5 degrees for all subjects and
all rotations; while for the thigh the errors wexnsistently values higher. Not surprising the irro
due to the relative movement between skin markadglae underlying bone were higher in running

than in walking, due to muscle contraction thatusscduring the running stance. Moreover, the
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authors also concluded the possibility that the slét may can move as a unit relative single unit
relative to the underlying bone. Thus, a compearatiethod reducing only the relative movement
between markers may be not enough to reduce thacingb STA on the pone pose estimation, and,

therefore, joint kinematics.

Several different motor tasks were analysed usimgnatrumented leg with two arrays of six
markers inserted directly into the tibial tubereled the greater trochanter (Fuller et al., 1997).
Twenty markers were also glued all over the thigid ahank segments. In this study two
experiments were performed. One volunteer (age d&iw85 and 40 years; mass 91 kg; height
1.905 m) walked two times: one time only with skirarkers glued on the segments and another
time with also intracortical pin mounted markerhkisTwas performed to determine the frequency of
the transient oscillation, which occurs at heekstrit was suggested that STA introduces high
frequency artefact. On another volunteer (age: éetwd5 and 40 years; mass: 104 kg; height: 1.88
m) it was assessed the effect of the STA on thepotation of the instantaneous knee helical axis
during different activities: cycling, squatting, meal gait, and voluntary swing movement. It was
shown that the displacement with respect to thestiyidg bone of the skin markers could exhibit
values up to 20 mm. Moreover, STA was found to dskidependent, showing different patterns
among the tasks analysed. It was also shown teatdiver spectra for skin- and pin-markers cover
similar frequency bands, indeed there was not findissoft tissue noise transient. Therefore no
evidence of a distinct frequency domain for the Sa@fiempt to remove STA through traditional
filtering techniques can result in loss of informator in introduction of spurious motion patterns.
It was concluded that the skin marker trajectoaiesnot appropriate for representing motion of the

underlying bones, particularly of the femur.

In 1998, Ball and Pierrynowski modelled the STAaaime varying affine transformation of 12
degrees of freedom (three orientations, three iposithree shears, three scales) between the
technical frame and the anatomical frame basedh@rrajectories of at least 4 markers glued on a
segment, moreover, 20 and 16 skin markers werelglaethe surface of the thigh and the shank,
respectively. The validation of such modelling waalized using intracortical pins inserted in the
femur and the tibia. Three volunteers (age: 37#&gjeheight: 1.81+0.07 m; mass: 82.7+4.5 kg)
walked for 20 seconds on a treadmill at three \itésc slow (0.66mid), medium (1.10m¥), and
fast (1.54m 3), collecting from 12 to 20 strides of gait. Bonesps and knee joint kinematics were
analysed comparing the intracortical pins measuneésnéhe traditional method using a fixed rigid
transformation and the proposed method that willdescribed in details in the section 2.4.3.
However, no numerical measurement about STA were/shin this study.

12
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A new femoral tracking device was proposed by Hoeickl., 2004 to measure the relative motion
between the skin and the femur, and thereforentwove the measure of the knee joint kinematics
during gait trials. This device is a U shaped frashaluminium and the femoral epicondyles were
clamped with two pads. Intracortical pins were iteset into the proximal-lateral aspect of the right
femur and tibia, equipped with four infrared ligmitting diodes to validate this device. Three skin
markers were glued along the crest of the tibiae fl@moral tracking device was clamped over the
femoral condyles and on its lateral extension tvealels were attached. A third diode was placed on
the skin, distal with respect to the greater tro¢ba Two subjects were involved in this study but
only the results of one subject (age: 35 yeargtiell.73 m; mass: 80 kg) were compared in terms
of knee joint kinematics obtained by the skin meskéhe new device and the intracortical pins
(Figure 2.2). A ‘reasonable validity’ was claimed for the dewiby the authors over 85% of the
stance phase of gait. Rotation error values weréewfdegrees, but during terminal stance and
during the swing phasei.€, when maximum knee flexion occurs) these errorsremsed
substantially. In this study, they found absolutéecences of up to 2.2 deg in the sagittal pléhé,
deg in the frontal plane and 1.8 deg in the trarssteplane, while up to 13.9 mm of linear

displacements was observed during walking.

The difference in ankle complex motion during tkense phase of walking was measured in three
volunteers using skin- and bone-anchored markei/@stblad et al., 2000. Three skin markers
were glued laterally on each shank, heel, and dotedind their trajectories were acquired during a
barefoot walking trial. Hoffman pins, equipped witbur markers i(e., bone-anchored markers)
were inserted into the tibia, fibula, talus andcaakus. The mean maximal differences between the
skin- and bone- based joint rotations were smé#flean 5 degrees. The smallest absolute difference
was found for plantar/dorsiflexion. This finding sven contrast to a previous report (Reinschmidt et
al., 1997a) where knee abduction/adduction showedidwest error magnitude. This difference

may be explained by the fact that subjects assasdbd latter study wore shoes.

STA was also quantified during the stance phagganfand during cutting motion by Benoit et al.,
2006 (Figure 2.@). Eight volunteers (age: 26 years; height: 1.78mass: 78.1 kg) were recruited
in this study but only six of them were analysede(a26+4.7 years; height: 1.77+0.04 m; mass:
76.31£12.3 kg; BMI: 24.4+3.8). The information aagui from the intracortical pins were combined
with a Roentgen stereophotogrammetric analysis (R&A remove the error due to the
misplacement of the anatomical landmarks (Dellac€ret al., 2005). During the foot-strike, mid-
stance and toe-off of all the motor tasks performgdhe volunteers the STAs were quantified in
term of absolute error values in the knee kinersattmd to measure differences between both
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systemsj.e., marker- and pin-based. The impact of the STAhmjbint kinematics was between
2.4+2.2 deg to 4.4+3.2 deg for the knee anglesbatdeen 3.3£2.4 mm to 13.0+5.0 mm for the
knee displacements, during the stance phase djditeln particular, during the toe-off, only the
anterior/posterior displacement showed a high eotirerwise, all the other errors were between
3.3£2.4 mm and 8.0+5.7 mm, even for proximal/digiaplacement. During the second motor task
performed by the volunteers (cutting motion) theatt of the STA on knee kinematics was more
marked: the absolute difference between the twoe kkieematics were from 3.3+1.8 deg to
13.1+9.8 deg (the latter was measured for AA dutaegoff) for the knee angles, while for the knee
displacements these errors were from 5.6+5.1 ma6td+8.9 mm. Moreover, the direction of the
skin movement artefact was not repeatable acrdgeds as observed in other studies (Houck et
al., 2004; Manal et al., 2000; Reinschmidt etE97c).

The impact of the STA on the determination of tigjbint centre (HJC) obtained with a functional
calibration using a star-arc-movement (flexion/asten-abduction/adduction of the hip in different
planes followed by a half circumduction) was anaty®y Cereatti et al., 2009. Intracortical pins,
equipped with four reflective markers, were insgitethe pelvis and the femur, eight markers were
glued on the thigh. In this study, four fresh castay specimens were used. The calibration
movement was repeated three times for each specihhenHJC estimations were performed with
two different approaches (constrained three-degréé®edom or an unconstrained six-degrees of
freedom: DOF) and compared. The maximum error Wasame for both algorithms for the subject
with largest thigh circumferences. The relative imobetween the skin markers and the underlying
bone was between 1.0 mm and 10.6 mm. The proxiragtens, which were closer to the hip joint,
were significantly (p < 0.05) more influenced be t8TA. For this reason, HIC estimation errors

computed using the distal marker clusters werefsigntly lower (p < 0.001).

Andersen et al., in 2012, analysed the componentkio markers: rigid-body (translation and
rotation) and deformation components. The aim ef 4tludy was to determine which component
influenced more the pose estimation of the femudrtédna, using the experimental data described in
Benoit et al., 2006. Three tasks were analysedkingl cutting, and hopping. A linear model of the
STA was proposed using the principal componentyamalto describe the twelve degrees of
freedom of the four markers glued on the segmeme. rEsults shown that the motion of the skin
marker cluster relative to the underlying bone wasinated by rigid-body motions rather than
deformationsTherefore, they concluded that all the STA compemsdechniques focused on the

marker cluster deformation will not be effectiver@toving the rigid body movement.
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Recently, a model that provides the thigh STAs asation of hip joint kinematics was identified,
calibrated, and validated (Camomilla et al., 20I3)is model estimates the STA which occurs on
thigh markers in the anatomical reference framejndua mono-articular movement (star-arc-
movement). The proposed model was calibrated asebasd using experimental data obtained in a
previousex-vivo study (Cereatti et al., 2009): four intact fresdult cadaver subjects positioned
supine with steel pins, equipped with four-markkrsters, implanted into tibia, femur and hip-
bones. In addition, 12 markers were glued on tight(Figure 2.2). The model was calibrated and
tested on the mono-articular movement performedtiioee times by an operator. The model
calibration was performed for each marker usinglaba) optimization based on the root mean
square of the displacement difference between thasared skin marker and the estimated one.
Different calibrations were realized to evaluate #ffect of the trial-specific, subject-specifiada
hip joint movement (HIJM) on the estimation of thEAS The accuracy of subject-specific model
estimates and the HIM independency, suggestedtitity and generalizability of the model for a
given subject and marker location. Besides, thgelanter-subject variability of the model
parameters confirmed the fact that STA is subjegethdent. The median root mean square
distance values slightly increased when moving ftaal- to subject-specific estimates: from 0.8
mm to 0.9 mm. Regarding HIM-dependency, these mediae for all subjects was 1.0 mm. The
results obtained were also different among theyaedl subjectsi.e., the third subject showed
moderate correlations with respect to the othesdlithe calibration procedures performed).

2.2.2 External fixators

To treat bone fracture, external fixators (Figur@)2can be used. These devices are rigidly
associated with the underlying bone, giving theaspmity to directly access to bone kinematics. In
some studies reflective markers were located andévice, and the same acquisition system as for
the skin markers was used. However, this devicetyasally located on only one segment (femur
or tibia) for the rarity to have fractures in bditbnes. Therefore, the STA of only one segment was
measured. The maximum number of subjects analysied this method was seven (Cappozzo et
al., 1996). When using external fixators, as ocdarsthe pin insertion, the STA assessment is
limited by skin sliding restrictions (Leardini dt,&2005).
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The first study performed to analyse STA with

patients wearing external devices for fracture

Tibia Estariial fixation at either the femur or the tibia was done

fixation

by Angeloni et al., 1992. These devices are
Ny rigidly associated with the underlying bone: a set
of axes can be defined (Figure &.4 Markers

were glued on the skin over the following four
anatomical landmarks (ALs): greater trochanter,

lateral epicondyle, head of the fibula, lateral

malleolus. Using large elastic bands and Velcro

Figure 2.3 — Example of an external fixator usenl fasteners, markers were placed on rigid plates in

treat bone fracture. the proximal half of the thigh and the shank. The

range of displacement of these plate-mounted markéh respect to underlying bones during
walking was lower than that of the markers locaiedhe ALs. Similar results were obtained using

a semi-quantitative video-fluoroscopic analysis.

The same authors showed more detailed results tisngame methods in Cappozzo et al., 1996.
The STA effects were investigated on seven subjegse: 23.3+5.7 years; height: 1.67+0.16 m;
mass: 66.9+14.4 kg) while performing different miotasks: level walking at a natural speed,
cycling on an exercise bike, flexion of the lowenlh while standing, repetitive isometric muscular
contraction and hip external rotation while stagdmth the knee in full extension. Each task was
repeated at least for four times. The CAST (calibraanatomical system technique) method was
used to define the anatomical frames (AFs), aswatiith skin- and fixator- marker cluster
technical frames (CTF). A stereophotogrammetridesyswas used to track the motion of the
markers on the external fixator and the skin makéycated on the ALs, as described in the
previous work (Figure 2a). Markers on the fixator were assumed to providstantaneous
positions and orientations.€., pose) of the corresponding rigidly associatedebddther skin
markers were glued on the body segment, as conipatith the presence of the fixator and camera
visibility. The marker displacement with respect ttee underlying bone showed remarkable
magnitudes (up to 40 mm), as much as an order ghinale larger than stereophotogrammetric
errors. During the level walking task, the markepthcement due to STA was in the range of 10-
30mm. The results were detailed for each subjedt mot averaged. However, it was clearly
presented that in general, the STA associated thighmarkers on thigh and shank ALs showed

magnitude that varies approximately linearly wiglspect to the joint flexion angle, irrespective of
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the motor task performed. Bone orientation affedt@®&TA caused an error between 6 deg and 20
deg for the femur, and between 4 deg and 10 deghfortibia. Moreover, during hip external
rotation, the error in femur orientation causedSMA reached magnitudes from 6 deg to 28 deg.
Therefore, estimating the knee joint kinematicshgskin marker data, FE, AA and IER might be
affected with inaccuracy that can be respectivelyaage as 10%, 20%, and 100% of the relevant
expected range of motion.

Thigh

Cluster
System Thigh

Shank
Bone
System

Shank Ng 7
Cluster [ *NF

System | i
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Figure 2.4 — External fracture devices used &): Cappozzo et al.,
Alexander and Andriacchi, 200d) Ryu et al., 2009

To reduce the impact of STA on the bone pose esbmaCappello et al., 1997 proposed a multiple
anatomical landmark calibration protocol repeatsugh calibration in different postures. For its
validation, a cycling test on a patient wearingeanéral external fixator was performed (Figure
2.4b). This technique will be described in section 2.&ight skin markers were glued on the thigh.
A subset of three or more of them were used tandedi CTF. In addition, four skin markers were
located on the external fixator. With a CAST expemtal protocol (Cappozzo et al., 1995), using a
pointer, the coordinates of the femur ALs weremisdi The amplitude of the STA was between 3.9
mm and 9.4 mm. Estimating the femur AF with the TASotocol for two static postures analysed

(i.e.,, maximal hip and knee flexion and extension) ttveren the femur pose estimation (position
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and orientation) compared with the reference obthwith the external fixator was 5.00-5.10 deg,
for the orientation components, while for the positvector the error was 6.9-7.0 mm. When the
double calibration procedure was used, this erearehsed to 3.50 deg for the orientation and 4.4

mm for the position.

The validation of the compensation method for tA& $roposed by Alexander and Andriacchi,
2001, improving the point cluster technique (PCAndriacchi et al., 1998), was realized on one
subject (age: 46 years; height: 1.75 m; mass: @)1 The method will be discussed in the section
1.2.5. The point cluster marker set (six markera$ wiued on the shank of the subject, four markers
were rigidly attached to the llizarov device (ameeral fixator), which was rigidly connected to the
tibia (Figure 2.4). The subject, which exhibited a limited rangeradtion, performed a 10 cm step-
up onto a platform. The proposed method reducednbpect of the STA on the pose of the shank
from 0.25 mm to 0.08 mm and from 0.370 deg to 0.088, values obtained as average location
error. However, higher errors were obtained witlk thethod in another study (Stagni et al., 2003)
tested on two subjects (age: 67 and 64 years, hdidgd and 1.64 m, mass: 58 and 60 kg) during a
step up/down test repeated three times.

To reduce the error caused by STA on the AL pasitidRyu et al., 2009 proposed a compensation
method and used it on one subject (age: 42 yesighti 1.63 m; mass: 56 kg; BMI: 21.1) with an
external fixator in the tibia for its validation iffare 2.4l). A linear relationships between the
displacement of ALs and skin markers expresseds Was proposed to be used. The STA during
an active knee flexion/extension had an amplitudeé @ mm-18.3 mm, affecting the tibia pose with
errors around 3 deg-4 deg and 20 mm-65 mm on erishod the reference frame. With the
proposed compensation methods, the effect of the @Tthe tibia pose was reduced of 39-83%,

with error around 0.6 deg-2.4 deg and 11 mm-31 mraazch axis of the reference frame.

2.2.3 Percutaneous trackers

Percutaneous skeletal trackers (PST) were metadetedesigned specifically for the fixation to the
skeleton using a number of halo pins inserted timoperiosteum on opposite sides, instead into the
bone, as occurs using intracortical pins (Holdeal .etL1997). Nevertheless, using this device, alloc
anaesthesia is required. The issue about the tiontaf the skin displacement around the area of
the insertion when this device is used to meadqweSTA arises (Leardini et al., 2005). Seven was

the maximum number of subjects acquired with thésrument (Manal et al., 2000).

Three healthy male volunteers (age: 28, 36, angeab; height: 1.80, 1.91, and 1.77 m; mass: 95.0,

91.6, and 69.2 kg; BMI: 29.4, 25.24, and 22.2)ipgudted in the study performed by Holden et al.,
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1997. The PST was fixed in the distal part of fiteatand fibula and it was instrumented with
reflective markers (Figure 2a}t Additional markers were attached to shells medrdn the lateral
surface of the mid-shank and on the dorsal asgdettteomid-foot, instead of gluing the reflective
markers directly on the skin. The volunteers walledelf-selected speed for six times along a
corridor, including a platform. The AF associateithwthe bone was defined with a static
anatomical calibration with both skeletal- and acefbased markers. The impact of the STA was
calculated defining the relative 3D difference betw the skeletal- and the surface-based AFs. In
the volunteers analysed, a peak of the rotaticor éiad a mean magnitude of 4 deg at the 8% of the
gait cycle. Additional error rotation occurred dwgithe terminal stance and during most of the
swing phase with a magnitude 8 deg in one volunteximum absolute displacements of the
skin-based AF, with respect to the reference ARioktl using the skeletal data, were less than 6.0
mm in the transverse plane but reached 10.5 mmitiahgally. The displacement between skin
markers and the underling bone was reproducibleinvdubjects, but poor among subjects. Inverse
dynamics were also analysed in the three volunthaiag the stance phase. The impact of STA on
knee moments was considered relatively small, geam the largest difference between two
estimations was only 9 Nm. Moreover, the greatesire occur in similar phase of the gait cycle,

certainly due to the muscle activation.
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Figure 2.5— Percutaneous skeletal trackers used)iftolden et al., 199h) Manal et al., 2000;) Manal et
al., 2002

In another study aimed at defining an optimal madet to track the movement of the tibia, also
further information were provided about the STA (Mhet al., 2000). Seven subjects (age:
25.6x£1.9 years) performed several walking trialthvaleven different configurations of markers

glued on the shank, obtained by combining geomédgation (proximal/distal) and attachment

(underwrap/overwrap) factors for the array of mask@=igure 2.8). As reference, a tracker was

clamped to the two malleoli and AFs were definedtfe foot, shank and thigh using markers
located over ALs. The differences between the P&Tthe marker sets were quantified using the
root mean square deviation of the relative hebeajle based on the three most similar trials ofieac
subject and for each marker set. When the markaysiover the lateral shank were placed more
distal than proximal, better estimates of tibiahtmn were noted. No significant difference where
measured between overwrapped or underwrapped surfaanted markers, but as the trend was in
favour of the underwrapped attachments. The be&trpgance was observed for an underwrapped

rigid shell with four markers located distally, mich as possible. However, even when using the
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best set of markers, rotational deviations of +8 dbout the medio—lateral and antero—posterior
axes and =4 deg about the longitudinal axis wetedhm the individual subject data. The largest
errors were measured in the first and last thifdstance. Although the average peak deviation was
just slightly greater than 2 deg, when these dieviatwere analyzed subject by subject, such errors
increase at 7-8 deg. These large errors were maghed the data were averaged across subjects.
This was caused by the following reasons: peakatievis did not occur at the same time for the
different subjects; and the deviation direction vmas always the same. This complicates future
efforts to model soft tissue movement, since thdehmust not only account for the magnitude and

timing of the rotational deviation, but it must@sccount for the direction of the deviation.

In Manal et al., 2002 the effect of STA was evaddabn knee moments in level walking, by
comparing relevant calculations obtained using dame tracking targets and the surface cluster
defined in the above-mentioned study. Six subj@de: 25.6+1.9 year; height: 1.78+0.05 m; mass:
77.8£14.0 kg) were involved in the study. The mikevant difference in the estimation of the
knee moments was 3 Nm. Therefore, based on thesi ama non-significant differences between
PST and the cluster defined as described aboveauthers assessed that the STA has a very small

effect on the knee joint moment.

On seven healthy subjects (height 1.78+4.7 m; mi@s8+14.0 kg) a PST was anchored to the
medial and lateral malleoli of each subject usimg modified halo pins on each side (Manal et al.,
2003) to measure estimating tibial translation myrinatural cadence. Three spherical retro
reflective tracking targets were then secured ® RST device. Both the PST device and the
tracking targets were assumed rigid with the tiBiaecond array of four targets was mounted to a
Velcro backed contour molded shell, which was &gdcsuperficially to the distal lateral shank
using an elasticized bande{, surface-mounted) as shown in Figurec2:Phe subjects performed
three walking trials at a self-selected speed. Restiown found average error peaks difference of
7.1 mm, 3.7 mm and 2.1 mm, while individual peattedences were 14.1 mm, 11.8 mm, and 8.3
mm along the X, Y, and Z axes of the global coatBnsystem, respectively. The ensemble-
averaged curves masked the magnitude of indivisulajlect errors for the reason explained also in
the previous study performed by the same authdms.alithors presented the STA as two sources of
errors. First, the deformation of the shape ofdbf tissue, and second the movement of the soft
tissue relatively to the underlying bone. In tHisdy, the first one was avoided due to the uséef t
underwrapped rigid shell with markers. So, allteé difference due to the STA should come from

the second error source.
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2.2.4 Imaging

Imaging technique are non-intrusive methods to mmeaskin movement with respect to the
underlying bonen-vivo. The main limitation of this methods is the smallume of acquisition.

Moreover, when radiographs (static) are acquiredly @-D information can be acquired. All the
acquired measures are dependent on the pose sédgheent within the system. A wrong orientation

will influence the reported measurement.

The accuracy of skin markers for the predictionskéletal locations in the foot and ankle was
assessed using radiographs from ten volunteers (#385 years; height: 1.70£0.075 m; mass:
69.2+12.1 kg) for the first time by Maslen and Askdl, 1994. The relationship between skin and
skeletal markers was examined during rear footrsiga/eversion maneuver (a 10 deg calcaneal
inversion position, a neutral alignment, and a § dalcaneal eversion position). Small steel
markers were placed over the two malleoli, the adar tuberosity, the sustentaculum tali and the
base of the fifth metatarsal. Lateral view radipii® were collected and analyzed for all the
volunteers, including compensation for X-ray magaifion. For the inversion and the eversion, the
initial offsets measured during the neutral poseewemoved to measure only the effect of the pose
of the foot on the position of the steel markeise Tharkers on the two malleoli shown the largest
artefact, mean displacement between the skin naded the underlying bones was between 2.7

mm and 14.9 mm.

The first study that used a standard fluoroscopgssess the STA was performed by Sati et al.,
1996. On the medial and lateral condyles and onldatexal aspect of the thigh, small metallic
markers were individually taped. Several markersewsaced on the skin in each of these regions
to find regions of minimal skin movement. The videmroscopy was employed to visualize the X-
ray projection of both the radio-opaque metallicrkees placed on the surface of the skin and the
underlying bone (Figure 2aj. An active knee flexion from the upright postuwvas performed by
three male subjects and acquired using a calibritealy fluoroscope in order to represent the
swing phase of gait. The radio-opaque skin marlasitions, recorded during the active knee
flexions, were measured with respect to the refereaxes defined in the knee image, taking into
account both the effects of magnification and theréature of the knee movement. Root mean
square values of lateral marker movements weredstv2.5 mm and 16.8 mm. The maximum
displacement measured along the antero-posteniectiin was 42.5 mm, while along the vertical
direction this value was 20.6 mm. The STA along riedial direction shown root mean squared
values between 2.1 mm and 17.1 mm. Moreover, thalteeshowed that the largest STA was

measured for markers located closest to the jond, Iproviding useful information for marker
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placement in routine movement analysis. In thig\talso a correction method for orientation error

is proposed, nevertheless it is efficient onlydorall rotations (x5 deg).

A similar study of the one conducted by Maslen Aonkland, 1994 was performed by Tranberg and
Karlsson, 1998. On six healthy subjects (mean &@)ewsre analysed different ankle positions:
neutral position, 20 deg dorsi/flexion and 30 d&mar/flexion. Spherical lead markers were glued
on the skin over the following ALs: medial mallesJunavicular bone, the medial part of the
calcaneus, and the base and the head of therfadifth metatarsal heads. During the experiment, a
specially constructed platform was used (FigurdR.6n the proximal markers (ones close to the
medial malleolus and to the calcaneus) the laf§g&st was measured: more than 4 mm. These skin
markers underwent the largest skin sliding causethb largest angular motion exhibited by the
talocrural joint. The smallest STA was found foe tinetatarsal bones (less than 1.8 mm). However,

using this technique, the STA can be measurediorihe sagittal plane.

A high-accuracy cine-radiographic method, to diseevaluated the 3D skeletal kinematics during
stressful sport activities, as running and hoppimgs used in Tashman and Anderst, 2002. This
method was used to characterize the nature of tt®mbetween the skin surface markers located
over the femoral condyles and the underlying bonend impact movements. Tibio-femoral
kinematics were definedh-vivo for two subjects. For the first time, impact mowsth was
analysed: one-legged forward hopping. Referenceufeamd tibia motion was tracked in two
patients after implantation of three 1.6 mm diam&atalum beads at the time of knee surgery. A
very noticeable “bounce” relative to the bone whsesved after the impact on both skin markers.
The peak-to-peak magnitude of the STA ranged frota 81 mm, after foot impact. The timing,
frequency and magnitude of the transient compoottite STA was dependent on subject, marker
and direction. Therefore, the STA motion in thisdst was complex, time-varying and correlated to
the movement: methods based on Gaussian noise Imgde& reduce STA (Alexander and
Andriacchi, 2001) should be applied with caution $tudies which address rapid movements and

impacts.
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Figure 2.6 — Different imaging system used ia} Sati et al., 1996b) Tranberg and Karlsson, 1998
Stagni et al., 2005]) Sangeux et al., 2006.

In Stagni et al., 2005 the STA was characterizedlgning two techniques: stereophotogrammetry
and 3D fluoroscopy (Figure Zp Experimental data were acquired from two sulsj¢age: 67 and
64 years; height: 1.55 m and 1.64 m; mass: 58 kijéinkg; BMI: 24 and 22), with total knee
replacement, during stair climbing, step up/dowirfcsstand/stand-to-sit, and extension against
gravity. Reference 3D kinematics of the femur abhttwas reconstructed from fluoroscopy-based
tracking of the relevant prosthesis components t&slue artefact was quantified as the motion of a
grid of retro-reflecting markers attached to thightand shank with respect to the underlying bones,
tracked by optoelectronic stereophotogrammetryiffer@nt number of markers were glued on the
thigh of the two subjects: nineteen and twenty-fivarkers were uniformly attached laterally on the
skin. Moreover, ten skin markers were also attacteedhe lateral aspect of the shank. The
reconstruction of each 2D fluoroscopic projectiosing an iterative procedure using a shape
matching technique based on the knowledge of quoreting CAD models, allowed the definition
of the 3D pose of the prosthesis components. Tdjectiory of the skin markers acquired with the

stereophotogrammetric system were representedeirnrdlevant prosthesis component reference
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frames. STA was fully quantified for the first tinte 3D and without any constraint to skin motion
during the execution of activities of daily living the whole thigh and shank. The STA on skin
markers glued on the thigh was found up to 31 mhilenfor the markers located on the shank the
STA amplitude was up to 21 mm. During all the madswks skin markers on the thigh exhibited a
larger displacement, except during the leg extenagainst gravity, where the displacements of the
markers on the shank were larger. In this casegtheitational contribution to STA is not time
dependent and the inertial one is negligible, wthke muscles of the shank are poorly contracted.
Thus, the skin markers attached on the relaxedtssities are particularly prone to gravity and
inertia during the extension of the knee. Moreovee, impact of the STA on knee rotations was
also measured: the ab/adduction and internal/eadteotation angles were the most affected by
STA propagation, with root mean square errors upd and 117% of the corresponding range,

respectively.

Another non-invasive technology that can assesselative movement between the bone and the
markers onn-vivo data is the Magnetic Resonance Imaging (MRI), titian acquire soft tissue as
well as bone image. The study performed in 2006&dygeux et al. used such technology on eleven
volunteers (mean age 33 years) which performedctuedy loaded knee extension, using a foot
drive device (Figure 2d). The impact of the STA in the estimation of thiaite Helical Axis
(FHA) was assessed. Four capsuled, filled withgaidi visible in MRI, were fixed through Velcro
bands on the thigh and shank. FHAs were defineeédoh segment. The whole volume of the knee
of the subject was processed for four sequentiadiig knee flexion positions during the knee
movement. The bones and external marker sets geometre reconstructed from magnetic
resonance images. Then a registration algorithm a@msdied to the bones and the relative
movement of the thigh and shank marker sets wipeet to their underlying bones was computed.
The measured STAs were greater for the thigh (2a22) than for the shank (1-9 mm). Thigh
marker sets relative movement expressed the samnd for all the subjects: an increase of the
relative movement distance with the flexion an@a the tibia, instead, STAs did not show this
features. Relative movement rotation parametergterthigh (range: 0-11 deg) and the shank
marker (range: 0-15 deg) did not express a trerd thie flexion angle. Marker displacements
affected the knee movement finite helical axesatima (range 10-35 deg) and localization (range
0—40 mm).

Eight normal subjects (age: .332.3 years; mass: 6Bt121kg; height: 1720+3.6 cm) received a

computed tomography (CT) scan of the knee jointtier study performed by Tsai et al., (2009).

The CT data were segmented using a threshold fdtebtain volumetric models of the individual
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bones: femur, tibia, fibula and patella. These esttbgpecific volumetric bone models, including
their external surfaces and internal structuresrewthien used for the registration with the
fluoroscopic images. Skin markers were glued ontkhgh and the shank segment. Three tasks
were tested (isolated knee flexion/extension, lewellking, and sit-to-stand), simultaneously
acquired using a 3D motion capture system and ardimfluoroscopy system (Figure a)7 The
registered poses of the femur and tibia duringesttbgtanding calibration were used to define the
local coordinate systems for each of the boned) wisitive X-axis directed anteriorly, Y-axis
superiorly, and Z-axis laterally. The marker pasi relative to the local coordinate systems were
then taken as the reference positions with no Sh&n, the STA of the markers was calculated as
the movement of the markers from their referencgtjpms and was expressed as total magnitude.
For each motor task, the peak and root mean sqBaS) of the STA of each marker over the
movement cycle were calculated for each subjeciciwivere then averaged across all the subjects.
The STA were also expressed in terms of the kneoth angle to examine the relationship
between the STA and the knee joint motion. In @®sitto previous results on patients with external
fixators or intracortical pins, the STA of markevere found to be in nonlinear relationships with
knee flexion angles and some of their patterns w#ferent between activities. For this reason, the
authors suggested that correction of STA usingeali error model based on STA measured from
static isolated joint positions may not produceiséattory results for normal subjects during
activities considered in this study. Moreover, thgthors assessed that the movement of the
overlying skin could also be affected by movemaeaitmore than one joint. Therefore, the STA of
the markers on the thigh are directly affectedh®ygoses of the knee and hip at the same time, and
those on the tibia by the poses of the knee antealrkaddition, the STA of the markers close to
the knee joint were greater than those away froenjamt (total STA RMS for the markers MCF
and T2 were 27.1 mm and 9.7 mm, respectively, duie isolated knee flexion/extension, Figure
2.7a).

The aims of the study performed by Akbarshahi gtial2010, were to quantify lower limb soft-
tissue artefact in young healthy subjects duringcfional activity (open-chain knee flexion, hip
axial rotation, level walking, and a step-up), &ndletermine their effect on the calculation of é&ne
joint kinematics. Four healthy males (age: 30+3rgeanass: 71+7 kg, height: 178+2 cm)
participated in this studyMagnetic resonance imaging (MRI) data were usegetterate subject-
specific bone models. Ten reflective markers wéaequl on each subject’s leg and located on the
anterior and lateral aspects of the mid and distatl of the thigh, the mid anterior and lateral

aspects of the shank, the lateral femoral epic@ndgld the patella. Kinematic data were collected
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simultaneously from an X-ray fluoroscopy unit andideo motion capture system. Three radio-
opaque reflective markers, visible in both systemesre placed on a plane parallel to the image
plane of the X-ray unit, and were used to synclm®uiata between the two systems and to perform
relevant reference frame transformations (Figure)2Knee joint kinematics was derived using the
anatomical frames from the MRI-based,3D bone motbglether with the data from video motion
capture and X-ray fluoroscopy. STA was definedhesdegree of movement of each marker in the
antero-posterior, proximo-distal and medio-lateliaéctions of the corresponding AF. 180 different
skin-marker clusters were used to calculate kne# jotations, and the results were compared
against the reference one (obtained from fluorogcodlthough a consistent pattern of soft-tissue
artifact was found for each task across all subjabe magnitudes of STA were subject-, task- and
location-dependent. Thigh STA were substantialbaggr than that measured on the shank. Markers
positioned close to the knee joint showed conskdenmovement, with RMS values as high as 29.3
mm. The largest amount of STA for the thigh ocadinre the proximo-distal direction during the
step-up task (12.6£4.7 mm), whereas that for thanlstoccurred in the medio-lateral direction
during the open-chain knee flexion task (8.6+2.7)rmiitne maximum RMS error measured for knee
joint rotations occurred for the open-chain knexitin task and were 24.31 deg, 17.81 deg and
14.51 deg for FE, IER and AA, respectively. MorepweA and IER calculated with skin-marker
clusters showed misleading patterns, with averad& Rrrors that were substantially greater than
their respective total range of motion (ROM) foreth of the four tasks

In 2011, Kuo et al., quantified the STA of selecteairkers on the thigh and shank, and their effects
on the calculated joint centre translations, angles moments of the knee during sit-to-stand. Ten
patients (age: 77£B.5 years; mass: 6320.1 kg; height: 151.0£7.0 cm), with total knee
replacements performed a sit-to-stand movementeiixental data were simultaneously acquired
using a motion capture system, a force-plate arfti@oscopy system (Figure Z)7 Fifteen
infrared retro-reflective markers frequently usechuman motion analysis (Cappozzo et al., 1996)
were used to track the motion of the pelvis, artthgh, shank and foot of the tested limb. Three
additional technical markers were also attachettheéathigh. The real poses of the thigh and shank
were defined by those of the femoral and tibial porents obtained using a 3-D fluoroscopy
method. The STA were measured on the following m@tkmedial and lateral femoral epicondyles
(MFC and LFC), thigh markers (T1, T2, T3, and T#ial tuberosity (TT), and fibular head (FH).
The STA of the skin markers were calculated asrth@vement relative to the underlying
prosthesis components. The MFC and LFC were disglgosteriorly and proximally from their

true positions when the subjects sat on the chanl, moved anteriorly and distally with the knee
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extending during the task. The magnitudes of STAhefthigh markers were greater than those of
the shank in these patients during the sit-to-stamdgreement with the literature and the previous
study performed by the same authors on healthyestthj(Tsai et al., 2009). The joint center
translations, angles and moments at the knee svealculated separately using skin markers and
the registered prosthesis poses. Considerable S®Bke wound, leading to significantly
underestimated flexion and internal rotation angée®l extensor moments, but overestimated joint
center translations and adduction angle. In thidystaccurate data of the kinematics and kinetics o
total knee replacements during sit-to-stand wewmwiged. For the first time in the literature, the
effects of STA on the calculated joint center ttatiens, joint angles and moments were also

quantified.

Figure 2.7 — Different imaging system used &): Tsai et al., 200%)) Akbarshahi et al., 201@) Kuo et al.,
2011;d) Tsai et al., 2011e) Barré et al., 2013.

The effects of STA were greatest in the peak vahi¢ise joint angles and moments: the mean error
in the peak knee flexion angle and peak extensamemd were found to be about 10 deg and
10.5%, respectively. The authors declared thatréselts obtained in this study could help in
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developing guidelines for using skin markers ancstablishing databases in the biomechanical

assessment of sit-to-stand in patients with tatakkreplacements.

The STA were measured during stair-ascent and thiéacts on the calculated joint centre
translation, angles and moments at the knee in @asabjects during this activity were assessed in
the study performed by Tsai et al., in 2011. Twejoeing adults (age: 22.3+1.4 years; mass:
75.8£7.9 kg; height: 171.2+2.7 cm) walked up a dkstep stair while data were acquired
simultaneously from a 3-D motion capture systerforee plate and a dynamic fluoroscopy system
(Figure 2.4d). The real poses of the knee were obtained usiBlj Huoroscopy method. From CT
images of the knee joint of each subject, the siHgjpecific volumetric models of the femur, tibia,
fibula and patella were obtained for subsequenistiegion with fluoroscopic images. Eighteen
infrared retro-reflective markers were used tokrde motion of the pelvis, and the thigh, shank
and foot of the tested limb (Figure 8)7 The STA of the thigh markers were greater thensé on
the shank, leading to significantly underestimdtexiion and extensor moments, but overestimated
joint centre translations during the first half thie stance phase. The STA of the markers had
significant effects on the measured knee anglemgluhe first half of stance phase: at 10%, 20%
and 30% of stance phase, knee flexion, abductidniraternal rotation angles calculated from skin
markers were all significantly smaller than thel ldaematics. Significantly smaller knee flexion
was also found at 40% of stance phase. Knee jemitre translations calculated from skin markers
were significantly greater than those from theuattbone markers at 10%, 20%, 30%, 40% and
50% of stance phase for posterior components; aitpilat 10%, 20%, 30% and 40% for distal
components and at 10% of stance phase for mediapaoentsThe results obtained in this study
can be useful for a better understanding of thenabbiomechanics of the knee during stair-ascent,
as a baseline for future clinical applications &mddeveloping a compensation method to correct
for the effects of STA.

Barré et al., in 2013, measured the STA on ninesedajects (age: &® years; mass: 814 kg;
height: 16819 cm) with knee arthroplasty that wdlle a treadmill while a bi-plane fluoroscopic
system (X-rays) and a stereophotogrammetric syés&in markers) recorded their knee movement
(Figure 2.8). A static calibration was performed during a giag posture to obtain AF-TF rigid
transformations to compute the knee joint kinensatitthe prosthesis AF from the TF defined on
the skin markers clusters. During the treadmilt,ghie markers trajectory, segments’ pose and knee
joint kinematics were obtained. The two componefitdhe STA,i.e. the local displacement of the
markers (LSTAD) and the rigid body motion of thensknarker cluster relative to the underlying
bone (RSTAM, defined as the rigid movement of thester of skin markers relative to the
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prosthesis), were separated and quantified duhegtance and swing phases. The results obtained
in this study showed that the RSTAM amplitude wppraximately 80-100% of the STA, while
LSTAD magnitude was around 35-50%, confirming thgportance of the RSTAM relative to
LSTAD. The authors considered the RSTAM as the msaurce of STA error. For this reason, the
amplitude and the pattern of the RSTAM were studiedvas shown that RSTAM was more
pronounced during the swing phase than the stamasep The vertical axis of the anatomical frame
of the femur was influenced the most by RSTAM. Comal with tibial error, internal/external
rotation angle and distraction-compression werektiee kinematics parameters most affected by
RSTAM during the gait cycle, with average RMS valud 3.8 deg and 11.1 mm. This study
highlighted higher RSTAM during the swing phasetipatarly in the thigh segment and suggested
new features for RSTAM such as the particular sltd®me RSTAM waveforms and the absence
of RSTAM in certain kinematics during the gait pbssin order to evaluate whether RSTAM is
dependent on gait speed or body mass index (BMByddn coefficients were computed between
the range, the standard deviation of RSTAM wavefoand BMI and gait speed: some similarities
were observed for the RSTAM between subjects, wédme correlations were found with gait
speed and BMI.

The following tables (Tables 2.1-2.5) synthetize thain features and conclusions of the studies
aimed at the STA quantification with the differanethods described (intracortical pins, external

fixators, percutaneous trackers and imaging).
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Unloaded knee
Lafortune and flexion-extension
Lake, 1991

Heel strike during
running

* 21 mm distal and a 23 mm
Marker placed on the posterior displacement
proximal tibia « displacement linearly

related to knee flexion

Marker placed on the

lateral tibial condyle STA magnitude of 10 mm B

Hip internal-
external rotation
(extended knee)

Karlsson and
Lundberg, 1994

Knee IE measurement: 20 deg (pin)
vs 50 deg (skin markers)

Three skin markers glued
on the distal thigh and othigh STA> shank STA
the proximal shank

Reinschmidt et al. Stance phase of a
1997a level walking

Reinschmidt et al. Running stance
1997c phase

thigh is most by the STA dueError introduced by the STA can
to muscle movements duringalmost be as high as the magnitude
Six markers glued on théhe stance phase than shanlof the real knee AA and IER
thigh, shank and shoe Skin markers overestimate joint
- motion. Errors due to STA were
higher in running than in walking

Walking

Fuller et al., 1997 Cycling, squatting,
normal gait, and
swing movement

* STA values up to 20 mm
Twenty markers glued < STA was task-dependent
on the thigh and shank < Power spectra for skin- and -
segments pin-markers there was not a

distinct transient

Ball and Walking (20 s on a
Pierrynowski, treadmill, three
1998 velocities)

The Pliant Surface Modelling for STA
compensation is proposed. Using the
traditional rigid body modelling errors
the position of femur and tibia, were
4.8 mm and 3.8 mm

Twenty and sixteen
markers glued on the -
thigh and the shank

Houck et al., 2004Gait

Three markers were Tibiofemoral angles: maximum
glued along the crest of - errors (0-85% of stance) of 1deg
the tibia and 4.2 deg

Westblad et al., Stance phase of
2000 barefoot walking

Ankle complex motion: mean
maximal differences < than 5 deg

Three markers glued on
shank, heel, and forefoot

- Table 2.1 -
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Stance phase of
Benoit et al., 2006gait and cutting
motion

Average rotational errors up to 4 deg
and 13 deg and translational errors
up to 13 mm and 16 mm for the walk
and cut, respectively

the direction of the skin
movement artefact was not
repeatable across subjects

Four markers glued on
thigh and shank

Cereatti et al.,

2009 Star-arc-movement

* STA between 1.0 mm and
Eight markers glued orl0.6 mm
thigh * HJC determination using
different clusters and method

HJC errors highly varied among
subjects, methods, and skin marker
(S:Iusters (between 1.4 and 38.5mm)

Andersen et al., inwalking, cutting,
2012 and hopping

Four markers glued onSTA quantified using the
thigh and shank principal component analysis

Camomilla et al., Star-arc-movement
2013

Twelve markers glued * STA between 1.0 mm and 35
on thigh mm

Walking, cycling,
knee flexion,
isometric muscular
contraction and hip
external rotation

Cappozzo et al.,
1996

* STA magnitude up to 40 m : :
Four skin markers » STA showed magnitude tha rror bone orientation due to STA: 6
. . . . deg and 20 deg for the femur, and
glued on anatomical varies approximately linearly
i 7 between 4 deg and 10 deg for the
landmarks of the leg with respect to the joint g
) . tibia
flexion angle (different tasks)

Cappello et al.

1997 " Cycling

The multiple anatomical landmark
calibration protocol is proposed:
Eight markers glued orSTA magnitude between 3.9 estimating the femur pose, the
the thigh mm and 9.4 mm orientation error decreased from 5
deg to 4 deg, and the position one
from 7 mm to 4.5 mm

Alexander and A 10 cm step-up
Andriacchi, 2001 onto a platform

Improvement of the Point Cluster
Technique: STA error of the shank
pose reduced from 0.25 mm to 0.08
mm énd from 0.370 deg to 0.083 ¢

Six markers glued on
the shank

The magnitude of the STA

Active knee Five markers glued on : STA error for shank pose: 4 deg and
Ryu etal., 2009 flexion/extension the shank was 4-18_mm, depending o 5mm
the location of the marke
- Table 2.2 -
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Markers were attachedSTA was reproducible withinMaX'mum positional STA thigh

Holden et al., Walkin 3 to shells mounted on subiects. but boor amon error was less than 6.0 mm in the
1997 9 the lateral surface of subj'ects' P 9 transverse plane and 10.5 mm
the mid-shank ) longitudinal one
The largest errors STA were
. Six markers glued on measured in the first and last thirds

Manal et al., 2000Walking 6 the shank i of stance. Rotational errors can reach
7-8 deg

Manal et al.. 2002Walkin 6 Six markers glued on i STA has a very small effect on the

" 9 the shank knee joint moment

Average peak difference in the tibia
position were 7.1, 3.7 and 2.1 mm
Six markers alued on along the X, Y and Z axes of the
Manal et al., 2003Walking 7 9 - global coordinate system
the shank . . .
respectively. Individual subject peak
differences were as large as 14.1,
11.8 and 8.3 mm (same axes)

The markers on the two

Maslen and Rear foot Marker glued on the malleoli shown the largest
Ackland. 1994 inversion/eversion 10 shank and feet STA (mean STA was R
’ maneuver (radiographs) between 2.7 mm and 14.9
mm)

Several markers glluedrms STA from 2to 17 mm. A correction method for orientation

on the medial and : .
Largest movement occurred error is proposed, nevertheless it is

Satietal., 1996  Knee flexion 3 lateral condyle and on on markers placed on the efficient only for small rotations (x5
the lateral aspect of the

thigh (fluoroscope) Joint line deg)

- Table 2.3 -
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Tranberg and Different ankle

On the proximal markers
Skin markers glued on(close to the medial malleolus

Karlsson. 1998 positions 6 foot anatomical and to the calcaneus) the -
’ P landmarks largest STA was measured:
more than 4 mm.
The peak-to-peak magnitude
of the STA ranged from 5 to
Markers alued on the 31 mm, after foot impact. The
Tashman and One-legged €rs g timing, frequency and
. 2 medial and lateral . . -
Anderst, 2002 forward hopping magnitude of the transient
condyle
component of the STA was
dependent on subject, marker
and direction.
Stair climbing, : . Knee AA and IE angles were the
step up/down, sit- The magnitude of thigh STA most affected by STA propagation,
. Several markers gluedwas found up to 31 mm, )
Stagni et al., 2005 0-stand/stand-to- 2 on the thigh and shankwhile for shank STA was u with root mean square errors up to
sit, and extension g P 1929 and 117% of the
: . to 21 mm : ;
against gravity corresponding range, respectively
Loaded knee 4 markers capsuled, STA magnitude thigh of 2-22Marker displacements affected the
Sangeux et al., extension. usinda 11 filled with a liquid mm and shank of 1-9 mm. knee movement finite helical axes
2006 1on, using visible in MRI) fixed  Thigh STA increased with théirection (range 10-35 deg) and
foot drive device ) . o
on thigh and shank  flexion angle. localization (range 0—40 mm)
Knee . the STA were found. to bg " STA on the thigh are directly
. flexion/extension Skin markers were nonlmear_ relationships with affected by the poses of both knee
Tsai et al., 2009 ’ 8 glued on the thigh and knee flexion angles and

level walking, and
sit-to-stand

the shank segment  sometimes different betweenand hip, and those on the tibia by the
activities poses of both knee and ankle

- Table 2.4 -
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open-chain knee

Akbarshahi et al. flexion, hip axial

* Consistent pattern of STA

found for each task, the STAAA and IER calculated with STA-

magnitudes were subject, §1ffected data showed misleading

Ten reflective markers task- and location-dependen

in 2010 rotation, level 4 were placed on thigh Thigh STA>Shank STA patterns (ave?rage RMS errors >
walking, and a and shank their respective total range of
step-u » Markers located close to motion)
b-up the knee showed considerable
movement (29 mm)
STA significantly underestimated
Six markers glued on . . flexion and internal rotation angles,
Kuo et al., 2011 Sit-to-stand 10 thigh, and two on Magnitude thigh STA > and extensor moments, but
shank STA . L
shank overestimated joint centre
translations and adduction angle
Eighteen infrared retro- Thigh STA were greater than_ t_hose
. . on the shank, leading to significantly
reflective markers were STA magnitude up to 40 . .
. . . underestimated flexion and extensor
Tsai et al., in 2011Stair-ascent 12 used to track the mm moments. but overestimated ioint
motion of pelvis, thigh, s Thigh STA>Shank STA ’ . . 19
centre translations during the first
shank and foot
half of the stance phase
The rigid movement of the of
Barré et al.. in Eighty markers spreadsvlgrsl ?ar:f):iri:;fé?r gcr)n Eggjo(/jﬂ'he vertical axis of the anatomical
" Walking 19 onthe lower limb hp y °frame of the femur was influenced

2013

of the STA, while the local
displacement of the markers
magnitude was ~ 35-50%

(thigh and shank) the most by RSTAM

- Table 2.5 -
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2.3 Non-invasive statistical approach

The study performed by Camomilla et al., 2009, gobthe possibility to characterize the STA for
any marker location, subject and motor task, priog@n estimate of the STA vector in the relevant
bone-embedded frame. It can be applicabkyivo using only stereophotogrammetry. On the
surface of the segment, the largest possible numibskin markers have to be glued. Any given
STA vector is observed from all the marker clustames, built using all the available markers. A
subset of the latter cluster frames is identifisdn@ade of frames that undergo with uncorrelated
local movements. The method is based on the cantismuof multiple local independent observers
of the STA vector and on the determination of iestbestimate through an ensemble coherent
exercise. The STA estimation is performed averagegvectors reconstructed using the above-
mentioned independent cluster frames. For the mdetiatidation, experimental data provided by
stereophotogrammetry and simultaneous 3D fluorosdaping a step up/down movement (Stagni
et al., 2005) were used. The displacement vectertduhe instrumental error is negligible with
respect to the STA and therefore it is not considdChiari et al., 2005). The STA estimations
obtained with the proposed method had root meaarsqgealues in the range 2.5-23.0 mm and was
consistent with those measured with the fluoroscdpgreover, the STA estimated and measure
showed high correlation values (0.83+0.13) and mtimed root mean square distance of
27%+16%. The authors claimed the following limiise method estimates the STA minimising,
through averaging, the contribution of the dispiaeats relative to the bone of independent
observers. However, for the determination of thaitual uncorrelation, only information on cluster
deformation and not on cluster rigid translationd aotation, is available. For this reason, the
performance of the method will be limited if thelested clusters present a common rigid
translation dominant with respect to the defornmatibhe high number of clusters available and
their different positions on the thigh confidentgduces this probability. Moreover, the method do
not give information on the phase of the signapritvides only an estimate of the deformation
pattern and magnitude. In addition the author ctairthat the proposed method could be validated
with other experimental data, as during other mtasks with higher acceleration. Such assessment
could provide information on the deformation patten different location of the thigh and,
therefore, it could allow for optimal marker placemh and constitutes an indispensable prerequisite

for bone pose estimator design and assessment.

In a recent study, the pelvic STA was quantifiedgnaltiple static positions (Hara et al., 2014). The
multiple calibration (described in section 2.4 8pitechnique used to reduce the impact of STA on

kinematic data, which involves several calibratidhsough the range of motion of the joint of
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interest. Through this technique, the magnitudetaedlirection of the pelvic marker displacement
was assessed in different static positions. Althooany studies have investigated STA on the
thigh, shank and foot (Cappozzo et al., 1996; Fudteal., 1997; Garling et al., 2007; Maslen and
Ackland, 1994; Peters et al., 2009; Reinschmiclgt1997c; Sangeux et al., 2006; Stagni et al.,
2006, 2005), knowledge of the STA at the pelvigagticularly scarce. This study investigated how
skin-mounted pelvic markers were displaced in i@ato anatomical bony landmarks in multiple
static positions, and the corresponding influenceghe pelvic angles in healthy young adults (age:
28.8+£3.8 years; height: 1.71£9.0 m; mass: 67.2+kg;3BMI. 22.8+2.7). Joint kinematics were
obtained using fourteen markers located accoraimgquirements of the Plug-in-Gait (Vicon, UK)
with a Davis hip joint and a trunk model. Markererer also glued over bilateral ASIS and PSIS in
the reference standing position. For all the subjeawltiple anatomical calibration trials were
acquired in six positions: maximum anterior andt@oar pelvic tilt, trunk forward, hip flexed of 90
deg, maximum hip extension, and limb alignmentegalicate a typical gait initial contact position.
In addition, eleven subjects were tested on ottmeet positions: pelvic obliquity, lateral flexionda

hip flexed at 45 deg. In each calibration positiihe pelvic AL location were manually palpated by
experienced physiotherapists. When the AL diffexanf the surface marker position, the AL
location was identified with a pointer device. Swailibration, was repeated three times for each
position. The average of these trials was useepcesent the data of each subject. Results showed
that ASIS markers showed highest displacements Bfal$ markers. Moreover, displacements
particularly evident (up to 17 mm) were observegasitions were the hip was flexed. A strong
correlation was found between the hip flexion angiel marker displacement. Although STA
measured in this study may differ from STA that wscduring activities such as walking, the
results of this study provide reference informatidrpelvic STA, which may lead to application in
kinematic and kinetic data as a function of joingle: results suggest that activities with large hi
flexion would cause larger STA. Moreover, the imS1S distance measured in supine found to be
smaller than the distance measured in standingrhg place the hip joint centre more medially in
the Plug-in-gait model.

2.4 Soft tissue artefact minimization and compensation

A diffuse use of gait or motion analysis has beentéd in the diagnosis of patient with locomotor
pathology and the following planning and assessroktite treatment for its reliability, particularly

for joint components which undergo small variatidWon-invasive marker set can be used for
tracking motion of human body segments, typicalbcked using technique used in the field of

geometric morphometrics. The latter studies thessizal variation and covariation of the shapes of
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marker cluster (cluster set glued on the segmé@ihig. notion of shape of used here is that of the
relative positions of points corresponding to tharker-cluster model. The positions of the points
can be captured with the stereophotogrammetricesysiThe coordinates must, of course, be
recorded in a way such that they are unaffecteddriation in orientation, and scale. Bookstein
(1991) gives a comprehensive account of the fiélgeometric morphometrics. Dryden and Mardia
(2002) cover many aspects of shape statistics. Tlmelamental advances of geometric
morphometrics over traditional approaches (multatarmorphometrics) are in the development of
powerful statistical methods based on models fapshvariation rather than the use of standard
multivariate methods on ad hoc collections of disés, angles, and ratios. The statistical analysis
of shape methods can be interpreted in terms ofliffierences in the coordinates of the makers
after the configurations of points have been optyrsuperimposed (usually using least-squares).
These methods use the Procrustes distance (theesqud of the sum of squared differences) as a
metric for comparing shapes. Note that the thinepsmline methods (Bookstein, 1989) are based on
this approach. The Procrustes distance is a tyshaye distance between a pair of configurations
of landmark points (measured skink marker positiod cluster-model in each instant of time) is
usually computed by first centring the two confaiwns of landmarks on the origin and scaling
each configuration to unit centroid size (the squarot of the sum of their squared coordinates,
Bookstein, 1991). One of the configurations is thetated to align it with the other so that the
square root of the sum of squared differences ltverresponding coordinates, is as small as

possible. This quantity is often called a “Processdistance”.

However, STA strongly affects AL trajectories andnsequently, the Procrustes superimpositions,
and the relevant segment AFs and finally joint kiagics and kinetics. Techniques for minimizing
its contribution and compensating for the relevafiects are certainly fundamental in human
movement analysis. Several methods have been mo@owl are described in the present section,

they will be reported in chronological order.

2.4.1 The “solidification” procedure

In 1995, Cheze et al., proposed the “solidificatitmfacilitate the kinematic analysis using video
system data, which addresses only the deformatictheocluster during a movement. The skin
markers trajectories were defined as consistertt thig rigid body assumption. At least three non-
collinear markers are sufficient for the bone pdstermination and the first step of this procedure
is to identify the subset of three markers whichinds the least-perturbed triangle throughout the
entire motion. An iterative procedure identify tlselid’ shape which best fits this time-varying

triangle: the mean value for each vertex anglena@asured for the triangles during the movement
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and the most deformed frames are eliminates stegidpy until 75% of the frames are retained.
Then, to solve a least-squares positioning probtembest fit of the solid to each measured triang|
is determined choosing appropriate points on tlamdie and by using the standard Single Value
Decomposition (SVD) algorithm (Sdderkvist and Wedi®93). Nominal trajectories of markers
rigidly assembled in two cluster located on thglhand shank segment were used for the model
validation. Such trajectories were generated frotpeamental data acquired during the swing
phase of gait and were perturbed by typical STAmdugait using artificial noise. The nominal
knee kinematics was compared with that obtainedgusie proposed method. The results obtained
showed that this compensation works just as usm@xasting least-squares method in reducing
kinematic errors: it does not yield substantial euacal improvements. Although that, it still
possesses several advantages. First, the methodnceptually simple, providing a geometric
interpretation of numerical approaches. Secondyralvides a straightforward way to identify
erroneous or highly deformable images, which coeattlice the accuracy of kinematics calculation.
Third, and biggest advantage, is that the solidiion procedure permits the unambiguous
application of the rigid body theory while the imped kinematic accuracy of a least-squares
method is maintained. One disadvantage of the mdettmimed by the authors is that the mean
shape calculation and fitting become more complderwthe number of solidified markers

increased beyond three.

2.4.2 Multiple anatomical landmark calibration

In the same year of the above mentioned study, @zapet al., proposed a technique for a more
rational determination of AFs: the CAST. A singtati& calibration of ALs is required to identify
their local coordinates in the relevant CTF, whach accurately identified using a pointer equipped
with markers in known positions. Using this teclug@ga constraint of rigidity between the CTF and
the ALs was assumed. During an experimental stuigppozzo et al., 1996), the AL local
coordinates in the relevant CTF were observed &mgé consistently over the flexion cycle of the
relevant joint and based on it, Cappello et abppsed an improvement of the CAST technique, to
compensate for the skin sliding associated withtjdiexion during the execution of the target
motor task. An interpolation between two known poas at the extremes of the range of flexion
can be performed. This technique overcomes thetraamisof rigidity used in the CAST method
and recommends a double calibration of the ALshatwo extremes of the expected range of joint
motion. A cycling exercise described in section2®as used, using reference data obtained from
a femoral external fixator which moved rigidly withe underlying bone for the validation of the

proposed method. The traditionally femur ALs ugedait analysis were calibrated during maximal
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hip and knee flexion and extension. During the tabbration postures, the pose of the CTF and
the positions of the ALs in the global referencanie were defined. With a SVD technique
(Soderkvist and Wedin, 1993), the optimal rigichsfmrmation of the CTF poses in the calibration
postures was estimated. The obtained transformatamalso applied to the global coordinates of
the ALs. Therefore, two different geometrical cgufiations of the cluster and anatomical markers
were obtained. Both were expressed in the referéracee of one of the calibration position:
information on cluster shape variation and AL disgiments were provided when passing from a
calibration posture to another. Through linear nodéation between these two configurations, a
time-varying overall model, which includes also ttadibration parameters, was obtained. The time
was assumed as the independent variable. The sikientrajectories acquired during cycling were
used to estimate the bone pose. The FE angles seakta register the model. Using the double
calibration, the error in the reconstruction of & position was reduced from more than 15 mm
(obtained using the CAST procedure,, single calibration) to less than 10 mm. While whiee
pose of the femur was estimated, the error footfentation decreased from 5 deg to 4 deg, and for
the position from 7 mm to 4.5 mm. The preliminamypiementation of the proposed method used
for cycling provided encouraging results, therefdog other motor tasks, compensation methods
based on multiple AL calibrations should be desigmaecording to the expected range of joint
rotations. The authors consider that this technigae be enhanced using more sophisticated
methods to characterize skin sliding and deformatihile a joint is flexing using non-linear
interpolation methods or a larger number of catibrapositions. However, such enhancement,
should be defined by any specific application lgiting the corresponding number of necessary
additional AL calibrations. However, the authoraicled that it is important to emphasise that even
when four well distributed markers are selectedoton the technical skin cluster, errors in bone
orientation and positions components show a roanmsguare value of about 3 deg and 3 mm.
These residual errors, due to inertia and musadatraction and to interpolation errors, require
further analysis and attention to avoid an overwined negative influence on the description of

joint mechanics.

2.4.3 Pliant surface modeling

Ball and Pierrynowski, in 1998, proposed the Pligrface Modeling (PSM) for STA

compensation with a new non-rigid, 12 DOF metholis Tmethod quantified ‘pliant’ (scales and
shears) motion accounting for deformation of thekaacluster associated with skin stretching,
muscle activity and inertial phenomena in additionigid rotations and translations. In particular,

deformations were described with affine deformatimatrices made up of rotation, scaling,
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shearing and translation. The proposed method waspared with the traditional rigid body
modelling (RBM), which assumes body segment, serfagidity and 6 DOF. Typical methods of
movement analysis have only offered the abilitymodel the rigid characteristics of a body
segment (3 rotations and 3 translations), while ASMesigned to quantify 6 additional DOF (3
scales and 3 shears). Experimental data were ebtdiom three volunteers with pin, equipped
with circular cluster of markers, inserted in themur and tibia and skin markers glued on the
surface of the two segments as described in se2tif. The volunteers walked at slow, medium
and fast speed for 20 second on a treadmill. WhenRMB was used to obtain the position of
femur and tibia, the errors were 4.8 mm and 3.8 mespectively. Instead, when the new approach
was used, these errors were reduced of the 45% &% respectively. For the error in orientation,
it was found less than 0.5 deg, which is considexedinimal error. When the bone pose was
defined at different speed, no significant differernwere observed between the two methods,
although higher speeds caused slightly higher riine PSM method, of course, cannot account
for rigid cluster displacement with respect to tnederlying bone. Moreover, the PSM offers
superior “rigid” estimates of the knee motion wiitle ability to quantify “pliant” surface changes.

2.4.4 Dynamic calibration

In the same years of the above-mentioned methodhf®orSTA compensation, Lucchetti et al.,
suggested an analytical procedure to be includedutine movement for subject- and task- specific
STA assessment and for its compensation using andignmodel of the relationship between the
CTF and the relevant ALs. Experimental data weraiobd from two able-bodies male volunteers
and one male patient. Four markers were fixed ogia plate on a Milwaukee orthosis located on
the pelvis. Five skin markers were glued on thghtand four on the shank. For the pelvis, thigh,
shank and shank-thigh segments CTF were define@ fbHowing motor tasks were then
performed: 1. orthonormal posture; 2. right hip fleEowed by AA, with the knee hyperextended,;
3. right lower limb swing, with the knee hyperexded, as occurs during the swing phase of
walking; 4. Level walking at natural cadence. Thigli-shank CTF was defined using the markers
on the shank, which were supposed to be more helihbn the thigh CTF when the knee is blocked
(i.e. for the position 1, 2 and 3). The position of thedial and lateral epicondyle were estimated in
the latter CTF. Using the postures with knee-locleglas a reference, the displacement of these
ALs in the thigh CTF and the relevant relation ip RE, AA and IER were computed and stored in
the “artefact table”. When the walking task waslgred, approximate values of hip rotation were
estimated using the traditional joint kinematics tlmoels. For each of these rotation, the

corresponding least distant values in the “artefalole” were sought. The AL final local positions
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were corrected by subtracting the correspondingfaat component. The new ALs were used to

define the corrected AF. From this AF, compenséatexe translations and rotations were computed.

The model validation was performed on the patiettih & single dof knee prosthesis. Femur and
tibia pose were defined using a traditional leastases optimal estimator. Error for knee joint
translations was up to 14 mm, while error for kn&ations was 6 deg. When the proposed method
was used, these errors were reduced to less tmam 4nd 3 deg. Using this method, the strong
correlation between STA and hip rotations was ssgfcdly removed. The knee kinematics
estimated through two different thigh clusters omaamal subject were compared as a further
validation. When no compensation was applied, tleekotations that undergo moderate variations
during walking (AA and IER) showed significantlyfigirent patterns for the two clusters. Through
compensation, errors diminish to magnitudes whiely milow extraction of information even from
those joint movement components which undergo swkalhtions and which have always been
concealed by overwhelming inaccuracies. Even bedtsuilts may be expected if the procedure is
extended to both segments adjacent to the target Jwhile, when the compensation method was
applied, the two estimates were much more simifar this reason, the dynamic calibration
significantly contributed to the compensation ofASTh order to achieve the presented results, the
subject performed an ad hoc movement that, to sxtent, makes the entire experimental and data

reduction procedure more cumbersome. Howeverpgars that benefits are greater than costs.

2.4.5 Point cluster technique

In 1998, a new method for obtaining limb segmentiomfrom markers located on the skin was
proposed by Andriacchi et al. The method is based oluster of markers uniformly distributed on
the limb segment. Each marker has an assignedaagbihass. The center of mass and the inertia
tensor of the cluster are calculated. The eigem®ghnd eigenvectors of the inertia tensor are the
principal moments of inertia and the principal axéghe ‘point cluster’. The eigenvalues of the
inertia tensor do not change if the segment igjid body. In order to minimize the changes of the
eigenvalues, the mass of each marker is adjustdldach frame: the cluster has a time-invariant
distribution matrix like that for rigid bodies. Thegenvectors establish a transformation between
the segment and the global coordinate system.Heomiodel validation, a simulation model where
systematic and random errors were introduced intfixed cluster of points was used. The
simulation demonstrated, that using the proposethade the error due to the non-rigid body
movement could be substantially reduced. In additibe model was also tested in a group of ten
subjects with intracortical pins placed into thente and tibia, which allowed to evaluate its

applicability toin-vivo testing. The results obtained in timevivo comparison to previous studies
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where intracortical pins were placed also demotedrdhe point cluster technique produces a
reasonable approximation te-vivo knee joint movement. However, the author clainte there

are some practical limitation of this method. Havan overabundance of markers on each segment,
it can lead to difficulties in tracking and labatji all of them. In addition, care must be takethim
marker placement to avoid that the marker are oudted in a symmetric manner: actually, in case

of symmetric distribution of markers, the calcudatiof the principal axes can be indeterminate.

Using a set of activity-dependent deformation medalnew technique to reduce the STA errors in
the optoelectronic measurement of in vivo skelatadtion is proposed by Alexander and
Andriacchi, 2001: interval deformation techniquéisttechnique was built on the above-mentioned
one and it consists in minimizing the segment de&dion with a new optimization criterion based
on functional forms of trajectories of the markarsthe bone-embedded frame. Fifty simulated
trials for an eight-marker cluster set, and experital data from a patient wearing an llizarov
external fixation device on the shank, were usedHe model validation. The method employs an
interval deformation technique which can substéigiti@duce the amount of error associated with
skin marker motion. This technique reduced thersrio limb (shank) segment pose estimate by
33% and 25% compared to the lest-square approaett s define position and orientation,
respectively. This newly developed method has destnated that by accounting for the changing
shape of the limb segment, a substantial improvémehe estimates of-vivo skeletal movement
can be achieved. These techniques cannot copeheitiigid displacement of the array with respect
to the underlying bone, and are also limited by ¢hiécal knowledge of the skin deformation
models. It has also been suggested (Tashman aner#in@002) that these techniques should be

applied with caution for motion studies involvirgpid movement and substantial impact.

2.4.6 Global optimization

Traditional methods treat each body segment sepwratithout imposing joint constraints,
resulting in apparent dislocation of the joints doeminantly caused by the relative movement

between the skin markers and the underlying bone.

Lu and O’Connor, 1999, proposed an optimizationhoeétfor the determination of the positions
and orientations of multi-link musculoskeletal mizdieom marker coordinates. The model imposes
joint constraints. The hypothesis was that, witimtj@onstraints and a global error compensation
scheme, the effects of measurement errors on tdomseuction of the musculoskeletal system and
subsequent mechanical analyses can be reducedlgldltes method is called Global optimization
(GO). The proposed method can significantly redtive effects of STA on segment pose
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estimation, particularly on the critical joint IE&d AA. The optimization method is based on the
minimization of the weighted sum of squared disésnbetween measured and model-determined
marker positions. The model arranged with to-link chain model is customized to individual
subjects by using subject specific parameters basedtheasurements on subject in a standing
position (subject calibration). The position of #ieén markers in the standing position are taken as
reference. Joint constraints were taken as alkpelfall-and-sockets. A weighting matrix accounted
for different segmental residual errors but assurted all markers of a segment are equally
affected by STA. A different weighting factor refteng its average degree of STA was given to
each segment. For the model validation, 20 simdlgtt trials were used. Artificial noise was
added into each marker nominal trajectories ashiez€ et al., 1995. The positions of joint angles
and joint centre were evaluated. The average anmfumip and knee joint dislocations were 3.88
cm and 3.24 cm, respectively, when the non-optithitezhnique based on simple definition of
vectors by direct linking of external markers wased Using standard optimization techniques,
which estimate the segment pose in terms of itsstemmation matrix by minimising marker array
deformation from its reference shape in a leastusgpisense, these displacements were 1.33 cm and
0.69 cm. When the global optimization was usedomi dislocations were observed, as prescribed
by the priori model. Errors in joint rotations wesignificantly reduced when the proposed method
was used with respect to the traditional one. Meeecthe inclusion of the weighting matrix in the
optimization provides a more effective STA compé¢iosa the selection of different weighting
factors according to the expected magnitude of fitAlifferent body segments enables better

estimation of relevant poses by stronger consiaeratf the more reliable of these segments.

In 2010, Andersen et al., constrained the kned ménLu and O’Connor, 1999, using timevivo
gait data described by Benoit et al., 2006; whiatiudes simultaneously recorded skin and bone-
mounted pin markers for the thigh and shank forr&althy male subjects measured during gait.
The purpose this study was to evaluate the effgiciscluding idealized knee joint constraints on
skin marker-based motions of the femur and thetdhiring gait in order to determine if these
constraints improve the validity of the skin marklata. To determine if constrains could improve
skin marker-derived kinematics, four different aisals were used to reconstruct the motion of the
femur and tibia: 1) Pin marker data were used taiobd reference knee motion; 2) Skin marker
data with no knee joint constraints were used taiolthe bone motions that should be improved
upon by the inclusion of joint constraints; 3) Skaarker data with spherical knee joint constraints
and optimised joint centre; 4) Skin marker datehveitrevolute knee joint constraint and optimised

joint centre and joint axes of rotation. Resultevgéd that in the majority of subjects, constraining
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the knee joint using both type of constraints reesluin larger errors than when no joint constraints
were included, contrary to what was expected. Thesgthe results obtained in this study indicated
that no overall improvement in the validity of skmarker-derived kinematics is achieved by
including optimised idealized joint constraints fine knee: such knee joint constraints did not
eliminate or reduce the effects of STA. This intksathat a rigid-body assumption for the skin
markers and an idealized joint constraint for theekis not an ideal approach to reduce STA and
improve measurement validity: more advanced kned gnd STA models must be developed in
order to reduce the errors associated with skinkemdyased kinematic measurements of tibio-

femoral motion.

Duprey et al., in 2010, developed a GO method dilatvs to easily implement different sets of
joint constraints in order to assess their inflleeon the lower limb kinematics during gait. The
segment definition was based on generalized coat@sngiving only linear or quadratic joint
constraints. Seven sets of joint constraints wesessed, corresponding to different kinematic
models at the ankle, knee and hip: SSS, USS, PSS, SPS, UHS and PPS (where S, U and H
stand for spherical, universal and hinge joints Bnfibr parallel mechanism). GO was applied to
gait data from five healthy males (age: 28.8+4.8rgeheight: 1.74+0.09 m; mass: 76.5£13.5 kg).
Results showed that the lower limb kinematics, pkdaeip kinematics, knee and ankle FE,
significantly depend on the chosen ankle and kmmestcaints. The knee parallel mechanism
generated some typical knee rotation patterns pusilyy observed in lower limb kinematic studies.
Furthermore, only the parallel mechanisms prodyoed displacements. Thus, GO using parallel
mechanism seems promising. It also offers someypetives of subject- specific joint constraints

consideration.

The following tables (Tables 2.6-2.8) synthetize thain features and conclusions of the studies

aimed at the STA minimization and compensatiorterdifferent methods described.
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Identify the subset of three markers which defiles
least-perturbed triangle throughout the entire arotiAn
iterative procedure identify the ‘solid’ shape whizest

Cheze etal., Solidification fits this time-varying triangle: the mean value éarch

Simulated data: Nominal ~ The results showed that this
trajectories of markers rigidlycompensation works just as
moved in two cluster (thigh using an existing least-squares

1995 procedure . . and shank) during the swing method in reducing kinematic
vertex angle are measured for the triangles duhiag . s : ;
I hase of gait and perturbed errors: not substantial numerical
movement and the most deformed frames are ellrmnatc% STA using artificial noise improvements obtained
step-by-step, until 75% of the frames are retained. y 9 P '
Error in the reconstruction of the
GT position was reduced from
Multlpl_e A double calibration of the anatomical landmarkgshe A c_:ycllng Eexercise was us_edmore thar_l 15 mm (obtained a
Cappello et al., anatomical W0 extremes of the expected ranae of ioint motias to “SN9 reference data obtainesingle calibration, CAST) to less
1997 landmark P 9 J from a femoral external than 10 mm. Error for the femur
o be performed. : . .
calibration fixator orientation decreased from 5
deg to 4 deg, and for the
position from 7 mm to 4.5 mm.
_ The ‘pliant’ (scales and shears) motion is quagtifi Walking tnal§ of three_ Errors, with respect to rigid
Ball and Pliant : . volunteers with both pin body modelling, reduced of the
: . accounting for deformation of the marker cluster . . - .
Pierrynowski, surface . . ; ) N . inserted in the femur and tibid5% and 56% for the definition
: associated with skin stretching, muscle activitgl arertial . .
1998 modeling . o o i : and skin markers glued on thaf the position of femur and
phenomena in addition to rigid rotations and trati@hs. - )
segments. tibia, respectively.
Using the postures with knee-locked leg as a reterethe
displacement of thigh ALs in the thigh cluster teicl - .
. . Error for knee joint translations
frame and the relevant relation to hip FE, AA aBR |
) » . decreased from 14 mm to less
were computed and stored in the “artefact table&t F :
) . . . . , .than 4 mm, while error for knee
approximate hip rotations were estimated using the  Performed on the patient with "~ .
. . " S . : ._rotations decreased from 6 deg
Lucchetti et al., Dynamic traditional joint kinematics methods. For eachhade a single dof knee prostheS|s,,[o 3 deq. This procedure allows
1998 calibration rotations, the corresponding least distant valneke which performed different 9. b

“artefact table” were sought. The AL final localgitions
were corrected by subtracting the correspondirefat
component. The new ALs were used to define the
corrected AF. From this AF, compensated knee
translations and rotations were computed.

extraction of information even
from those joint movement
components which undergo
small variations.

tasks.

- Table 2.6 -
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It's based on a cluster of markers uniformly dizited on
the segment. Each marker has an assigned arbitiesy.
The eigenvalues and eigenvectors of the inertisoteare
the principal moments of inertia and the principets of

Andriacchi et Point cluster the ‘point cluster’. In order to minimize the chasgf the
technique eigenvalues (rigid body assumption), the mass df ea

al., 1998

marker is adjustable at each frame: the clustenhise-
invariant distribution matrix like that for rigidddlies. The
eigenvectors establish a transformation between the
segment and the global coordinate system.

Simulation data: systematic
and random errors introduce
into a fixed cluster of points

Error due to the non-rigid body
thovement could be
substantially reduced

10 subjects with intracortical
pins

Technique produces a
reasonable approximation to in-
vivo knee joint movement.
Limitation: overabundance of
markers on each segment,
(difficulties in tracking and
labelling); care must be taken in
the marker placement to avoid
that the marker are not located
in a symmetric manner

Interval

Alexander and deformation Segment deformation is minimized with a new
technique optimization criterion based on functional forms of
(based on trajectories of the markers in the bone-embeddaddt

Andriacchi,
2001

PCT)

Fifty simulated trials for an
eight-marker cluster set

After processing by the interval
deformation algorithm the
average centre of mass error was
reduced to 29% and the average
orientation error was reduced to
19% of the rigid-body model

error

A patient wearing an llizarov
external fixation device on
the shank

This technique reduced the
errors in shank segment pose
estimate by 33% and 25%
compared to the lest-square
approach used to define position
and orientation, respectively.

- Table 2.7 -
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Optimization method for the determination of thesipons
and orientations of multi-link musculoskeletal mizde
from marker coordinates. The model imposes joint
constraints (perfect ball-and-sockets). The weigjstem
Lu and Global  of squared distances between measured and model-
O’Connor, 1999 optimization determined marker positions is minimized. A n-lgtiain
model is customized to individual subjects by using
subject specific parameters based on measurements o
subject (subject calibration). The position of gken
markers in the standing position are taken asenter.

Twenty simulated gait trials The average amount of hip and
were used. Atrtificial noise  knee joint dislocations were
was added into each markerreduced from 3.88 cm to 1.33
nominal trajectories asin  c¢m and form 3.24 cm to 0.69,
Chéze et al., 1995. respectively.

In-vivo gait data described b)f\lo overall improvement in the

Evaluate the effects of including idealized kneatjo which includes validity of skin marker-derived
Andersen etal.,, Global constraints on skin marker-based motions of thaifeand simultaneously recorded Skirkinemétics is achieved b
2010 optimization the tibia during gait in order to determine if thes and pin markers for the thigh. Y

including optimised idealized

constraints improve the validity of the skin marllata. = and shank of six subjects . . )
joint constraints for the knee.

(Benoit et al., 2006)

Lower limb kinematics, except
hip kinematics, knee and ankle
FE, significantly depend on the
chosen ankle and knee
constraints. The knee parallel
mechanism generated some
typical knee rotation patterns
previously observed in lower
limb kinematic studies.

Method to easily implement different sets of joint
Duprey et al., Global  constraints in order to assess their influenceheridwer  Applied to gait data from 5
2010 optimization limb kinematics during gait. Different sets of ctvagits  subjects
were assessed.

- Table 2.8 -
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2.5 Conclusions

It has been recognized that STA is the most sicanifi source of error in human movement analysis
(Andriacchi and Alexander, 2000). Any future invgation aimed at reliably estimatirig-vivo
human joint motion on a six-DOF-base certainly reggpisophisticated techniques to compensate
for STA. The inaccuracies resulting from this seuof error are definitely critical not only in jdin
mechanics investigations and in virtual reality laggtions, but also in routine clinical movement
analysis. The interpretation of relevant resultd Hre associated clinical decision-making process

should therefore include awareness of this crifpgtenomenon and its effects.

The studies reported in the section 2.2 providargel quantity of data for describing the amount
and the effects of STA at the lower limbs. Theatiéht results obtained by different authors may be
justified by the different techniques used, bydiféerent locations of the skin-mounted markers, by

the large variability in the subjects analysed andinly by in the tasks performed.
Despite that, the following general conclusions bardrawn:

I.  errors introduced by the STA are much larger tharesphotogrammetric errors;
Il.  the pattern of the artefact is task dependent;

lll.  STAis reproducible within, but not among, subjects

IV.  STA introduces systematic as well as random errors;

V.  STA associated with the thigh is larger than amgptower limb segment;

VI.  Very few data are available on the pelvis, whichldalso be a perturbed segment.

The knee was the joint most studied in the repovtedks and the literature suggest that skin
marker trajectories can be used to determine allgldly joint FE, while for the other two knee
DOF (AA and IER), STA causes error with the samgmitade of the signal that we would like to

measure.

Intracortical pins, external fixators and percutaumsetrackers used to directly measure STA suffered
of the same limitation: STA measurements are aterease of the presence of external devices, in
particular limiting the skin sliding. Several congaltions can be verified using bone anchored pins,
and the likely critical deformation of these hasib@ointed out by looking at data collected ingest
simulatingin-vivo experiments of direct skeletal motion (Ramseyl.e2803). In addition, the use

of intracortical and percutaneous pins on normdumeers should be limited also for ethical
reasons: the invasive procedure for the pin ingei8 complex, the need of a local anaesthesia and

a surgery. Besides ethically-related concerns, #pproach is limited by the fact imaging
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techniques are less invasive, and may be explaitgder in the future to simultaneously track both

external markers and internal bony landmarks.

The techniques based on fluoroscopy are minimaftlyasive, providing a complete 3D
measurement of the STA, and enable analyses afearlaumber of skin markers, although this is

limited to a single joint at a time and extensivege data processing is necessary.

Two studies were performed to assess STA on a kedynent using a non-invasive statistical
approach: Camomilla et al. (2009) and Hara et26114). The first mentioned study quantified the
thigh STA using “multiple local independent obsesi@nd it gave results reasonably comparable
to those obtained with the fluoroscopic method @Biteet al., 2005) which analyses the same
unrestricted movements based on a completely diffesipproach. In the study performed by Hara
et al. (2014), pelvic STA is quantified pelvic STUSing a multiple static calibration. Using this
method, STA due to dynamic muscle contraction,tialeeffects, or wobbling of markers was not
guantified. However, both these non-invasive methdd not show a large diffusion in the
biomechanics community for the complexity of thdilkmation procedure or for the lack of a
provided definite proof of the validity of the meth and a generalization of the results to a

population and to motor tasks with higher acceilenat

To solve the STA issue, several other studies atiednto compensate the STA by using different
methods as described in section 2.4. Althoughhalé¢ methods reduced more or less the effect of
the STA on the estimated tibio-femoral joint kindits they did not obtained a satisfying STA
compensation. Two general approaches seem to egpresll what has been proposed in the
literature for STA minimization and compensationbione pose estimation. These techniques can
be distinguished between those modelling the eater@gment surface (Chéze et al. 1995; Ball and
Pierrynowski, 1998; Lucchetti et al.,, 1998; Andahcet al.,, 1998; Alexander and Andriacchi,
2001) and those addressing also segment relatit®m@Cappello et al., 1997; Lucchetti et al.,
1998; Lu and O’Connor, 1999). The former, enhandimg traditional methods of segment pose
optimal estimation (Sdderkvist and Wedin, 1993; @pand Veldpaus, 1980) by explicitly
addressing the random and systematic effects of, 8@Asider absolute and relative motion of the
skin markers in a purely geometric view, irrespectf the physiological event generating the STA
and irrespective of joint motion and constraintee Tatter include in the analysis considerations
about physiological joint motion, though very simplfor a more reliable final association between
CTF and AF. However, two techniques of this latt#tiegory (Cappello et al., 1997; Lucchetti et al.,
1998) required the performance of an additionadd rescessary for subject-specific STA calibration.
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These two categories have both advantages andvdisadies, and should be chosen according to
the specific application. It is the recommendatainthe authors here that reo priori selection
should be pursued among these different techniquesss a general validation process is carried

out based on a single set of consistent and realiata.

It should also be concluded that the overall rditgtobtained by addressing explicitly STA effects
exceeds that obtained using traditional filteringd amoothing algorithms on position data and
other optimization techniques as reported in Chapté.6. One of the studies mentioned here
(Lucchetti et al., 1998) is exemplary in this restpeeporting the root mean square of the estimates
of five DOFs at the knee joint, known to be zerbe3e values presented in Lucchetti et al. (1998),
which represent errors for the corresponding D3¢ found to decrease very differently when
non-optimal, optimal and STA compensation techrsquere applied: in AA these were 5.5, 2.4
and 2.5 degrees respectively, in IER 5.5, 4.1 aadl@grees, in antero-posterior displacement 12.5,
11.9 and 3.6 mm, in vertical displacement 7.0,&d 4.5 mm, in medio-lateral displacement 13.5,
13.0 and 2.9 mm.

GO with joint constraints is one of the methodseadeped for minimizing STA. Its reliability is

under controversy (Stagni et al., 2009; Anderseal.et2010). Nevertheless, defining a kinematic
model is becoming usual in gait analysis (e.g.eisg—forward dynamics, musculoskeletal models,
etc.) and the constraint choice is essential. lprBy et al., (2010) the knee parallel mechanism
generated some typical knee rotation patterns pusly observed in lower limb kinematic studies,

producing also joint displacements. For this reag@eems the most promising type of constraint.

Despite the numerous solutions proposed, the abgeof a reliable estimation of bone poserin
vivo experiments of human movement has not yet bedpwathsatisfactorily. Theoretically, for an
effective compensation of the STA, eitlat-hocexercises must be carried out in order to collect
relevant subject-specific information, or a systBmgeneral characterization of the artefact must
be available. It would be desirable to identifyustural models of the STA and to devise
experiments that would allow for their calibratiore. model parameter determination, to be
applicable to the specific subject and motor ackeuranalysis.
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3. Chapter 3

The content of this chapter is referred to theckerti

‘A SOFT TISSUE ARTEFACT MODEL DRIVEN BY
PROXIMAL AND DISTAL JOINT KINEMATICS”

Published in Journal of Biomechanics, 2014, 47,(2854—-2361.
Additional information are also presented.

c axes component (X, Y, z)
] frames[=1, ..., n)
model parameters
measured STA component
estimated STA component
rmsm root mean square value over time of a measurethatt
component
rmsr, root mean square value over time of the differdnesidual)
between the measured and estimated artefe@tnponent as
2 resulting from the calibration procedure
E le coefficient of correlation between the measuretl @stimated
3 artefactc component as resulting from the calibration proced
rmse root mean square value over time of the differdecer)
between the measured and estimated artefe@tnponent when
the test movement is different from the calibratimovement
lec correlation coefficient between the measured atichated
artefactc component when the test movement is different from
the calibration movement
% indicates normalization with respect to rmgsm
Ca the percentage ratio between the peak to peakwalube two
joint kinematics time series
la correlation coefficient between two joint kineneattime series
K hip flexion/extension time histories
% hip abduction/adduction time histories
2 hip internal/external rotation time histories
S knee flexion/extension time histories
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STA soft tissue artefa
©® SSR sum of the squared residuals
Z IQR inter-quartile range
E’ FE-« hip and knee flexion-extension
o  FEq hip flexion
g FEx knee flexion
< Ciry hip circumduction

RN running trial, stance phase

3.1 Introduction

When analysing human skeletal movement using neasite techniques, the movement of skin
points is tracked and not that of the underlyingidooThe measurement of skin movement thus
obtained can be considered as the sum of the ghalved movement plus the local movement of the
skin relative to the bone. Since only the formewerent is the objective of analysis, the latter is
regarded as an artefact (soft tissue artefact: SPdhough during the last decade human
movement analysts have reiterated that this attefadhe greatest obstacle to an accurate
reconstruction of the skeleton in motion (Leardaial., 2005; Peters et al., 2010), no effective

solution to this problem has yet been found.

When using stereophotogrammetry and skin-markeysadse of the STAs, an algorithm for the
optimal estimation of bone pose or of a joint centr axis of rotation is required (skeletal
kinematics estimator). This estimator should embedathematical model of the artefact. Ample
literature on this topic shows that each STA isquaito its specific marker, the specific body
segment area of a specific subject executing afgpewtor act (Akbarshahi et al., 2010; Leardini
et al., 2005; Peters et al., 2010). These circumst make tha priori determination of STAs
difficult, although attempts along these lines hagen made. Studies have been published that used
discrete STA models consisting of tables assogatwe STA value with that of the joint angle at
which it occurred, and determined throuwaghhocnon-invasive experiments (Cappello et al., 1997;
Lucchetti et al., 1998). As a potentially more efiee alternative, having defined the architecinfre
an STA analytical model, relevant parameters mayed$tenated while solving the optimization
problem inherent in the skeletal kinematics estimatpplied to a specific motor task. To our
knowledge, the only study using this approach & tf Alexander and Andriacchi (2001). These
authors modelled STAs using parameterized analyticee functions, albeit chosen in a rather
arbitrary fashion. None of these methods were vegleived by the human movement community
of analysts, either because cumbersome to impleorelnécause they did not furnish the required

improvement.
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Another area that requires STA mathematical modelsimulation aimed at the comparative
assessment of skeletal kinematics estimators (Cafaoet al., 2009; Camomilla et al., 2013;
Cereatti et al., 2006). In this case, calibratedlel® able to provide realistic STA time historias,

generated during any selected motor task, are deede

The present study aims to devise and assess amsdtba model to co-adjuvate the reconstruction
of subject- and marker-specific STA time historigigring a given motor task. As mentioned
previously, an STA model that could be applied ssrmarker locations or subjects is highly
improbable (Akbarshahi et al., 2010; Leardini et 2005; Peters et al., 2010) and was hence not
explored in this study, which dealt only with thargdigmatic case of artefacts that affect markers

located on the thigh.

Based on experimental observations of the STA dufunctional activity reported in previous
studies (Akbarshahi et al., 2010; Cappozzo etl@96) and on results obtained by modelling the
STA engendered during an open-chain hip movemehtstationary knee (Camomilla et al., 2013),
we hypothesized that, during a two joint movemerst,occurring during locomotion, the STA
affecting a given marker located on the thigh giiveen non-obese subject, mostly depends on the
angles of both the hip and the knee, and thatrdtasionship is linear.

The study addressed the following questions:

Architecture feasibility: can the hypothesised énenodel be calibrated with acceptable
residuals? The residuals are deemed acceptable spelefic circumstances which depend
on the added value brought by the model to thectzleapplication when compared to the
relevant state of the art.

Generalizability: when and with what limitationsnca model calibrated using a given
movement be utilized to estimate the STA generdteohg any other movement of interest?
The answer assumes importance when the model dstasgenerate realistic artefact time

histories as required in the above-mentioned sitiamaxercises.

In general, an STA is caused by: 1) skin slidingoasted with joint movement, 2) soft tissue
volumetric deformation due to muscular contracteoml gravity, 3) inertial effects on soft tissue
masses (wobbling). The STA model proposed in thigysaccounts only for the first cause. We
thus assessed the relative weight of the above @&li&es and their impact on our model estimates,

which allowed us to test whether the proposed madgiitecture would apply-vivo. To this end,
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we used data from experiments carried out leottvivg embedding only the STA elicited by skin

sliding, andn-vivo, embedding STAs elicited by all possible causes.

3.2 Methods

3.2.1 Model architecture and calibration

Our model applies to a selected subject and skirkenaThe inputs of the model are the joint
kinematics time histories of the body segment pr@atiand distal joints, and the outputs are the
time histories of the selected marker artefact esgmted in the underlying bone anatomical

reference frame:

=1, ..,n (Eq. 3.1)

wherec = X, y, z are the axes of the anatomical frame; are the hip joint angles time
histories (flexion/extension, abduction/adductiand internal/external rotation, respectively), and
is the flexion/extension time history of the knee; are the fifteen model

parameters to be determined through a calibratioogalure. The parameters are determined so

that the STA vector has a zero value when the stibgsumes a reference posture.

Calibration of the model entails the simultaneonswdedge of the time histories of hip and knee
angles as specified above, and of the STA measiugdg a selected calibration movement. For
each marker and coordinatethe model parameters are determined by minimiaiegst function

based on the sum of the squared residuals {3%Rveen measured () and estimated () STA:

_ " #$ 045

% " &S

where the Pearson’s correlation coefficient betweerand  (r;) acts as a penalty factor to

exclude solutions that result in STA componentanropposite direction to that of the real artefact.

This calibration problem is non-linear and its $ioln was obtained using a Matlab® least-squares

minimization method (trust-region-reflective).

Model validation was carried out in two steps udbagh ex-vivoandin-vivo experimental datasets
with two objectives: 1) assessment of model archite feasibility, and 2) assessment of model

generalizability.
55



CHAPTER 3

3.2.2 Experimental data

Ex-vivodataset

Experimental data from three intact fresh non-olsekdt cadavers (S1, S2, S3; stature and largest
thigh diameter (Fig. 3.1a): 1.62 m, 0.16 m; 1.48m3 m; 1.55 m, 0.19 m, respectively) were used
(details may be found in Cereatti et al., 2009)acortical bone pins (6 mm diameter) equipped
with four-marker clusters were implanted into thght tibia, femur and hip-bone. In addition,
twelve skin-markers were glued on the thigh in ¢hrews, medial, frontal, and lateral (Fig. 3.1a).
The instantaneous marker positions were reconstiugt a global frame using a 9-camera
stereophotogrammetric system (VICON MX - 120 frafgesThe anatomical landmark calibration
for the pelvic-bone, femur, and tibia was carried vsing the pointer technique (Cappozzo et al.,
1995) (Fig. 3.1a). The hip joint centre was deteediusing a functional approach and pin markers,
as described in Cereatti et al. (2009). The relewratomical frames were defined using the

convention proposed in Cappozzo et al. (1995).

An operator moved the right lower limb in four @ifént patterns, during which the position of both
pin and skin markers were monitored. One movematiem was characterized by a wide flexion-
extension cycle of both the hip and knee, assatmith relatively small abduction-adduction and
internal-external rotations of the former joint (il approximately as would occur during a
locomotor act. The second and third movement petterere a hip flexion (RB with the knee
virtually stationary, and a knee flexion (gBwith a virtually stationary hip. The fourth movent
pattern was a hip circumduction associated withuglty no knee movement (Gx For each

specimen, three trials for each movement pattene warried out.
In-vivo dataset

The data obtained in the experiments describedeindehmidt et al. (1997) were used. Pins were
inserted into the postero-lateral aspect of thétricalcaneus, lateral tibial condyle and lateral
femoral condyle of three non-obese male volunt@éts V2, V3; age 27.% 2.1yr, mass 85.5 9.6

kg, stature 1.8& 0.10 m). Each pin carried three markers. Five-gkamkers were positioned on
the thigh (Fig. 3.1b). Markers were tracked usinrae video-camera system (sampling frequency:
200 frames/s). For each volunteer, one static &mal five running trials (RN; only stance phase)
were captured. During the static trial, voluntegese asked to assume an upright posture where the
pelvic-bone and lower limb anatomical frames wesguaned to be parallel to the global frame, and
the rigid transformations between the former framues the marker cluster frames were determined
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(anatomical calibration). Since no pin-markersua pelvic-bones were available, the orientation of

the pelvis anatomical frame could not be tracketlwas thus assumed constant during movement.

3.1.1 STAs and reconstructing hip and knee joint kinersati

For bothex-vivoandin-vivo datasets, the pose of each pin-marker clustel izzae was estimated
using the singular value decomposition approacln{@ampi et al., 2014; Sdderkvist et al., 1993).
Using anatomical calibration parameters, a riggghd¢formation of the latter frames into the relevant
anatomical frames was carried out (Fig. 3.1).

Hip and knee joint angles were estimated usingréhevant anatomical frames and the Cardan
convention (Grood and Suntay, 1983). As mentiorregdlipusly, pelvic rotations were not available
for the in-vivo data, thus the hip joint kinematics was represkate the orientation of the thigh
anatomical frame with respect to a translating ipeanatomical frame. Considering pelvic rotations
in the global frame during running within a rangel® deg (Novacheck, 1998; Schache et al.,
2002), the latter figure may be considered to ke éhror engendered by the above-mentioned

limitation.

Figure 3.1 -Ex-vivo(a) andin-vivo (b) experimental set-ups. The pin-marker clustes skin-markers and
the calibrated anatomical landmarks (black dots)iadicated. The specimens’ maximum thigh diaméter
in Fig. a) and the thigh anatomical frames are midizated.
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The position vector of each skin-marker was represkin a frame with the same orientation as the
femoral anatomical frame, and the origin of whichswthe position of the marker during upright
posture. The time series of the components of thesgion vectors represented the measured STA
(). The root mean square value over time of the oredsartefact components (rmgmvas

calculated for each trial.

3.1.2 Model calibration and model feasibility assessment

The model was calibrated using the data provide@dmnh of the three g, FEy, FE¢, and Ci

trials for each specimen, and by each of the fidetials for each volunteer.

In order to assess the feasibility of the modehigecture, the similarity between the estimated and
the measured STA time histories was determineds Whas done using the root of the SERsK),
expressed as a percentage of the rmemsr%) and Pearson’s correlation coefficiend @t the

end of the calibration process.

In order to ascertain the impact of the artefactsed by soft tissue mass wobbling and taking into
account the typical oscillating nature of this Sd&nponent, the time histories of the measured and
estimatedn-vivo STAs, resulting from the calibration procedurereveepresented in the frequency
domain. After removing the mean value and havirrg padded the data series to 512 samples, the
relevant power spectrum density functions, theltotean power and the mean powers in the
frequency bands 0-5 and 5-10 Hz were estimatedgpyyiag a fast Fourier transform to the
relevant autocorrelation function. It should be bagised that, since data collected were positional,

it was unlikely for any significant frequencieshie detected beyond 10Hz.

3.1.3 Generalizability of the STA estimate

In order to assess the generalizability of a gisebject- and marker-specific calibrated model, the
STAs generated by movements (test trials) thaetf from the calibration movement (calibration
trials) were estimated. This assessment could belydone using thex-vivo data. The joint
kinematics observed during thhevivo running experiments showed considerable simiéiand

were hence unsuitable to test model generalizgbilit

Two trials, one Fhx trial and one Ciy trial, were selected as calibration trials becatiszy
involved most of the available degrees of freedowi@ wide movements both at hip and knee and
thus were able to accommodate a large variety ddbmasks. Amongst the trials of each group, we

chose the trial displaying rotation ranges closestlevant median values. For each specimen and
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marker, both calibrated models were used to estitat STA generated during the remainingFE
and Cig test trials and during the three F&nd FK trials.

The similarity between the above-mentioned esticthad@d measured STA component time
histories was assessed using the rms value of difeerence expressed as percent of the rginsm

(root mean square error: rg%@, and the associated correlation coefficieg).(r

In order to provide quantitative information on tlkigference between the calibration joint
kinematics and test trial joint kinematics, thegeertage ratio between the peak to peak values of
the two joint kinematics time serieS,] and the relevant correlation coefficienj (were calculated

for each joint angle.

3.1.4 Statistical analysis

Descriptive statistics of the eligible quantitieerey obtained using the five-number summary
technique (minimum, lower quartile, median, uppearjle, and maximum). Lower and upper

guartiles were used to calculate the inter-quardifege (IQR).

3.2 Results

3.2.1 Range of joint movement

The overall characteristics of the movements aedlys both the specimens and the volunteers are
provided in Table 3.1. Table 3.2, which deals veixtavivoexperiments only, displays the ranges of
parameters used to quantify the difference betwhenjoint rotations occurring during the two
selected calibration trials, and those occurringrmduthe test trials. This data reveals differences
angle time histories during test trials with notyothe expected differences in both amplitude and
shape compared to calibration trials of a diffeygattern, but also exhibiting remarkable difference
within each pattern. This information is fundaméntahen assessing model parameter

generalizability.

Angle

[deg] FEnk FE4 FEk Ciry RN
a 54.1 (20.5) 45.3 (9.4) 6.2 (3.0) 45.5(10.6) 47.0)8
b 7.6 (1.8) 3.7(4.2) 2.8 (1.4) 28.1(9.5) 8.4 (0.5)
g 15.3(7.1) 9.0 (3.3) 2.4 (5.3) 14.3 (8.6) 6.4 (1.9)
d 101.8 (34.5) 2.4 (5.0) 28.3 (20.8) 2.5(4.7) 30.4.7)

Table 3.1 - Median and IQR (in brackets) values of the hip &née angle ranges for the different
movement patterns analysed. Descriptive statistassperformed over all trials and specimens/volenste
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3.1.1 Amplitude of the soft tissue artefacts

The statistics of the STA components measured guha trials of the four movement patterns of
specimens and the running trials of volunteershosvn in Figs. 3.2 and 3.3 respectively.

The general characteristics of artefact componenlitudes were consistent amongst specimens
and volunteers. The artefact time histories eximppitrmsm values lower than 0.5 mm were
considered too small to allow their reliable measuent and estimate. The parameters derived from

these time histories were therefore excluded fristatistics reported below.
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Calibration trial: FE .«

FE FE4 FEk Ciry
la D Fa D Fa D la D
Angle %] [%] [%] %]
a 0.74-099 95-109 0.13-099 65-97 0.06-0.94 7-18 0.56-0.83 69-187
b -006-049 31-151 -073-074 12-122  _069-0.37 25-73 -0.52 -0.67 306 —530
g 024-083 58-107 -028-081 33-63  -045-0.88 4-45 -0.46 - 0.82 68— 118
d 0.75-099 98-104 -0.73--006 1-5 0.09-095 20-45 -0.52-0.25 1-6
Calibration trial: Cir 4
FE FE4 FEx Ciry
la D Fa D Fa D la D
Angle %] [%] [%] %]
a 0.45-0.87 118-151 -0.41-0.87 81-116 -0.27-069 9-22 0.19-0.99 85-107
b -087-059 8-34 -0.79-0.77 3-29 -0.76-0.48 6-16 -0.06 —0.99 89 - 116
g -079-082 65-148 -0.76-0.02 37-87 -0.65-0.35 5-43 0.29-097 82-128

d -0.52-0.551717-5779 -0.46-0.78 32-92 -0.48 - 0.56 565—-1351 -0.36-0.93 54-140

Table 3.2 -Ranges of the correlation coefficieny) (oetween rotations during a given test trial andrdy the
indicated calibration trial, and percentage vaklsges of the former in relation to the latter iotapeak-to-

peak values (y). These ranges were calculated over all specina@dstest trials, for the four ex-vivo
movement patterns analysed.

Figure 3.2 -Box-plots (minimum, lower quartile, median, upp&mradile, and maximum) of the root mean
square values of the measured STA components (rmsammponent in light grey, y in white, and z iarkl

grey) for each specimen (S), as determined oveskallmarkers and the three FEHK (a), FEH (b), REK
CirH (d) trials, respectively. Outliers are als@waim.
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Figure 3.3 -Same as in Fig. 3.2 but with reference to the velers (V) and the five RN trials.

3.1.2 Model calibration and architecture feasibility assenent

The model parameters resulting from the calibratittrat used the three RE FEy, FEc and Cig
trials for each specimen and the five RN trialsdach volunteer were calculated. These values for
one trial of the FRx and the Cif movement patterns for each specimen and an RNofrieach
volunteer are shown in Tables 3.3, 3.4, 3.5, raspdy, together with the characteristics of the
relevant movements (Figures 3.4, 3.5, 3.6).
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S1 S2 S3
markers
x -019 0.12 -0.28 0.14 1.04 -198 -140 -0.11 -0.01 008 -045 0.12
L1 y -005 030 028 -0.18 019 -0.44 -0.26 -0.08 038 -061 -0.05 -0.29
z 019 038 011 0.07 0.01 -0.08 -054 0.08 0.14 -0.05 -0.26 -0.08
x -032 -021 -027 0.27 110 -2.16 -1.20 -0.14 -0.06 049 -022 0.13
L2 y -017 004 027 -0.08 0.26 -0.44 -0.02 -0.12 0.09 -040 0.12 -0.14
z -0.05 032 011 -0.04 -0.06 -0.10 -0.39 0.09 010 014 -0.20 -0.06
x -038 0.13 -0.27 0.32 087 -1.90 -0.87 -0.09 057 033 -0.38 048
L3 y -003 -003 024 -013 0.46 -0.48 0.32 -0.24 028 -021 025 -0.24
z -022 020 -011 0.11 0.07 -0.18 -0.38 0.05 -0.06 -0.02 -0.13 0.04
x 0.00 -0.22 -0.24 0.09 0.11 -1.14 -0.37 0.09 -0.95 035 -052 0.69
L4 y -002 011 023 -012 0.08 -030 0.31 -0.07 020 -0.74 0.03 -0.18
; -008 -015 000 0.07 0.09 -060 -0.15 0.04 0.04 -001 0.06 -0.05
x -0.49 -0.40 002 0.32 0.47 -1.07 -050 -0.06 -0.24 025 -0.09 0.20
Al y -044 055 038 0.07 0.10 -0.44 -0.29 -0.05 015 0.01 0.13 -0.25
z -005 -0.36 008 0.02 063 119 070 0.03 033 021 025 0.09
x -0.46 -0.36 000 0.34 039 -1.30 -0.44 0.01 031 029 -002 0.24
A2 y 002 046 040 -0.17 -0.35 045 025 0.04 0.07 -001 0.13 -0.17
z -020 -0.06 014 0.06 050 069 087 0.05 -0.15 -0.39 017 -0.01
x -029 -025 009 0.22 0.24 -0.46 -0.20 -0.05 -0.37 025 -0.16 0.30
A3 y 005 057 028 -0.22 -0.38 045 041 0.00 0.16 -0.10 0.05 -0.18
z -012 -008 015 0.01 -0.05 -024 051 001 018 -0.10 0.26 -0.20
x -0.13 -0.24 002 0.08 0.00 -0.36 -0.18 0.00 042 010 -022 0.29
Ad y 005 025 009 -0.32 046 081 034 -0.06 022 -031 -0.10 -0.24
z 022 -056 013 0.16 0.08 -0.15 0.24 -0.01 040 -056 0.31 -0.32
x -169 -0.86 060 0.72 098 -026 215 0.8 213 -0.34 042 117
M1 y -015 084 034 -0.01 -0.76 1.42 066 0.17 051 021 0.00 -0.23
z 031 014 003 015 056 -1.10 -052 -0.13 012 024 0.07 -0.11
x -1.05 -0.43 004 064 -1.05 002 158 0.33 145 036 021 088
M2 y -001 041 022 -0.09 -0.63 123 025 0.14 043 -0.02 -0.06 -0.24
z 024 000 006 -0.14 0.04 -038 0.05 0.01 012 0.02 0.05 -0.10
x -0.89 -0.81 -0.24 0.63 066 -0.71 094 035 -1.18 -071 -0.03 0.78
M3 y 020 035 015 -0.21 051 112 029 0.05 058 0.04 -0.03 -0.35
z 019 016 019 -0.14 -0.09 -031 019 0.07 032 -010 0.06 -0.22
x -058 -0.89 -0.11 0.42 0.00 -1.15 032 0.16 -0.76 -0.86 -0.06 0.47
M4 y 020 044 014 -0.25 054 1.43 029 -0.01 051 015 -0.12 -0.37
z 010 000 013 -0.07 025 -009 032 015 033 -049 -0.07 -0.21

Table 3.3 — Ex-vivo experimental data. Subject- and trial- specificdaloparameters

[mm/deg],c = X, y, z (anatomical axes: Fig. 1a) for the thgpecimens S1, S2, and S3. The calibration trials
were selected among the [kBrials available for each specimen (joint kinemsitis depicted in Fig. 3.4).
The locations of the twelve skin markers are showfig. 3.1a.

Figure 3.4 — Joint kinematics time histories (hip: flexionie:xsion, , abduction/adduction, ,
internal/external rotation, knee: flexion/extension,) during the selected Rk trial for each specimen (S1,
S2, S3).
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S1 S2 S3
markers
x 030 -056 -0.87 3.30 0.26 -0.60 -0.77 3.47 -0.17 -021 -0.82 113
L1 y -005 -065 -0.62 147 0.17 -0.34 -021 244 015 0.00 115 124
z -005 029 034 -1.27 0.12 -0.35 -061 1.65 -0.16 0.03 002 059
x 017 -0.77 -064 271 0.12 -0.26 -0.35 0.70 -0.37 0.13 068 234
L2 y 005 -043 -066 223 0.16 -0.16 -0.14 1.14 -0.03 010 053 047
z -003 012 022 -0.90 0.07 -0.20 -0.40 0.78 -0.14 005 020 0.85
x 013 -0.58 -055 1.56 0.05 -0.10 -0.15 0.42 -0.28 0.17 084 234
L3 y 006 -021 -043 147 0.10 -0.06 -0.07 0.86 0.10 0.07 018 -0.01
2z 002 000 017 -0.10 0.08 -0.14 -0.26 0.90 -0.10 0.04 030 0.65
x 0.05 -0.16 -0.06 0.23 0.01 -0.10 -0.01 -0.32 -0.17 011 054 134
L4 y 003 -005 -015 0.76 0.05 0.00 -0.03 0.44 019 001 -014 -0.50
;z -001 006 018 0.3 -0.08 010 0.28 0.06 012 013 035 1.04
x -0.02 -0.12 -018 1.31 0.11 -0.15 -0.26 1.37 0.01 0.03 004 0.29
Al y 005 -025 -055 1.93 0.02 -0.16 -0.01 1.38 -0.15 -0.01 012 0.62
z -018 060 072 -1.88 -0.25 015 023 -0.14 -0.10 -0.04 021 -0.27
x 0.00 -0.05 -0.05 0.50 0.01 -0.04 -0.04 0.18 0.00 0.06 008 0.22
A2 y 007 -027 -049 156 0.07 -0.10 -0.05 0.94 -0.04 002 015 0.32
z -013 055 0.60 -1.15 -0.10 0.23 0.09 052 -0.07 0.08 011 0.3
x 001 -010 -0.14 041 0.03 -0.09 -0.02 0.39 -0.02 004 020 0.32
A3 y 007 -023 -045 134 0.07 -0.08 -0.07 0.56 0.06 0.00 005 0.03
z -009 043 049 -055 -0.06 0.15 0.15 1.20 -0.03 0.07 -004 0.14
x -0.02 004 0.06 -0.06 0.01 0.00 -0.18 -1.84 -0.02 004 013 0.00
Ad y 006 -013 -024 062 0.06 -0.04 -0.10 0.23 0.14 0.00 -011 -0.20
z -005 018 021 024 -0.02 0.14 -0.01 -0.10 0.01 011 -0.05 0.43
x -042 -038 -0.32 445 -0.49 028 032 9.25 024 038 053 224
M1 y 004 037 -005 033 0.06 012 -004 -0.29 035 0.04 -029 -0.33
;z -013 011 0.03 055 0.06 -0.27 -0.08 -0.69 -0.12 010 005 -0.54
x -0.18 067 098 152 -0.24 047 0.28 3.65 -0.09 030 045 2.28
M2 y 008 -012 -032 011 012 -0.09 -0.14 -0.18 021 0.00 -0.24 -0.38
2z 002 003 004 -056 0.01 0.03 -0.03 -0.77 -0.01 009 003 -0.19
x -0.10 057 081 0.25 -0.12 031 0.15 1.65 -0.01 016 025 2.00
M3 y 007 -019 -035 042 0.09 -011 -0.12 0.05 0.20 -0.04 -0.31 -0.71
z 003 -013 -018 0.00 0.00 0.08 -0.01 -0.46 0.03 0.03 -0.06 -0.16
x -0.04 016 016 0.18 -0.05 0.15 0.03 0.45 -0.03 010 012 115
M4 y 005 -011 -018 0.22 0.08 -0.06 -0.09 0.29 0.22 -0.05 -0.35 -1.02
2z 000 009 019 058 0.00 0.06 -0.01 0.24 0.02 0.05 -003 0.27

Table 3.4 — Ex-vivo experimental data. Subject- and trial- specificdeloparameters

[mm/deg],c = x, y, z (anatomical axes: Fig. 3.1a) for theeehspecimens S1, S2, and S3. The calibration
trials were selected among the Cirials available for each specimen (joint kinermstis depicted in Fig.
3.2s). The locations of the twelve skin markersséi@wn in Fig. 3.1a.

Figure 3.5 — Joint kinematics time histories (hip: flexiontiexsion, , abduction/adduction, ,
internal/external rotation,; knee: flexion/extension,) during the selected Gittrial for each specimen (S1,
S2, S3).
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V1 V2 V3
markers
x -0.61 514 -1.18 0.60 -0.29 330 -042 -0.21 022 146 -1.03 061
T1 y 032 -151 040 005 -0.25 -0.36 -1.06 -0.06 -0.14 -0.93 -0.97 0.06
z 013 -1.92 048 -0.17 021 -0.77 0.46 0.49 -0.20 -0.37 -0.88 -0.01
x -049 278 025 -0.01 0.03 051 015 -0.16 0.04 -053 -052 0.04
T2 y 017 -156 068 0.04 -0.13 -0.83 -0.88 0.08 -0.08 -1.38 -0.84 0.06
z -001 -006 -011 0.07 -0.02 -0.35 0.10 0.07 -0.15 0.19 -0.82 0.04
x 072 -230 -196 0.34 -0.11 162 -050 -0.17 020 -116 235 -0.02
T3 y -024 -193 134 -043 -0.19 -347 -002 -0.05 -0.62 -1.88 -221 -0.05
z 111 -672 -025 -0.48 043 -411 0.63 0.23 0.06 -3.33 204 -0.81
x 042 -255 -0.64 -0.30 011 0.19 -0.70 -0.15 030 -217 220 -0.37
T4 y -031 -114 187 -0.21 010 -324 011 0.17 029 -245 204 001
z 033 -220 068 -0.39 029 -276 -014 0.11 022 -342 147 -0.89
x -0.14 -040 091 -0.30 0.03 -021 032 -0.11 0.14 -2.05 0.74 -0.30
T5 y 052 135 194 0.34 0.14 -1.92 -0.09 0.45 -0.14 -245 -163 0.04
z -005 -059 068 -0.36 -0.05 -1.07 -056 -0.04 0.02 -1.94 -0.02 -0.56

Table 3.5 — In-vivo experimental data. Subject- and trial- specific slogarameters

[mm/deg],c = X, y, z (anatomical axes: Fig. 3.1b) for theethwolunteers V1, V2, and V3. The calibration
trials were selected among the RN trials availdbteeach volunteer (joint kinematics is depictedrig.
3.6). The locations of the five skin markers arevamin Fig. 3.1b.

Figure 3.6 — Joint kinematics time histories (hip: extendiemion, , abduction/adduction, ,
internal/external rotation,; knee: flexion/extension,) during the selected RN trial for each voluntéét,(
V2, V3).

The time histories of the measured artefact compisrend of the relevant estimates of a marker, as
provided by the calibration problem solution, ahe@wn in Fig. 3.7 for a Rk trial of a specimen
and an RN trial of a volunteer. This figure shoWws bscillating components present in the curves
obtainedin-vivo, as opposed to those obtairedvivo,that may be associated with the soft tissue
wobbling occurring during running. In addition,céin be seen that the estimatedivo STA does

not exhibit these oscillations. Quantitative asp@ftboth issues are reported below.
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Figure 3.7 - Measured (thick line) and estimateottétl line) STA components in the femur anatomical
frame (X, y, z in Fig. 3.1) of marker Al of S1 awfdmarker T5 of V3 during a trial of F (a) and a trial of
RN (b), respectively. The relevant correlation iogfnts () and the rms#o values are also shown.

The statistics for alkex-vivo and in-vivo trials of the residual values of rrg#r and of ¢ after

calibration are reported in Table 3.6.

FEnx FE, FEx Ciry RN

rmsr % re rmsr % re rmsr % re rmsr % re rmsr % re
x 17(11) 0.97(0.04) 5(7) 0.99(0.02) 6(7) 0.99(0.03) 24 (14) 0.96(0.08) 14 (17) 0.95(0.14)
y 11(12) 0.98(0.03) 5(5) 0.99(0.02) 5(6) 0.99(0.03) 20(17) 0.96(0.05) 15(9) 0.98 (0.03)
19 (14) 0.93(0.08) 9(7) 0.97(0.04) 11(10) 0.96 (0.06) 27 (14) 0.94(0.07) 20 (24) 0.95(0.11)

Table 3.6 -Model calibration residuals. Median and IQR (iadkets) values of the rmy%s and Pearson’s
coefficient (¢) for the different anatomical axes (X, y, z: F&l), calculated over all markers and all
specimens’ Fg, FEy, FE¢, and Cip, trials and volunteers’ RN trials, respectively.

The power density spectra of the measured and &stinSTA components affecting a given
marker, as observeek-vivqg had very similar profiles. Over 99% of the meawpr of both the

measured and estimated STAs was consistently aatbe frequency range 0-5 Hz.

In thein-vivo experiments, the measured artefact exhibited pibalksended to be higher than those

of the estimated artefact, and shifted towardsdrigtequencies (Fig. 3.8, Table 3.7). On average,

73% of the mean power of the measured STA compeneas in the frequency range 0-5 Hz, and
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21% in the frequency range 5-10 Hz (Table 3.7). Thean power of the estimated STA

components was mainly concentrated in the frequéacyl 0-5 Hz (89% on average). In the latter
band, the measured and estimated power spectradéade very similar in both shape and mean
power. In fact, the median values and inter-quartinges (in brackets) of the difference between
the mean powers of the measured and estimated SiBtexmined across all volunteers, markers
and trials, and expressed as a percentage of the pwaver of the measured artefact, were found to
be equal to 11% (30%), 4% (10%), and 5% (16%)tHerx, y, and z component, respectively.

Figure 3.8 -Power spectral density of the measured (thick Jiaesl estimated (thin lines) STA components
in the femur anatomical frame (X, y, z in Fig. 3o1}he same volunteer, marker and trial as in &ig.

frequency estimated STA [%] measured STA [%]
band <5Hz 5- 10 Hz <5 Hz 5-10 Hz
X 87 (20) 10 (13) 58 (26) 31 (26)
y 90 (7) 7(5) 84 (7) 12 (8)
z 90 (9) 7(7) 76 (17) 21 (16)

Table 3.7 -Mean power in the indicated frequency bands, incpet of the relevant total mean power, of the

measured and model estimated STAs usingitkévo dataset. Median and IQR (in brackets) values
estimated over all trials of all volunteers and keas for each anatomical axis.
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3.1.3 Assessment of model generalizability

Results on the similarity between the measaredi estimated STAs, obtained through the proposed
model calibrated using two different calibrationvament patterns, showed that when movement
patterns of the test and calibration trials weréetgnt, estimates were normally of low to bad
quality, thus hindering generalizability. On thenttary, when the test and calibration trials
exhibited the same movement pattern, this simylavias high for the shape of the relevant curves
(correlation coefficient around 0.9 on average), honetheless subject to remarkable variations
(rmse% values that could be as high as 100%) with regatte absolute values (Table 3.8). This
was the case when the two joint movements invo({eatibration and test trials) had rather different

time histories (i.e a low correlation coefficieat)d rotation ranges (Table 3.2).

FEnk Ciry
rmse% M ec rmse% lec
X 51 (39) 0.88(0.11) 54 (36) 0.93(0.15)
y 42 (54) 0.97 (0.06) 54 (56) 0.93(0.10)
z 49 (42) 0.86(0.21) 50 (34) 0.89(0.12)

Table 3.8 -Median and IQR (in brackets) values of the rf#sand Pearson’s coefficientJjrbetween the
measured and estimated STA components (X, y, 2,319, over the R and the Cij test trials and all
markers and specimens. Estimates were obtained) wsimodel calibrated using a trial of the same
movement pattern as the test trial.

3.2 Discussion

This study proposes a mathematical model of the,30Aa selected marker location on the thigh
of a given subject, which estimates the artefaotmnents in a bone embedded anatomical frame
as a function of the hip and knee joint rotatiomat toccur during the execution of a motor task.
Based on the outcome of previous studies (Akbarskahal., 2010; Cappozzo et al., 1996;
Camomilla et al., 2013), a linear relationship kesgw artefact components and the proximal and
distal articular angles was hypothesised. The aggamthat the STA depends only on joint angles

entails that only the portion of the artefact ganed by skin sliding was accounted for.

A previously published model estimated the STA,agated during a 3-D movement of the thigh
relative to the pelvis with the knee kept statign@nip joint centre determination using the
functional approach), as a function of the hip j@ngles (Camomilla et al., 2013). This movement
is quasi-static, involving no impacts and few bagment volumetric deformations. Under these
circumstances it was deemed acceptable to asswanskim sliding was the major determinant of
the STA. The model presented herein aimed to estith@ STA during bi-articular movements, as

occurs in locomotion. Under these conditions, theva-mentioned assumption was not a foregone
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conclusion. Soft tissue wobbling and deformations tb muscle contraction come into play. Thus,

the question was posed whether skin sliding wotilidoge the major determinant of the STA.

3.2.1 Model feasibility

It proved possible to calibrate the proposed mdx¢h ex-vivoandin-vivo. Using all calibration
movement patterns tested, the rms value of theuabkbn the artefact estimate was, in most cases,
lower than 25% of the measured counterpart. The tmstories of the estimated and measured
artefacts were also remarkably similar in shapendisated by high correlation coefficient values
(median value always higher than 0.93; Table 3. each calibration movement involving
relatively small and planar joint rotations ((FEFE<), the above-mentioned figures had better
values. During the running experiments, althoughtron ranges were similar amongst all trials, the
performance of the model was not as good. Thisdctwal due to both inaccuracies in the hip
kinematics reconstruction and to artefact causdsanoounted for by the model, as discussed
below. When rotations were very wide and/or ouplahe (FEk, Ciry), the rmsg and correlation
values worsened, but the resulting dissimilarigé did not obscure the major features of the
artefact time history (Table 3.6, Fig. 3.3). Thile conclusion is that the linear model architextur

is feasible, and, more important, this is alsodhsan-vivo.

Based on the good results obtaineerivo with a model that accounts only for the portionttod
artefact generated by skin sliding, it may be dedutat this is the major cause of the artefact and
that thigh deformation due to muscle contractiod gravity, and soft tissue wobbling (limited to
non-obese subjects), have minor roles. This infexamas reinforced by the results of frequency
analysis, when soft tissue wobbling comes into pe found that virtually all the estimated
artefact’'s power fell within the 0-5 Hz frequencgniol (89%; Fig. 3.8, Table 3.7), and that, in the
same frequency range, the mean power differed ftsnmeasured counterpart by only 7% on
average. Joining together the facts that a) thenattd artefact represents only the skin sliding
portion, b) the 0-5 Hz frequency range covers witjuthe entire estimated artefact and anything
correlated with voluntary movement, and c) in tliexquency range, the estimated and measured
artefacts are very similar, we may conclude thasetaicontraction and gravity add very little to the
artefact caused by skin sliding. The measuredautefot reconstructed by the model fell within a
higher frequency band (5-10 Hz) that could onlyaseribed to soft tissue wobbling. This portion
accounted for a relatively small part of the totedan power (on average, 13%; Table 3.7) and can
thus be regarded as a secondary cause of thecarfBfi@se considerations are based on plausibility,

but not on evidence. To the authors’ knowledgedaia directly applicable to the present case are
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available in the literature. Related studies, ict,fdid not investigate thigh tissue wobbling dgrin
running and, in addition, used accelerometers lathto the skin, thus detecting higher frequencies
than could possibly be the case with stereophotogretry (Enders et al., 2012; Wakeling et al.,
2003; Wakeling and Nigg, 2001). However, in Wakgland Nigg (2001), there appear to be clues
indicating that the frequency band of soft tissueblling consequential to the lower limbs
impacting the ground, as in running, may include $110 Hz frequency range as found in the
present study.

The above-illustrated conclusions on the feasybibf our model architecture mean that the

proposed model can be embedded in a skeletal kimemsmastimator. This can be done by

representing the marker position vectors as théafact-affected measured values minus the STA
vector analytically represented through the progasedel (Alexander and Andriacchi, 2001). Of

course, this adds further parameters to the opaitioiz problem inherent in the estimator, which

could pose a convergence problem. For this reastadjes are being carried out to represent the
artefact affecting the cluster of markers in a sptmat exhibits the least number of dimensions
possible, in order to minimize the number of par@rsein the STA model (Andersen et al., 2012;

Dumas et al., 2014a).

3.2.2 Model generalizability

After excluding the possibility of applying a modsllibrated for a given marker location to other
locations, or for a given subject to other subjdétkbarshahi et al., 2010; Leardini et al., 2005;
Peters et al., 2010), we investigated the isswehether a subject- and marker-specific model could
be used to produce a realistic artefact engenddueishg a test movement different from the
calibration movement. Results on generalizabilitpvged that our model’'s estimated STA time
histories displayed basic characteristics that, rwlwempared with those of the measured
counterpart, make them appear realistic. This waginly true with the shape of the relevant
curves, less true with regard to the absolute alireaddition, this generalizability was valid whe
the test movement was characterized by joint tatidiffering from those used for calibration up
to £10% or £50% in amplitude for the larger and Kengoint rotations, respectively (Table 3.2),
provided the two movements involved were charanteriby the same pattern (either a prevailing

flexion-extension of both hip and knee or hip cmzluction with knee flexion).

Thus, within the limits above indicated, the artéfame histories generated by our proposed
mathematical model can be used in simulations Ff& tomparative assessment of skeletal

kinematics estimators (Cereatti et al., 2006), eadt of arbitrary STAs such as those used in
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previous studies, (e.g., Andriacchi et al., 199&g@ et al., 2007; Dumas and Cheze, 2009;
Halvorsen, 2003; Lu and O’Connor, 1999; Reinboklet2005).
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4. Chapter 4

The content of this chapter is referred to thecketi

‘GENERALIZED MATHEMATICAL REPRESENTATION
OF THE SOFT TISSUE ARTEFACT”

Published in Journal of Biomechanics, 2014, 47425-481.
Additional information are also presented.

body segment 1, 2, 3, ...)
skin marker . /04

k sampled instant of tim& € 1, ...,n)
2,'3- STA vector of the skin marké¢glued on the segment
4, 3- STA field of the segment
»  §'3-6; model
o C - .
E 6 ; mode direction
@& i3 mode amplitude
: modal deformation energy
8 energy percentage
9, total deformation energy
" number of modes that contributes to representengiv
; weighted STA field
4, 3- residual STA field
® _ FE flexion/extension
< £ AA abduction/adduction
L3 IER internal/external rotation
@ 2 ™ medio/lateral
S © AP anterior/posterior
PD proximal/distal
STA soft tissue artefact
o RMS root mean square
> AF anatomical reference frame
‘_g PCA principal component analysis
s SVD single value decomposition
E MD individual marker displacements
o . .
=z GT marker-cluster geometrical transformations
SV skin envelope shape variations
RD row data
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RASIS  right anterior superior iliac spin
LASIS left anterior superior iliac spines

[ % RPSIS  right posterior superior spines

E O LPSIS I_eft po_stgr_ior superior spines

'c% RHJC right hip joint centre

c:'5 E RLE right lateral femoral epicondyles
Lé L RME right medial femoral epicondyles
% RLM right lateral malleoli

< % RMM right medial malleoli

2 RHE  right head of the fibula

RTT right tibial tuberosity

4.1. Introduction

“Soft tissue artefact” (STA) is the term used i theld of movement analysis to designate the
relative movement between skin markers, as usedu st@reophotogrammetry, and the underlying
bones. These movements affect the configurationhefensemble of markers (marker-cluster)
associated with each bony segment (Grimpampi €2@l4) and may jeopardize the estimate of the
global pose of the bones involved in the analyEisiat kinematics (Leardini et al., 2005; Petets e

al., 2010). To compensate for the STAs engendeueihgla motor task, many different methods

have been proposed (Alexander and Andriacchi, 2@80ittersen et al., 2009; Andriacchi et al.,

1998; Ball and Pierrynowski, 1998; Cappello et B097; Challis, 1995; Chéze et al., 1995; Dumas
and Cheze, 2009; Duprey et al., 2010; Heller et28i11; Lu and O’Connor, 1999; Lucchetti et al.,

1998; Soderkvist and Wedin, 1993), but an effectiofaition still remains an open issue.

Efforts have been made to describe the STA phenomevith the final objective of defining

mathematical models of it that can be embeddedtimal bone pose estimators (Alexander and
Andriacchi, 2001; Camomilla et al., 2013) or in@ithms aimed at estimating the location of joint
centers using a functional approach (de Rosarad.£2012). Given the subject and task specificity
of STA, these models should be driven by observalimechanical features of the analyzed task,
such as, for instance, joint angles. In additioor &n optimal bone pose estimator to be
computationally effective and efficient, the STA debmust embed as few parameters as possible.

Prior to tackling the above-mentioned modeling eiser, an appropriate definition of the STA and
relevant mathematical representation must be ch@ea issue to consider is whether to represent

the STA as individual marker local displacements,wadely done in the literature, or other
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definitions. Additional issues concern the level abproximation of the STA mathematical

representation and the number of parameters ingdolvéhe representation.

The objective of this paper is to propose a geir@lmathematical representation of the STA that
would accommodate its different possible definisiomo this purpose, a modal approach was used
that, most importantly, allows for the splitting afgiven STA into additive components, called
modes. The modes may be ranked according to thiilmation that each of them gives to the
reconstruction of the STA. Specifically, this ramkiis based on deformation energy and the
percentage of this energy associated with each niodkis way, the STA definition leading to the
minimum number of modes, and, therefore, of pararsgthat provides an adequate approximation
for further purposes can be selected, allowingadetroff between complexity and effectiveness of
the STA model.

For the above purpose, three STA definitions wemmanted for: individual marker displacements,
marker-cluster geometrical transformations, andn sknvelope shape variations. The latter
definition falls into continuum mechanics where 8iEA corresponds to a change of configuration

of some material points from their reference poaitio their current position.

Preliminary quantitative conclusions about the &@e and ranking of the corresponding modes
were drawn for each STA definition using informatiavailable in the literature and experimental
data provided by a previous study (Grimpampi et2014). In addition, also running data were
used to find the most appropriate STA mathematrepresentation evaluating the impact of

different STA approximation on the accuracy of kj@et kinematics estimates.

4.2. Generalized mathematical formulation

An STA vector,2,'3-, is defined to represent the displacement thatskia marker. .

/ 0 ;- associated with the segmean{i = 1, 2, 3, ...) undergoes relative to a relevant bone
embedded coordinate system and a reference poattieach sampled instant of tirkgk = 1, ...,
n) during the analyzed motor task (Fig. 4.1).

The STA of all markers can be represented usingirre field, 4,'3- :

.21'3-
S
473 ~2,'3-
Do
2913

m S NSNS A
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(Eq. 4.1).
This equation represents the STA field with a disi@m (or number of degrees of freedom) 6f;3

This field can be described by any orthogonal bakigectorsE6; F 67 F 6 f@“H that

represents possible directions in space. There#fi@ISTA field 4, 3-, can be written as

G@n
4, 3- ¥3-6 ;
51
(Eq. 4.2),
where ?3- 'l / +0 ;- is the amplitude of the projection 4f' 3- onto the basis vectos, >,
and can be obtained by the following dot product:
g , J
>3- 4 '3- 767
(Eq. 4.3).

In the proposed generalized mathematical formuiaticode designates?3-6 ;.

Figure 4.1 —Framework of the generalized mathematical reptaten of the STA.

4.3. Ranking and selection of modes

The modal representation (Eqg. 4.2) is classicaflgduin the field of structure vibrations, where

deformation energy is computed for every mddend is typically used for data reduction
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(Chatterjee, 2000; Kerschen et al., 2005). Therdsdtion energy, corresponding to each mide

computed as the mean square of the amplitudss, , over then sampled instants of time (Feeny,
2002)

(Eq. 4.4).

The modal deformation energie®, are sorted in decreasing order and summed omewy:e.,

cumulative representation), until a given perceataf the total sum is obtained

(Eq. 4.5).

In Eqg. 4.5,"; represents the number of modes that contributesgioen percentag®, of the total
deformation energyy; (i.e., the energy corresponding to all the motles / +0 ;). With regard
to the present application, the total deformatioergy normalized with respect to the number of

markers (which may be different from one segmerartother) is interpreted as the mean over the

0 ; markers and the n sampled instants of time oéthuare of the STA vector3, '3- :

(EqQ. 4.6).

This energy assumes that a spring of unitary g$nis connected to every skin marker. The origin
of each spring is the reference position of thewaht marker embedded in the segment coordinate
system. lIts insertion is the current skin markesifan as caused by the STA. Based on this
definition, any change of configuration in the merkocal positions4, 3-, including the rigid
transformation of the marker-cluster, is associatgti deformation energy. If required, different
weights can be associated with each marker (naiayrstiffness), by considering a weighted STA
field, : N4 ;' 3-. However, the geometrical meaning of such weightkdnge of configuration

remains unclear. The deformation ener@yjs not representative of the strain in soft essun the

present studyQ9,P0 ; is the root mean square (RMS) of the STA vectgeserally reported in the
literature (Akbarshahi et al., 2010; Leardini et aD05; Peters et al., 2010). Moreover, the sum of
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the squares of the STA vectors, at each samplé¢ahinef time, is the typical objective function of
bone pose estimation methods (Andersen et al., ;2@0®Iriacchi et al.,, 1998; Ball and
Pierrynowski, 1998; Challis, 1995; Chéze et al.93,9Dumas and Cheze, 2009; Duprey et al.,
2010; Heller et al., 2011; Lu and O’Connor, 1998d&kvist and Wedin, 1993).

4.4. Experimentaldata

4.4 1Ex-vivo dataset

Dataset produced in a previous study (Grimpampi.e2014), and also described in secttol.2
were used for a numerical example of the STA gémerh mathematical representation and

practical considerations that can be drawn usiog éx-vivodata.

Data were obtained from skin markers and pin mackesters located on the pelvis, thigh, and
shank of an intact human specimen as shown indE2y.The marker instantaneous positiomg £

5 for the thigh andn, = 4 for the shank) were reconstructed in a gldtahe using a 9-camera
stereophotogrammetric system (VICON MX - 120 frafsesvhile an operator made the hip
undergo a wide flexion-extension movement acconguzhhy a moderate abduction-adduction and,
simultaneously, a knee flexion-extension. Anatoinicaference frames were defined after
performing the anatomical landmark calibration tloe pelvic bone, femur, and tibia (Cappozzo et
al., 1995). The STA vectors, of the thigh and shskik markers, were expressed in the respective

anatomical reference frames.
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Figure 4.2 - Five skin markers glued on the thigh (T) and foar the shank (S) (empty circles). The
following anatomical landmarks (black circles) wesaibrated using a pointer equipped with a cluster
four markers: right and left anterior superiordligpines (RASIS, LASIS), right and left posteriapsrior
spines (RPSIS, LPSIS), right lateral and medial dieth epicondyles (RLE, RME), lateral and medial
malleoli (RLM, RMM), head of the fibula (RHF), artibial tuberosity (RTT). The right hip joint centre
(RHJC) was determined using a functional approachdescribed in (Cereatti et al., 2009) and the pin
markers.

Using the proposed STA generalized mathematicaksemtation, a mode can either stand for the
displacement of a marker in one direction, a gedonattransformation of the marker-cluster, or a
shape variation of the skin envelope. Results iveglato one paradigmatic trial of the above-

mentioned dataset were reported.

The STA deformation energy carried by each mode dedsrmined as a percentage of the total

energy for the proposed STA definitions and for tike body segment analysed. These energy are
represented in Fig. 4.3 in a cumulative fashioriny¢he equation 4.6, the total deformation energy

normalized by the number of markers glued on thevamt segment wet@P0 ¢ = 121.4 mrfi and

9 PO = 4.2 mnf for the thigh and the shank segment, respectively.

4.4.2. In-vivo dataset

Experimental data provided by Reinschmidt et d199() were used. Three male volunteers (age

27.7 £ 2.1 years, mass 85.5 £ 9.6 kg, stature 1806 &m) were equipped with intracortical pins
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inserted into lateral tibial condyle and laterahfal condyle with three markers on each pin. Five
skin markers were glued on the thigh and four engthank. A system of three video-cameras was
used to track marker trajectories (sampling fregyer200 frames/s). Five running stance phase
trials were acquired for each volunteer and antemtdil static trial was captured in the upright

posture. Intracortical pin marker-clusters andlratied anatomical landmarks were used to define
relevant anatomical reference frames (AFs) (Cappatzal., 2005). STA vectors and reference
knee kinematics were determined using intracortmial data during running trials. For each

segment, a STA field4,' 3- was generated.

Knee reference joint angles (flexion/extension, FEBduction/adduction, AA; internal/external
rotation, IER) were calculated at each frame of tiied using the relevant AFs and the Cardan
convention (Grood and Suntay, 1983). Reference kigg@acement components (lateral/medial,
LM; anterior/posterior, AP; proximal/distal, PD) mecalculated with a non-orthonormal projection
on the joint coordinate systeme( the axes about which the joint angles were computédhe
vector going from the center of the epicondyles¢atrated in the reference posture with respect
to the femoral AF, to the same point calibratechwitspect to the shank AF (Desroches et al.,
2010).

4.5. STA ddfinition and interpretation

4.5.1. Individual marker displacements

The first definition of the STA addresses the imdiinal marker displacements relative to a bone-
embedded coordinate system (Akbarshahi et al., ;2Gatnomilla et al., 2009; Cappozzo et al.,
1996; Kuo et al., 2011; Sati et al., 1996; Stagrale 2005; Tsai et al., 2011). This definition is
used, for instance, in the STA models based owltiservation that, during low impact motor tasks,
marker displacements are quasi-linearly correlatétd adjacent joint angles (Akbarshahi et al.,
2010; Camomilla et al., 2013; Cappozzo et al., 19&6a et al., 2014).

For this STA definition, in the generalized mathéoa formulation, the basis of vectors,
E6; F 67 F 6 f@“H is builta priori; the basis vectors, 2, correspond to the columns of

a0 ; by-+0 ; identity matrix:

S F $§
$ Q $ 8 &

6; F 6 F 6;% 2 ¢ ¢ =
$ % $ Q9

$ $ F $
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(Eq. 4.7).

In this case, each amplitudg 3-, represents the displacement of one skin markegabne of the

axes of the segment coordinate system, and acgormtinEq. 4.4,R7; is the RMS of the

displacement over time.

From a ranking perspective, the literature has adlyedemonstrated that the skin marker
displacements are different depending on markealilcation on the segment and anatomical
direction (Akbarshahi et al., 2010; Cappozzo etl896; Kuo et al., 2011; Sati et al., 1996; Stagni
et al., 2005; Tsai et al., 2011). Generally spegkfar the lower limb, skin marker displacements
due to STAs are more pronounced for the thigh thanshank, for markers placed closer to the
joints, but are similar in the anterior/posterigroximal/distal and medial/lateral directions.

Nevertheless, the RMS displacements are not vdfgreint among markers. Therefore, from a
mode selection perspective, every mode may comnéibumilarly to the total deformation energy,

and a large numbet;, of these modes would be required to represenbstantial percentag8, of

the total deformation energ9, (Figs 4.3 and 4.4).

In fact, studies using this STA definition resuli@dSTA models that required a large number of
parameters (Alexander and Andriacchi, 2001; Canlareil al., 2013). For instance, in a hip joint
kinematics driven model (Camomilla et al., 20133cle amplitude was expressed as a four
parameter linear combination of the three jointlesng , , and ), resulting in a total of 12

parameters per marker:

(Eq. 4.8).

In the numerical example obtained extvivodata, as shown in Figs. 4.3 and 4.4, it can be ted
individual marker displacement along the supemdefior direction (.e., y or longitudinal axis), in
particular for the anterior skin-markers closehe distal joint (T5, S2 and S4), are shown to cause

the largest part of the overall STA in both segrad€about 55%).

When a paradigmatic energy threshold is chosen 95% of the total deformation energy of the
STA occurring in a segment), nine and eight modhesilsl be considered to represent such energy

using the individual marker displacement definition the thigh and shank segment, respectively.
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In order to model the STA of the thighnd{ = 5), as a liner combination of three independent
variables as done in (Camomilla et al., 2013) usiiregequation 4.8, the number of parameters to be

identified would be thirty-six using this definitio

Figure 4.3 —Cumulative deformation energy of the thigh STiA=(3), calculated using the equation 4.5,
expressed in mfrand normalized by the number of markers. The iddiad marker displacement definition
is used. Modes are labelled with marker and, ascigs, axis along which the displacement occurs:
anterior/posterior, x; superior/inferior, y; and drad/lateral, z. The energy threshold,is set at 95% and
shown with an horizontal line.

Figure 4.4 —Cumulative deformation energy of the shank STA @), calculated using the equation 4.5,
expressed in mfrand normalized by the number of markers. The iddal marker displacement definition
is used. Modes are labelled with marker and, ascsigh, axis along which the displacement occurs:
anterior/posterior, x; superior/inferior, y; and diad/lateral, z. The energy threshold,is set at 95% and
shown with an horizontal line.
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4.5.2. Marker-cluster geometrical transformations

The second definition of the STA addresses the agid non-rigid transformations of the cluster of
skin markers. In particular, the following geomedtitransformations are accounted for: translation
and rotation (De Rosario et al., 2013; Sangeuxl.et2806; Sudhoff et al., 2007); translation,

rotation and isometric homothety (Challis, 1995;ijdl987); translation, rotation, homothety and
stretch (Ball and Pierrynowski, 1998; Dumas and2eh@009; Grimpampi et al., 2014). This STA

definition is the foundation of most optimal bonesp estimators (Andriacchi et al., 1998; Ball and
Pierrynowski, 1998; Challis, 1995; Cheze et al939Dumas and Cheze, 2009; Sdderkvist and
Wedin, 1993; Taylor et al., 2005). Rigid transfotima alone typically applies to marker-clusters

mounted on rigid plates strapped to the body segif@angeux et al., 2006; Sudhoff et al., 2007)
and, in this case, only six transformations (thraaslations and three rotations) can be considered

When dealing with the present STA definition, thesis of vectorsE6; F 6 > F 6 f@“H

is built with a maximum of 12 vectord ( / , , three translations, three rotations, three
homotheties and three stretches). Thus, if the eunab skin markers i® #V, the basis is
truncated and only defines an STA subspace. One twagbtain the basis vectors,?, is to
separately apply each of the geometrical transfboms (translation, rotation, homothety, or
stretch) to the positions of all the skin markemsbedded in the segment coordinate system (with

the origin at the centroid of the marker-clusterdasier geometrical interpretation). The 12 ugitar

vectorsW? 'l /- , are first computed:

. ] X5|]’_ Y 5. n ]|. c ] X5|]’_ Y 5. n ]|.

_ ? p %

\/Vf : X 5ll Y 5 n 1 :[ X 5!1 Y 5 n N
? VA ? Z
- ¢ Ie ¢
< X 5"1@A Y " 1@AE X 5"1@A Y 5 n 1@A
(Eq. 4.9),

where

\ ; is the position of the skin markers /0 1~ embedded in the segment coordinate system,

with the origin at the skin marker centroid forieagieometrical transformation;

$ 9
X5 ]$ $/\'| **+__
$ $
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i $ $
X 1% abcd ced” _
$ ced abcd
abcd $ ced
X108 $ " _
ced $ abcd
abcd ced $
X9 ] ced abcd $_
$ $
$ $
XN 1$ $N_
$ 3
_ $ $
X 18 $"_
$ $
_ $ %
X 1$ $7_
$ %
$ 9%
X lc $” _
c $
c $
Xu ] $ $ A B
$ c
$ c
X 1% c”_
$ 3
Y $ $
K 1$mk 1Y ]$ andkRk n 'l VI, -_
$ $ Y
d $,"0 $pc $, and Y  (chosen arbitrarily).
Then, not all vectors obtained are orthogonal, tedbasiss 'l / - is finally obtained

using a Gram—-Schmidt procedure:
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(Eq. 4.10).

In the case of rigid transformation of the markkister, the amplitudes divided by the number of
markers (73- @ ,) are associated with the components of translgtimplacement of the centroid

of the marker-cluster) and attitude vectors (Wogri1994).

From a ranking perspective, the literature hasadyedemonstrated that, for a number of physical
activities (Andersen et al., 2012; Barré et al120e Rosario et al., 2012; Grimpampi et al., 3014
rigid transformations (both translation and rota}i@f the marker-cluster normally represent a
greater portion of STAs than non-rigid transforroat. Moreover, the anterior/posterior and
medial/lateral translations (Sudhoff et al., 20@f)d axial rotations (Sangeux et al., 2006; Sudhoff
et al.,, 2007) seem more important than the otherkenaluster rigid transformations.
Compensating only for marker-cluster translatios been shown to improve the estimation of joint
centers using a functional approach (De Rosaral.e2013). However, only compensating for the
rigid transformations still yields a residual skinarker displacement £3- in the proposed
generalized formulation) of considerable magnitddeng gait, hopping, and cutting (Andersen et
al., 2012). Therefore, it may be necessary to auctms both rigid and non-rigid transformations,
proceeding, however, to the selection of a modeanateber of modes; (eleven and six for the
thigh and shank segment, respectively; Figs. 4cb4a6). Despite a trend for the shank and thigh
marker-clusters to undergo transformations as atifium of knee flexion (Barré et al., 2013;
Sangeux et al., 2006), it is not clear whether ahwplitudes, ?3-, of the rigid and non-rigid
transformations can be simply correlated with joamgles, as in Eq. 4.8, or with other

biomechanical quantities as well.
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Figure 4.5 —Cumulative deformation energy of the thigh STiA=(3), calculated using the equation 4.5,
expressed in mfrand normalized by the number of markers. The marksster geometric transformation
definition is used. Modes are labelled with theevaht transformation (translation, T; rotation, R;
homothety, H; and stretching, S) and, as subscrpis along which the displacement occurs:
anterior/posterior, x; superior/inferior, y; and drad/lateral, z. The energy threshold,is set at 95% and
shown with an horizontal line.

Figure 4.6 —Cumulative deformation energy of the shank STA @), calculated using the equation 4.5,
expressed in mfrand normalized by the number of markers. The marksster geometric transformation
definition is used. Modes are labelled with theevaht transformation (translation, T; rotation, R;
homothety, H; and stretching, S) and, as subscipis along which the displacement occurs:
anterior/posterior, x; superior/inferior, y; and drad/lateral, z. The energy threshofd,is set at 95% and
shown with an horizontal line.
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4.5.3. Skin envelope shape variations

The third definition of the STA addresses the eriderof markers associated with a bony segment
and assumes that the STA field represents the ehaingpnfiguration of a continuumé€., the skin
markers are considered Lagrangian material poiiitsg. modes representing the shape variations
have been previously identified using either eigenomposition (Dumas et al., 2009) or principal

component analysis (PCA) (Andersen et al., 2012).

In the proposed generalized mathematical formutatibe sample covariance matrix, is first

calculated as:

Wy —)(4-1I - F 41I3' F 41l _y)41| - F 41I3' F 4]_l 'yJ

(Eq. 4.11),

and the basis of vectorg6; F 67 F 6 f@“H is computed by a proper orthogonal

decomposition (Chatterjee, 2000; Kerschen et #lQ52 of w;; the basis vectorss 3, are the

eigenvectors of:

7 $ F % %,

-$ Q $ $ % - ]
wla!lstFef@\:?$?i$;;6'1F6§F6f@
-$$ 3 Q ¢
<$ $ F $ 0%

(Eq. 4.11).

Building wy directly from4 ' 3- allows the direct association of the total defdroraenergy9; with
the mean over time of the square of the STA vec®i8- . The deformation energy;, of each

model is the eigenvalue corresponding to the eigenveétprbut Eq. 4.4 can alternatively be used

to determine it.

From a ranking perspective, the literature hasadlyeproposed examples in which an exponential
decrease in the contribution of the ordered modethé representation of the STA occurs. More
specifically, this exponential decrease was obskmehe principal components rather than in the
modes (Andersen et al., 2012), but PCA and prop#rogonal decomposition are equivalent
methods for feature extraction and data reductidhafterjee, 2000; Kerschen et al., 2005). In

addition, it has been shown that four principal poments may represent 95% of the STA vector,
2,'3-, variability during walking (Andersen et al., 2012n other words, a few; modes can
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represent a substantial percent&®egf the total deformation energ¥, (one and two modes for the
thigh and shank segment, respectively). Based isrd#finition, it is likely that an STA model with
a very limited number of parameters can be deveoptowever, such a model requires the
assumption that the basis of vectoE§; F 6> F 6 1G@“H can be identified for each
subject and motor task. Indeed, especially intthirsl class of STA definitions, the computation of
the basis relies on the covariance matnwg,and cannot be built without knowing the STA field

(Eq. 4.11).

Figure 4.7 —Cumulative deformation energy of the thigh STiA=(3), calculated using the equation 4.5,
expressed in mfrand normalized by the number of markers. The skirelope shape variation definition is
used. Modes are labelled with their rank. The endrgesholdp, is set at 95% and shown with an horizontal
line.

Figure 4.7 —Cumulative deformation energy of the shank STA @), calculated using the equation 4.5,
expressed in mfrand normalized by the number of markers. The skirelope shape variation definition is
used. Modes are labelled with their rank. The endrgesholdp, is set at 95% and shown with an horizontal
line.
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4.6. STA mathematical representations: impact on knee kiematics

For each STA definition4,3- was split into additive modes*3-6 3, that were ranked. As a
paradigmatic case, for each definition, a numbemoftles (;) was selected that represented the

95% of the STA deformation energy (Table 4.1) dreresidual STA (5%) fields computég 3- .

Knee kinematics was calculated, through an SVD agogr, using skin marker positions embedding
4,3- (raw data: RD) or4,3- (STA virtually compensated data) associated wiicheSTA
definition (MD, GT, SV). For each of the four kinatits estimates thus obtained, the rms

difference with respect to the reference kinematias calculated (rmse), as shown in Figure 4.8.

STAdefinition:
Segment MD GT SV
Thigt 11 10 3
Shank 9 6 2

Table 4.1 —Medianr; values of modes for each STA definition that repre the 95% of the phenomenon.
Statistics performed over five trials and threauntders.

Figure 4.8 —Box-plots (minimum, lower quartile, median, upperdile, and maximum) of rmse values for
knee kinematics (flexion/extensioRE; ab/adduction AA; internal/external rotationlg; lateral/medial,
LM ; anterior/posteriorAP; proximal/distal,PD) obtained withRD (i.e., 4,3-) and each STA definition.
With thick black lines, median reference rms kinemaalues are shown. Statistics performed ovee fiv
trials and three volunteers. Outliers are also show
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4.1. Single ranking of thigh and shank modes: impact oknee kinematics

For each STA definition, the contribution of eachASmode was evaluated. The modes were
ranked according to their relative contributioe.( deformation energy) to the whole phenomenon.
For each segmenmt the deformation energy of each mddeas calculated using the equation 4.4.
The total deformation energy.€., the energy due to all 8 modes) of each segmentwas
normalized by the relative number of markers, This normalization allowed to perform a single
ranking in a decreasing order of both thigh andnkhamodes and the normalized deformation
energies T3P0 ;) were summed one by oniee(, cumulative representation). Ranked modes were
sequentially removed from the respective thighhan& STA field, mode by mode, according to the
relative contribution to the whole phenomenon. Clative deformation energy values of the

ranked thigh and shank modes for the mentioned &Jitions are shown in Fig. 4.9.

Figure 4.9 —Box-plots (minimum, lower quartile, median, upperagile, and maximum) of cumulative
deformation energy, in percentage, normalized leyrthmber of markers and the total deformation gnerg
for the thigh and shank segments, for the rankedesmd@for each trial and volunteer) using the MD, &id
SV definition.

For each definition, residual STA fields were obéal in an iterative way

4'3- 4 /3- 1'3-6;
.4-]_'3' 41 !113_ 1I3' 61
?

Afz@ 3- 4 iGz@:u! 3. fz@ 3-6 162@

(Eq. 4.12)
thus representing an STA residual field with desirggenergy content.
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Knee kinematics were computed from raw da& from 4, 3-) and for each STA definition (MD,
GT, SV) for STA models with increasing level of apgamation,i.e. for residual STA field with a
decreased energy content, as obtained with Eq. W4iag an SVD approach, technical reference
frames were obtained from skin marker-clustets - or 4,3-). To define AFs affected by
residual STA fields, calibrated anatomical landrnsaakd technical reference frames were used to
calculate knee kinematics (Cappozzo et al.,, 2006). each of the kinematics estimates thus
obtained, the rms distance from the reference katesiwas calculated. The effect of the STA field
reduction was represented normalizing the rms nitst@f the STA propagation to knee kinematics

with the rms value of the reference one (RMSE%).

Median RMSE% values, for knee kinematics calculaisthg raw datai.g., from 4, 3-), were
11% (IQR: 7%), 79% (IQR: 60%), 51% (IQR: 14%), Kk, AA, IER knee angles, respectively; for
the same angles, reference median rms values \Bere @hd 5 deg, respectively. Concerning LM,
AP, PD knee displacements, RMSE% median values Wt (IQR: 347%), 118% (IQR: 124%),

238% (IQR: 567%), and reference median rms valere W, 5 and 5mm, respectively.

RMSE% values obtained for the knee kinematics udimg proposed STA definitions and
increasing levels of STA approximation are showikion 4.10-4.12. Results are shown only in the
range from 0% to 100%, assuming that higher RMSEMes would in any case lead to totally

unreliable kinematic estimates.
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Figure 4.10 —Box-plots of RMSE% values for the knee kinematissg the MD definition, removing from
4, 3- the ranked thigh and shank modes.

Figure 4.11 —Box-plots of RMSE% values for the knee kinematisgg the GT definition, removing from
4, 3- the ranked thigh and shank modes.
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Figure 4.10 —Box-plots of RMSE% values for the knee kinematisimg the SV definition, removing from
4, 3- the ranked thigh and shank modes.

4.2. Discussion

4.2.1. STA definitions

The present study categorized the definition of 8¥A into three classes: individual marker

displacements, marker-cluster geometrical transdtions, and skin envelope shape variations. The
decomposition of the STA vector on a basis of gytimal vectors allowed these three classes to be
embedded in a generalized mathematical formulafibe. choice of the basis of vectors can be an
arbitrary combination of the previous decomposgi@n any other basis, on the condition that the
vectors are orthogonal. For instance, some autimre proposed to describe STAs with a marker-
cluster rigid transformation plus some relativeiwdlial marker displacements (Barré et al., 2013;

de Rosario et al., 2012). Furthermore, the basieoforsE6; F 62 F 6 1G@“H for the

second class of STAs aims at representing traaslatbtation, homothety, and stretch although
these transformations are not independent andreequvector orthogonalization (Gram—-Schmidt)

procedure. Nevertheless, the proposed classesc@responding modes) match different possible
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views of an STA that were found in the literatyseint kinematics, linear algebra for mapping, and

continuum mechanics. All definitions are linear.

4.2.2. Ranking and selection of modes

The representation of an STA by mode33-6 3, directly elicits ranking and selection procedures
based on the evaluation of deformation energy.qigh, in the general case, the physical meaning
of the total deformation energy remains unclearaf€&hjee, 2000; Kerschen et al., 2005), in the

present study9,P0 ; represents the mean over time of the square ofSth& vectors,2,'3- .

Therefore, the ranking and selection procedurewallainderstanding of what are the main

contributors to this mean square val@®40 ; is the RMS of the STA vectors generally reported
in the literature). The contribution is quite edsyassess when considering the individual marker
displacements, but becomes not trivial for markester geometrical transformations and skin
envelope shape variations. In the proposed gemedcaformulation9; can be computed in the same
way for any STA definition. For the sake of intefation, this deformation energy,, may be
more convenient than variability as provided by@ARAndersen et al., 2012). Unlike with PCA,

the basis of vector€6; F 67 F 6 f@“H for the first and second class of STA definition

can be built priori or using arbitrary geometrical transformations.(&d, 4.9 and 4.10).

Finally, as the three classes are embedded irathe $ormulation, the modal representation allows
simple interclass ranking (individual marker dig@ments vs. marker-cluster geometrical
transformations vs. skin envelope shape variatidbeged on the use of deformation energy.
Therefore, the choice of the STA definition to bged can be based on the number of modes
required to represent a given percentd8geaf the deformation energ9;. This may translate into a
limited number of parameters involved in the STAd®lo When thigh STAns = 5) are modelled
as a linear combination of three independent visabsing the equation 4.8 (Camomilla et al.,
2013), the number of parameters to be identifieth \&i calibration procedure would be thirty-six
using the individual marker displacements, twemtyrf using the marker-cluster geometrical
transformation, and four using the skin envelopapshvariations. Of course, the number of
parameters indicated above depends on the amodrdrathe position of skin markers located on
each segment, since this define the STA field anddcalso influence how the deformation energy
is distributed.

Concerning the ranking and selection of modes, raéw@®nsiderations can be made based on

published information and the numerical examplevigled here.
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First, the RMS skin marker displacements are ngitlgiordered (Akbarshahi et al., 2010; Peters et
al., 2010). Therefore, a large number of displacemenay have to be selected to build a
representative STA model, as is the case with tleelets already proposed using this STA
definition (Alexander and Andriacchi, 2001; Camdeét al., 2013) that involve®3 modes.

Second, the rigid transformations of the markestglu represent a greater portion of the STA
(Andersen et al., 2012; Barré et al., 2013; Grimpiagh al., 2014). One of the implications of this
greater rigid contribution to the STA is that tHassical least squares bone pose estimators cannot
fully compensate for it (Andriacchi et al., 199&lIBand Pierrynowski, 1998; Challis, 1995; Cheze
et al., 1995; Dumas and Cheze, 2009; Heller eR@lL1; Sdderkvist and Wedin, 1993). In addition,
the non-rigid transformations of the STA cannonkglected (Andersen et al., 2012; Grimpampi et
al., 2014). Therefore, the geometrical transfororetiof the marker-cluster may have to include,
beside the three translations and three rotatedss, homothety and/or stretch. These results shown
a number of parameters which is lower than thostiméd using the individual marker
displacements definition (eleven and six modestterthigh and shank segment, respectively). A
model based on this STA definition has been reggthposed in the literature (De Rosario et al.,
2013).

Third, after skin envelope shape variations havenljgroperly ordered (Andersen et al., 2012), a
low number of them may need to be selected to kmitdpresentative STA model (one and two
modes for the thigh and shank segment, respectivdtywever, currently, no model based on this
STA definition has been proposed in the literature.

Presently, the number and position of skin markspldcements, the number and type of marker-
cluster transformations, and the number and forrekaf envelope shape variations representative
of a given percentag®, of 9; are not fully established and are worth being rd@teed in further

studies.

4.2.3. Towards STA mathematical modelling

The interpretation, in the framework of the geneeal formulation, of the STA definitions reported
in the literature opens the way for new STA modEts. instance, the joint kinematics driven STA
model recently proposed for individual marker disgiments (Camomilla et al., 2013), which uses
an exceedingly high number of parameters, may n@exbended to marker-cluster transformations
or skin envelope shape variations. Moreover, thedahaepresentation (Eq. 4.2) may be
incorporated in single-body (Alexander and Andriacc2001) and multi-body optimization
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ichard et al., , Where t eampltu -, (Or some paramete , as In e=g. 4. can pe
(Richard et al., 2012), where th lituded 3-, ( 1S% as in Eq. 4.8) can b

estimated together with the bone pose. For that,budd the selected basis of vectors,
E6; F 67 F 6 1G@\H without knowing the STA vectorg, '3- , the positions of the skin

markers embedded in the segment coordinate systersisbe obtained by calibration in a reference
posture (Cappozzo et al.,, 1995; Donati et al., 200 by the application of selected arbitrary
geometrical transformations to these positions.il&ity, multiple calibrations (Cappello et al.,

1997; Lucchetti et al., 1998) can be used to eséirttee STA vectors?,'3-, as a function of the

joint angles. Furthermore, the estimation of theAS/Ectors,2,'3-, from the uncorrelated local
inter-marker movements (Camomilla et al., 2009) ¢&n considered a promising alternative

approach.

4.2.4STA reduction and knee kinematics

Identify a STA definition and approximation able goant reasonable joint kinematics accuracy
while using a feasible number of parameters, isafnie aim of this chapter. The selection of a
STA definition and its modal representation allofice a trade-off between virtual STA

compensation effectiveness and number of modes,ishaumber of parameters involved, and,
therefore, mathematical tractability of the bonesg@a@stimator. The GT definition grants for the
best knee kinematics estimate accuracy, but udésrfedes; while the SV definition allows for a

slightly worst accuracy, but uses only 2-3 modes.

In addition, the propagation to knee kinematicsSGiA residual fields with decreasing energy
content was also evaluated for three STA definiothe RMSE% values of the knee kinematics
have been shown to improve, when removing an isarganumber of modes frodh,' 3-, for all

the proposed definitions, but with different desiag patterns. The results shown in the section 4.1
suggest that an appropriate number and type of snooleld be selected by setting a threshold for
the knee kinematics error reduction. To obtain a38% value lower than 10%, all modes (27) are
necessary for the MD definition (Fig. 4.10), whexredeven modes for GT (Fig. 4.11) and fourteen
modes for SV (Fig. 4.12) are sufficient. These nsodpresent 100%, 94% and 99% of the total
STA deformation energy, for MD, GT and SV definitjarespectively (Fig. 4.9). Therefore, MD
definition does not seem to be the most appropnaidal approach to be embedded in bone pose
estimators, exhibiting slower trend and moderateSERA value reduction as the number of modes
increases, as compared to the other two definitidhe latters, instead, allow for an acceptable
trade-off between STA compensation effectivenesd aomber of modes, relative to knee

kinematics accuracy and the number of parametdrs. dpens an interesting scenario for further
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work to be performed by using these latter STA rdgfins in STA models for bone-pose

estimators.
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5. Chapter 5

‘GEOMETRICAL TRANSFORMATION OF A MARKER-
CLUSTER AND ITS IMPACT ON BONE POSE

ESTIMATION”
] skin marker . /[ 0-
k sampled instant of tim& & 1, ...,n)
reference bone position
attitude angle (modulus of the attitude vectern)
{'3- STA vector of the skin markeglued on the segment
4'3- STA field of the segment
©3-6% model
3 6° mode direction
= o 3- mode amplitude
) 9 error in the skin marker trajectories reconstructio
| 3~ STA energy of the cluster rigid motion
| 4~ STA energy of the cluster non-rigid motion
€,}~ amplification factor
rmse root mean square difference between the arteféettafl and reference AF
rmsey root mean square difference between the arteféettafl and reference AF
rmsey root mean square difference between the arteféettatl and reference AF
rmse, root mean square difference between the arteféetiatl and reference AF
STA soft tissue artefa
o PS procrustes superimposition
= GT marker-cluster geometrical transformations
% RM rigid motion
S NRM non-rigid motion
e BPE bone pose estimation
CZJ AF anatomical reference frame
dof degrees of freedom
MCS Monte Carlo simulation
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5.1. Introduction

When the bone pose is estimated using skin magksisa stereophotogrammetric system during
the execution of a motor task, a number of cruprablems arise, among which the soft tissue
artefact (STA) movement with respect to the undeglybone is regarded as the major one.

Effective countermeasures are still to be madeaai (Leardini et al., 2005; Peters et al., 2010).

The pose of a bone is typically reconstructed udiireginstantaneous position of at least three non-
aligned skin markers (cluster), glued on the sedgméinterest, and their trajectories are used as
input for a bone pose estimator. A typical posenedbr is based on simple least squares
minimization, between a cluster model and the mtsi@eous position of the cluster, such as used in
the Procrustes superimposition (PS) approach (Drygdel Mardia, 2002), which is based on the
use of the shape analysis (Bookstein, 1991). Theairdd pose is affected by the real motion
between the skin markers and the underling bonenglthe execution of a motor task, each skin
marker glued on the body segment undergoes a d&spknt with respect to the underlying bone
for the interposition of soft tissue between thebhis motion is position-, task- and subject-
dependent: a generalization of this phenomenonfiieudt (Leardini et al., 2005; Peters et al.,
2010). A sequence of independent geometrical toamsftions can be used to describe the
movement of the cluster with respect to the undeglyone: a translation, a rotation, a change of
size and shape of the cluster. Recently, Dumag.,eR@l4a, using the modal approach marker-
cluster geometrical transformations (GT), descrthess movement with twelve additive and
independent modes. In particular, there are thremdesi which define each geometrical
transformation: translation, rotation, homothetg.( change of size) and stretche(, change in
shape). Therefore, the cluster rigid motion (RM) ba described by the composition of translation
and rotation modes, while the composition of theeoimodes describe the cluster non-rigid motion
(NRM).

Pose estimators are typically based on a PS agp(@appozzo et al., 1997; Sdderkvist and Wedin,
1993), which address only the cluster NRM. In tleespective to compensate for STA, several
other approaches were developed which, similarlgglect the cluster RM (Alexander and
Andriacchi, 2001; Andriacchi et al., 1998; Challi®95; Chéze et al., 1995; Heller et al., 2011;
Taylor et al., 2005) and produce no significant iaygment in the pose estimation (Cereatti et al.,
2006). The NRM has been extensively investigataihgudifferent metrics: the variation in the
inertia tensor in the Point Cluster Technique (Aledter and Andriacchi, 2001; Andriacchi et al.,
1998; Camomilla et al., 2009), or the variatiorited inter-marker distances (Gao and Zheng, 2008).

98



CHAPTER 5

Moreover, Stagni and Fantozzi, 2009 showed thatNR& was not a good indicator of the RM
components for the thigh and shank segments, atypadghesized by Peters et al., 2009.

In a compensation perspective, the RM component bmanaken into consideration through a
multiple or a double calibration procedure. Sucmpensation can be achieved interpolating the
position of the anatomical landmarks in the reléviamme minimizing the relative displacement
between the skin markers and the underlying boramg€llo et al., 2005, 1997). Recent studies
guantified these cluster STA components in diffemaotor tasks (Andersen et al., 2012; Barré et
al., 2013; Benoit et al., 2015; de Rosario et2012; Grimpampi et al.), showing that the cluster
RM is predominant with respect to the cluster NRIMe results obtained in these studies suggest

that the cluster RM is the main component whiclke@tfthe estimation of the bone pose.

Based on this observation, it is concluded, eithglicitly or implicitly, that cluster NRM has a
limited impact on bone pose estimation (BPE) arat 8iTA compensation should concentrate on
the cluster RM. This chapter disputes the messaged by this statement and demonstrates that
the cluster NRM does not have a limited effect dPAEBaccuracy, but, rather, it has no effect
whatsoever and that this is the case independéwotly its magnitude relative to the cluster RM.

For this reason, the only STA component to be corsgied for is the cluster RM.

Simulated andn-vivo data were used to empirically demonstrate thatctister RM is the only
component that affect the bone pose estimation iner®S approach is used, independently to its
amplitude with respect to the cluster NRM compon@&ntassess the impact that cluster NRM has
on BPE, a Monte Carlo Simulation framework was usedenerate STA fields that have the same
cluster RM and amplified cluster NRM. Moreover efact-free skin marker trajectories during gait
were simulated (Dumas and Cheze, 2009). Realikightartefacts were generated as linear
combination of proximal and distal kinematics (assented in th€hapter 3 and were added to
the above-mentioned marker trajectories. The alosetioned GT modal approach was used to
assess the cluster RM (translation and rotation esp@nd its counterpart.€., cluster NRM:
homothety and stretch modes) of the simulated Sl amplitude of the NRM component was
randomly amplified, unchanging the RM componend #re variations in thigh pose, as estimated
using the PS approach, were evaluated. Therefoeefotlowing question will be answered: bone
pose estimator should address the cluster RM $amagnitude with respect to its counterpart or is
it independent to their relative amplitude? Thiswer will be a useful information for future

studies aiming at optimal bone pose estimators.
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5.2. Material and Method

5.2.1Gait data

Reference gait data were generated (Dumas and CRBE08): pelvic-bone, femur, and tibia
anatomical frames (AFs) were defined (Figure 5.4yl avere used to compute hip and knee
kinematics (Grood and Suntay, 1983). Femur posegeasrated modelling the hip as a spherical
hinge and using reference hip joint angular kineégsaduring gait. The reference positiqe) @nd

the modulus of the attitude vectord, , i.e.the attitude angld, were used to represent the thigh
AF pose. Twelve skin marker reference positionsewdefined in the thigh AF and their
trajectories, not affected by STA (hominal), wesnerated in the global coordinate system using

the thigh reference pose.
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Figure 5.1 —The location of the skin-marker on the thigh seghie shown. The skin-markers with a double
circle are those used in the simulation procedRsdevant hip ( — flexion/extension, — ab/abduction, —
internal/external rotation) and knee-{ flexion/extension) angles measured during thieagal used as input
for the soft tissue artefact modelling during tbedmotion are shown. The STA on each skin-marker is
defined using thé model parameters along thalirection (c = x,y,z) as linear combination of fir@ximal

and distal joint kinematics ( , , ). An example of the simulated STA in the femur #&Fthe skin marker
indicated withm* and generated with the STA model is also showme Pelvic-bone, femur, and tibia
frames are also indicated.

Artefact affected skin-marker trajectories were dated, at each sampled instant of tikng=1,

.., N), by modelling the STA vectors of theth (=1, ..., m) skin marker{ '3- , as a linear

combination of the measured proximal and distahtj&inematics Chapter 3 see equation in

Figure 5.1). Modelparameters were calibrated during extvivo bi-articular flexion-extension

(shown in Table 3.1, for the specimen S1, in @leapter 3 were used. The hip and knee
flexion/extension was chosen as calibrating movemien its range of motion similar to
locomotion. The thigh STA field4'3-, was built using the STA vectofs'3- of all markers

(twelve markers depicted in Figure 5.1) as:
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r
' g
4'3- - {'3- ¢
= ? «
<{G2@3-
These data were used to calculate artefact-affdetadr pose, using the PS approach. A cluster
model was defined using the position of the skirrk@aas in the first framekgEl) and it was

superimposed, in each frame, to the actual clissteptimally translating and rotating it.
5.2.2Running data

The data obtained in (Reinschmidt et al., 1997d) ratative to the trajectories of both skin and pin
thigh markers recorded during 5 trials of each @ti3ning subjects (V1, V2, V3) were used. For
each trial and subject, a bone anatomical frameg (s defined, based on the pin markers, and the
movement of four skin-markers reconstructed in Afe Relevant displacement vectors were

represented, in eadhth sampleas an STA vector field' 3-, (k=1, ..., ) (Dumas et al., 2014a).

Skin-marker trajectories were generated from tlereace AF pose and the STA fields3-, and
used to estimate the artefact-affected pose ofEhan the global reference frame with a Procrustes
superimposition (PS) approach. The root mean sqiliffexrence between the artefact-affected and
reference AF pose was calculated and consideraa asror (rmsefor orientation (attitude angle)

and rmsg,, rmsgy, rmse,, for position components).

5.2.3Marker-cluster geometrical transformation

The STA field has 3 degrees of freedom (dof) and it can be represewttd respect to any
orthogonal basis with the same d&' / 6 ©?@y using a mathematical transformation, as
proposed by Dumas et al. (2014a) and describetierptevious chapter. For the marker-cluster
geometrical transformation (GT), the dof of theibas fixed, independently to the number ok skin
markers glued on the segment (dof = 12). A basiswmelve unit vectors representing rotation,
translation, homothety, and stretch can be defiagdlescribed in details in Dumas et al. (2014a).

The STA field4' 3- can be decomposed along the basis of twelve @aiovs, and the change of

configuration can be written as a sum of additind endependent components (modes):
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4'3- 5'3-6 5
(Eq. 5.1).

When the GT definition is used as a mathematiealsfiormation for the STA field and the number

of skin markers isn>4, only a STA subspace is defined for the trucatf the basis.

For this reason, the energy represented in thevénrabdes was calculated when the number of the
skin markers goes from 4 to 12 € 4,..., 12). Moreover, it had been measured alseethor in the
skin marker trajectories between the simulatecedtayies and that obtained with the truncated

subspace:

9 4 '3- 5'3-6 °
51
(Eq. 5.2).
5.2.4STA components

The first six modes| | f - describe the rigid motion of the skin-marker cusf.e., its
translation and rotation), while the othéds ,, / , - describe the non-rigid componenie(,
homothety and stretch).

(Eq. 5.3).

The energy carried by the two STA components wésilzded as the sum of the mean square of
the relevant amplitudey 3- and expressed in percentage to the whole energiyeagkin marker

cluster. In details, the energy associated witlcthister RM was calculated as

g
Iy .. -1 53-%°
51 K!
(Eqg. 5.4),
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and that associated with the cluster NRM

e . =1 F3f°
5h K!
(Eq. 5.5).

A factor€,,. was calculated as the ratio betwgen and| .. , both for the gait and running

data.
5.2.5Impact of RM and NRM on bone pose estimation: eefes

The femur pose affected by STA was generated uir8 and with the same procedure as
described above. To evaluate the impact of thel mgmponent of the STA on the pose, the RM
were removed fromd'3-. The root mean square error of the orientationsé@mand position
components (rmgg rmsegy, rmseg, were calculated with respect to the referenceept both

casesi.e., STA affected and removing its rigid components.

5.2.6lmpact of RM and NRM on bone pose estimation: M@Gatdo Simulation framework

Simulated Gait: cluster non-rigid motion amplifiicmt

For the gait data, four skin markers affected byASvere selected (skin markers with double circle
shown in Figure 5.1, with a similar position in ttedevant AF as L2, L4, A2, A4, Figure 3.1 in the
third Chapterof the thesis) to obtain a STA field with the samhoé of the GT basis.

To evaluate the effect on the bone pose of the NaNability, the amplitude of the six modes that
represent the cluster NRM was randomly amplifiethgia Monte Carlo simulation framework.
This technique is widely used in the probabilisgitalysis of engineering systems (Mahadevan,
1997). The amplitudes of the simulated NRM weredoanly amplified up to the facte.,. for

the first Monte Carlo simulation (MCS1) and uphe tedoubled factor§ .,- ) for the second one
(MCS2). The Monte Carlo simulations were perfornoa@r 1000 possible NRM amplifications,
approximating the probability of certain outcomasing the two maximum amplification factors
(€.~ €. ). For the gait data, the first set of one thous@mé fields,4«.sw.' 3-, that have the
same cluster RM and amplified cluster NRM was gateel multiplying each mode that describe

the latter motion with different factorR{ ..., Rs) as:
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Ao s 3- 3-6% ' M36 N F g ' 36" -

(Eq. 5.6),
with (Ry, ..., Rs) randomly generated in the range from 1€to. ,ie. &€,/ € j &€, ;
while in the second set of one thousand STA fieldss,,&3-, each mode of the cluster NRM was
multiplied with different factorsR, ..., Ry) as:

4 9,53 >3-6° ' ™36 M F 36! -

(Eq. 5.7),

with (R7, ..., Rip) randomly generated in the range from 1&o,. ,ie. &€/ €, & ,€ .-

Therefore, during each gait simulation, new skirrkeatrajectories were obtained, and therefore
new STA fields4.s., '3- and4.;. '3-. For both STA field, the energy of the NRM washwgg

with respect to its counterpart.

Running data: cluster non-rigid motion amplificatio

For the running data, a set of one thousand STAsfieas generated with the same cluster RM and

amplified cluster NRM with the same factor,

Lo s, 3+ 5'3-65 " 53-65
(Eq. 5.8).

The amplification factor wasrandomly generated in the range from 1,10€.,- : the mean

cluster NRM energy of this set was equal to theteluRM counterpart.

Femur poses
The energy carried by the two STA components arptessed in percentage with respect to the
new, and intensified, STA energy of the simulatett @.., '3-, 4.5, '3-, 4¢.5m. 3-) Was

calculated as described above in the section 5.2.4.

The femur pose affected by the simulated STA wasegged using all the available STA fields
(470 '3-, 4.3 "3-, and 4y, 3-) and with the same procedure as described abave. T
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evaluate the impact of the rigid component of thé ®n the pose of the femur, the unchanged RM
were removed from the above-mentioned STA fieldse Temur pose was evaluated in terms of
rmse with respect to the reference one (orientatimse; and position components, rgsamsey,
rmsey), before and after the removal of the unchangedd@Mponent for the different STA fields,

for both gait and running data.

5.3. Results

5.3.1Marker-cluster geometrical transformation and numbemarkers

When the number of the skin markers used in thet@tugoes from 4 to 12 the STA energy
represented with the 12 GT modes decreases for 10@4%, while the error in the reconstruction

of the skin markers trajectories increases fromn@tm 3.7 mm (Figure 5.2).

Figure 5.2 —STA energy 4) carried by the 12 modes of the GT representatialculated in percentage with
respect to the whole phenomenon, and the ebjoe(expressed in mm (Equation 2), when the skirkena
trajectories were reconstructed using these masiégnation of the number of the skin markers usethe
cluster.

The error in the bone pose estimation using thecrBstes superimposition did not change as
function of the number of the skin markers usethencluster, but among all the skin-marker cluster
used, when the rigid modes were removed from tire rslarker trajectories, the mean error on the
bone pose estimation improved from 2.80 deg (std43 deg) to 0.03 deg (std = 0.01 deg) for the
orientation, while for the position vector the tling mean improvements were achieved: from
22.82 mm (std = 7.80 mm) to 0.03 mm (std = 0.01 pirojn 6.62 mm (std = 1.75 mm) to 0.05 mm

(std = 0.00 mm), from 8.47 mm (std = 4.94 mm) td50mm (std = 0.02 mm), along the %, vy, z

directions.
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5.3.2Monte Carlo Simulation: gait data

The amplitudes along each modg. 3-, were measured in mm. The rigid and non-rigid mode
amplitudes were obtained first estimating the tHJiA using the model described in Ghapter 3
and then using the GT representation (Figure 5d35a4).

Figure 5.3 —Measured amplitudes of the rigid modes for thghttsegment during the gait cycle.
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Figure 5.4 —Measured amplitudes of the non-rigid modes forttigh segment during the gait cycle.

The factor€,,. (i.e., the ratio between the cluster RM and NRM energmsing the gait
simulation was 2.2. During the two Monte Carlo siations (.e., MCS1 and MCS2), the NRM,
showed in Figure 5.4, were amplified up to 2.2 4l The STA energy split between the RM and
NRM, expressed in percentage with respect to th@eyphenomenon was 69% and 31% during the
simulated gait, respectively. During the MCS1, thean energy for the RM was 45% and 55% for
the NRM, while during the MCS2 these values bec@nté and 76%, respectively (Figure 5.5).

Figure 5.5 —Mean and standard deviation of the rigid and ngithHSTA component energies expressed in
percentage of to the whole STA energy during qrRltl{Gait and NRM-Gait), the MCS1 (RM- MCS1 and

NRM- MCS1) and MCS2 (RM- MCS2 and NRM- MCS2). Sttitis performed over all the Monte Carlo

simulations using the two amplification factors fore NRM components, without affecting the RM

components.
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Figure 5.6 —Femur pose positiorp) and orientation () error using skin-marker trajectories affected by
STA4'3- 4,5, '3- 4.3, '3-, and removing the cluster RM component (no RMirfithe different STA
fields, during the simulated gait. Errors calcutiatéth respect to the reference pose of the femur.

Median orientation error value of the thigh dudhe STA during simulated gait was 1.61 deg, the
error for the position vector was 10.81 mm, 3.39 amd 6.18, for the X, y, z direction, respectively.
The maximum error fod was 4.12 deg, while for the reference position ponents, the error
values were 19.40 mm, 7.68 mm and 12.54 mm foxthg z direction, respectively. The error
values for rmse rmse,, rmsgy, rmsg,, or their maximum, did not change when the NRM was
amplified during the MCS1 and MCS2. The direct realmf the cluster RM fromd' 3-, or when
the cluster NRM was amplifiedge., 4.5, '3- and4.;. '3-, eliminates the error in the bone-pose

estimation introduced by the STA (Figure 5.6).
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5.3.3Monte Carlo Simulation: running data

The€.,. factors were different among trials and subjetkge median (inter-quartile range) values
of the€.,,. factors were 7(1), 18(4), and 14(15), for V1, \fiia/3, respectively. Obviously, the
cluster NRM amplification caused an increase in ¢hergy percentage of this component with
respect to the total energy: mean (xstandard demjatalues went from 8+3%i(3-) to 52+22%
(493w, 3-) (Figure 5.7).

Figure 5.7 —Mean values of ;- and| ... expressed in percentage with respect to the 83al energy,
for the measured (RM-Run and NRM-Run) and simulagdddh (RM-MCS and NRM-MCS). Statistics
performed over all trials and subjects (V1, V2, V3)

Figure 5.8 —Box-plots (minimum, lower quartile, median, uppeartile, and maximum) of the BPE errors,
for position and orientation, relative to all th&/Sfields available (measured STA, 3-, amplified STA,
4., 3-, and these fields when the cluster NRM were rempge' 3-, and4,, ' 3- respectively).
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Before and after the amplification of cluster NR&ftors in pose estimation were exactly the same
(although the total STA energy increased) (Figu8).9n all cases, after removing RM, not altered

throughout the simulation, the error was null.

5.4. Discussion

When the optimal basis is defined and the GT dimiis used, the maximum error in the skin
marker trajectory reconstruction was less than 4 Buch error caused a small impact on the bone
pose estimation also when the cluster RM was retho®€3 deg and 0.07 mm. This error can
increase if the cluster RNM is amplified. For themson, and since it is a common practise and it
seems to be a good practical solution (Cappozad.e1997), a cluster composed by a number of
markers equal to four was selected. This skin etuatas used for both data (simulated gait and
running data) to determine the effect of the clusatggd and non-rigid movement due to soft tissue
interposition on the bone pose estimation whereeesphotogrammetric system and skin markers
are used. This study has shown that the RM ofkhreraarker cluster is the only component which
affects the pose estimation of the underlying bdnhbaas been empirically demonstrated that this
component affects the pose estimation independémtlye relative energy associated with the RM
or the NRM. Moreover, the removal of the cluster Ridds to the real bone pose estimation, also
when the rigid motion of the cluster representy oiné 24% of the total energy of the phenomenon.
In effect, all the possible scenarios were evatlidta the running data, the energy of the NRM was
amplified to the same energy of its counterpartilevfor the simulation performed for the gait,
paradoxical situations were created with the NRMcWwishowed higher energy with respect to the

RM component.

In the compensation perspective, Cappello et A0D52using a double calibration procedure, even
though this method did not allow separate the &ffetdeformation from the rigid displacement of
the surface marker cluster, declared that the rritstal source of error is the RM of the cluster

with respect to the underlying bone, rather thandhster deformation.

Recent studies measured the importance of the RMN&M on real data during different motor
tasks (level walking, cutting, hopping trials, skanovements inducted by vertical vibration, gait
treadmill) showing that the rigid-body translatiand rotation components were the main cause of
the STA phenomenon (Andersen et al., 2012; Bargd.e2013; Benoit et al., 2015; de Rosario et
al., 2012). When the STA was not caused by wobhbnghuscle contraction (Grimpampi et al.,

2014) the STA RM and NRM components exhibited ssamimhagnitudes and therefore impact on
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bone pose estimation. All the mentioned studiexlooled that techniques focused on addressing
marker cluster deformation (Andriacchi et al., 19@8éze et al., 1995; Dumas and Cheze, 2009;
Soderkvist and Wedin, 1993; Taylor et al., 2005tdgaus et al., 1988) will have limited impact on
reducing the STA problem. Moreover, bone pose edgtirs should account also for cluster RM,
which is the most critical source of error, both thee nature of the phenomenon and its importance.
de Rosario et al. (2012), instead, assessed thwattlom rigid component propagates to the joint
variables as an error, while the deformation conrepban be filtered during the kinematic analysis

process.

However, to the author knowledge, no evidence thetSTA RM would be the only component
which affects the bone pose estimation, indepehgdémtits magnitude, has been reported in the

literature.

The results obtained in the present study showatl dbparating the cluster RM from the NRM
using the GT definition, which allow to define tB& A as sum of independent modes, the non-rigid
movement of the cluster has no influence on theebpose estimation when the Procrustes
superimposition approach is used. Furthermore, @alsen the amplitude of the cluster NRM is
simulated to be bigger than the RM, it has beem elemonstrated that it has no impact on the

results, as shown in Figure 5.6.

Therefore, with the results obtain in the preseatlyy we can infer the RM motion is the only
movement of the cluster which affects the bone pssienation.

Future work has to be performed in developing aehéat accurately predicting RM, using STA
priori information (Camomilla et al., 2013, 2009; Gao affteng, 2008; Richard et al., 2012;
Chapter 3.
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Appendix Chapter 5

In the Chapter 4some parameters of the GT definition were chogéitrarily 'd ¢ Y- The
effect ofd was evaluated changing this parameter for diffepeine rotations applied to a four skin
marker cluster (simulated). Such rotation changeivéen 5 to 20 deg, increasing this value by
steps of 1 deg during the simulation. The choicthefrotion range was based on the observation of
the cluster motion in a previous study (Grimpantple 2014). For each cluster-rotation value, the
parameted changed with a step of 0.001 deg in the range @01 deg to 0.1 deg, and with a
step of 0.1 deg in the range from 0.2 to 2 deg, witidl a step of 1 deg in the range from 3 to 10
deg. The GT definition was applied the differeninskarker configuration obtained as described
above. The error in the reconstruction of the jpasiof the skin markers were evaluated changing
and the cluster rotation, befo#,3-  X''3- / { ®?@3- y(using the equation 5.1), and after the
application of the GT definition:

5'3.65 4" 3-
(Eq. 5.A1).

This error, expressed in mm, was calculated aglifference betweed' 3- and4'3-. The mean
error value, for all the combinations of the clustetation andd, was calculated among all

directions and markers (Figure 5.A1.1).

113



CHAPTER 5

Figure 5.A1.1 —Root mean square difference (rmsd) betwéed and4'3- when the GT definition is
applied, changing the cluster pure rotation anchirameted of this definition.

From the Figure 5.A1.1, it is clear that the chai¢ehe parameted has a relevant influence on a
possible error introduced in the reconstructiothefposition of the skin markers:dfis set equal to
10 deg, an error up to 7 mm can be found. Thislead to a wrong interpretation of the result: if

the basis is not correctly defined, the rotationtled cluster can be projected onto other modes

which describe other movements of the cluster.
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Figure
5.A1.2 —Zoom of the Figure 5.A1.Root mean square difference (rmsd) betw#ed+ and4' 3- when the
GT definition is applied, changing the cluster pro®tion and the parametgiof this definition.

In Table 5.A1.1 are reported the optimal valuel d6r different cluster rotatiord.q- .
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Cluster (o198

Rotatior
5 0.0¢
6 0.08
7 0.0¢
8 0.1C
9 0.11
10 0.12
11 0.13
12 0.14
13 0.15
14 0.16
15 0.17
16 0.18
17 0.18
18 0.19
19 0.2C
20 0.21

Table 5.A1.1 -Optimald value .- ) for different cluster rotations.

Based on the results obtained in a previous studghaquantified the cluster rotation (Grimpampi
et al., 2014), the value dfhas been set equal to 0.20 deg (Table 5.A1.1 enatd5.A1.2).
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6. Chapter 6

The content of this chapter is referred to thecketi

‘“WHAT PORTION OF THE SOFT TISSUE ARTEFACT
REQUIRES COMPENSATION WHEN ESTIMATING JOINT
KINEMATICS?”

Submitted for publication (under first review inulnal of Biomechanical Engineering).

Additional information are also presented.

body segment 1, 2, 3, ...)
skin marker . 0 ;-

k sampled instant of timé& & 1n)
X4 3- rotation matrix of the anatomical calibration foetsegmenit
k' 3- position vector of the anatomical calibration floe segmenit
" 477'3-  STAfield for the segmentin the anatomical reference frame
E Y: mean positions of thie skin markers in the anatomical reference frame
S
@ 73-65; model
6 ; mode direction
i 3- mode amplitude
: modal energy
8, energy percentage
pi* energy percentage relative to the rigid modakrgye
o _ FE flexion/extension
25 aAa abduction/adduction
L3 IER internal/external rotation
@ 2 v medio/lateral
S © AP anterior/posterior
PD proximal/distal
STA soft tissue artefact
™MD individual marker displacements
% GT marker-cluster geometrical transformations
S SV skin envelope shape variati
@ GF global reference fran
S )
S AF anatomical reference frai
RMSE root mean square error
IQR inter-quartile range
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SKIN STA-affected dataset

GT-rigid STA-compensated datasets: removing thie ngpdes

MD-90% STA-compensated datasets: removing MD madesh represent the
90% of the total STA energy

GT-90% STA-compensated datasets: removing GT matiesh represent the
90% of the total STA energy

SV-90% STA-compensated datasets: removing SV mateh represent the
90% of the total STA energy

Kinematic variables
as estimated using

6.1. Introduction

When joint kinematics are analysed using non-inveastereophotogrammetry, any change of
configuration in the skin marker positions relatteethe underlying bone is regarded as an artefact
(soft tissue artefact: STA) since it noticeablygaalizes the bone pose estimations. Any action to
compensate for this artefact requires designin@BA estimation model that can be embedded in
the bone pose estimator. For this purpose, a diefinand a mathematical representation of the
artefact must be devised which meet the followiaguirements: the STA relative to each body
segment analysed must be represented with a mininumber of time functions, but at the same
time provide an adequate approximation of the actefor further purposes (Alexander and
Andriacchi, 2001; Camomilla et al., 2013; De Rosaet al., 2013Chapter3), thus allowing a
trade-off between complexity and effectiveneshef$TA model within the bone pose estimator.

The STA may be approximated for only the portionaolihs assumed to impact most on the end
results. This can be achieved using different seleccriteria, depending on the definition and

mathematical representation of the artefact. Udimg individual marker displacement (MD)

definition, only the markers expected to locallgmlace most (Akbarshahi et al., 2010; Stagni et al.
2005; Tsai et al., 2009) can be accounted for.dfk@r-cluster geometrical transformation (GT) is
used to define the STA, it may be seen/considesqatiacipally composed of a rigid component as
opposed to a non-rigid component (Andersen eR@ll2; Barré et al., 2013; de Rosario et al., 2012;
Dumas et al., 2014b; Grimpampi et al., 2014). Wslan envelope shape variation (SV) is used, the
main features of the artefact may be extractedutiiv@roper orthogonal decomposition (Dumas et

al., 2014a) or principal component analysis (Anderst al., 2012).

The above-mentioned studies suggest that compegdati a portion of the artefact can lead to an

appropriate estimation of joint kinematics. Howevao evidence that this would be the case has

been reported. In addition, which portion shouldsbkcted remains an issue. The objective of this
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chapter was to analyse the impact of different Sipfroximations on artefact compensation while

estimating joint kinematics.

All the above-listed STA definitions (MD, GT and pWere represented using the generalized
mathematical formulation proposed in (Dumas et2fl14a). Most importantly, a modal approach
was used that allowed for splitting a given STAoimidditive components (modes) and thus for
selecting a subset of these modes. For all thre& @&finitions, modes were ranked by their
contribution to STA energy, and the series trurttatiea given threshold of this energy (Dumas et
al., 2014a and 2014b). Additionally, when the GTindgon was used, only those modes that
represented the marker-cluster rigid transformati@n, three translation and three rotation modes)

were chosen directly.

The different STA approximations were compared gislata obtained in volunteers carrying both
pin and skin markers during the stance phase ofingnKnee joint kinematics, estimated from the
skin makers after compensating for the selectath¢ated or directly chosen) STA modes, was

compared to the reference kinematics obtained ubm@in markers.

6.2. Material and methods

6.2.1. Experimental data

Data recorded by Reinschmidt and colleagues wesed (Reinschmidt et al., 1997c). Bone pins
were inserted into the tibial and femoral laterahdyles of three non-obese male volunteers (age
27.7 £ 2.1 years, mass 85.5 + 9.6 kg, height 1.816 m). Each pin was equipped with three
markers while six skin markers were glued on tren&h{ = 1, = 6) and five on the thigh € 2,

m, = 5). Marker trajectories were tracked in a glotedérence frame (GF) using a three cine-film
system at 200 frames per second and were low-pgesed with a cut-off frequency of 8 Hz. For

each volunteer, the stance phase of five runniatgtwas recorded.

An anatomical calibration was performed by a rai@ometric analysis (van den Bogert et al.,
2008) and the poses.q., rotation matrix,X;'3-, and position vectork;'3-) of the anatomical
reference frames (AFs), assumed to be rigidly agssatwith the relevant bone (Figure 6.1), were
computed in each sampled instant of tikn@ = 1:n) using a least squares method (Séderkvist and
Wedin, 1993) and the pin marker trajectories.
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6.2.2. STA approximations and compensation

The running data were used for building an STAdfidl;—3- , representing the three-dimensional

displacements of they skin markers relative to their mean positions; , in the AF (the apex
A

“AF” denotes the AF and ; thej-th skin marker of thé-th segmentj = 1:mi andi = 1,2). This
STA field was described using three orthogonal badevectorsE6; F 62 F 6 16@“H
each corresponding to one of the three above-IiS#eAl definitions (MD, GT and SV), thus leading
to different modes, 3-6 ? (I = 1: 3n), with different STA modal energieg;. For each

definition, the STA modal energies were sortedenrdasing order and summed one-by-one, until a

given percentagey;, of the total energy was obtained:

La G@h
7 3M8 7 3
51 51
(Eq. 6.1)
with
I
K1
(Eq. 6.2)
and
J
73- 14773167
(Eq. 6.3).

Thus,r;, is the number of modes that contributes to thhegreagep;, of the STA energy. Details
on this generalized mathematical formulation (elge,construction of the three orthogonal bases of
vectors) can be found in (Dumas et al., 2014ajp &@hapter 4 In particular, the construction of the

basis of SV vectors was obtained by a proper odghalgdecomposition.

For the GT definition, the modes correspondinghi® ttigid transformations of the marker-cluster
(ri*= 6) were directly selected and accounted for peaently from their modal energies. The
corresponding percentag®*, of the STA energy was also computed. For ak¢h8TA definitions,

the modes were selected with a truncation of theeset 90% of STA energy (Dumas et al.,
2014a). This threshold was chosen because it $& ¢tothe values found fpi*, as illustrated in the
next section. This procedure yielded four STA-congag#ed skin marker position datasets: GT-
rigid, MD-90%, GT-90%, and SV-90%. A fifth datasefis the measured, STA-affected, skin
marker trajectories (Skin). In addition, two otlegrergy thresholds were chosen: 85% and 95%, as

those used in previous studies (Andersen et al2;2Dumas et al., 2014a, 2014b). The pose of the
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shank and thigh AFs were estimated using the abstesl datasets and a least squares method
(Soderkvist and Wedin, 1993) and were comparedeoSTA-free poseX;'3-, k;'3-), obtained

using the pin markers (Pin). The skin marker positiatasets were represented as (Figure 6.1):

" 3 - Von |
> A,) N >X13 D E ,)A ~ ] c 5kls_ n
N 43- o= Q oo A A QRPN
B A a = X1I3' (?::’—Y_;Mr‘ 4 1_' 3- §'3-6 ]5_A J(llg' ~
: ? : = Q F,Y_ ? - 51 ¢ = ? 0
Ty W3- < X3-B, 7.0 4'3- B
<R s i

(Eq. 6.4).

Note that, in equation 6.4, the STA-affected possiof the skin markers in the GF,3- ,
A

correspond to; = 0, while the STA-free position of each skin marls given byX; 3-T "= k 13- .
A

Figure 6.1 —Principle of computation STA-compensated kinensatic
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6.2.3. Errors on knee joint kinematics estimate

Knee joint kinematics were estimated from the abmentioned bone poses (Pin, SKIN, GT-rigid,
MD-90%, GT-90%, and SV-90%) and using a joint camate system (Wu et al.,, 2002)
(flexion/extension, FE; abduction/adduction, AA;temal/external rotation, IER). The joint
displacement components were expressed along the gxes (Desroches et al., 2010)

(lateral/medial, LM; anterior/posterior, AP; ancdpimal/distal, PD).

The root mean square (RMS) differences betweersith&inematic variables as estimated using
both the STA-affected (SKIN) and the four STA-comgated datasets (GT-rigid, MD-90%, GT-
90%, and SV-90%) and the corresponding STA-freeaslPin) were calculated and regarded as

estimation errors (RMSES).

6.2.4. Statistical analysis

Minimum, lower quartile, median, upper quartile,ximaum, and inter-quartile range (IQR) were
computed over the three volunteers and five trialsthe percentagep*, of the STA energy
corresponding to the rigid GT modes, and for thealner of modes;;, in the modal series truncated
at 90% of the total STA energy. The same descepsiatistics were computed for the RMSE
relative to knee joint kinematics estimated with 8l A-affected/compensated skin marker datasets
(SKIN, GT-rigid, MD-90%, GT-90%, and SV-90%) as wa$ for the RMS amplitudes of the STA-

free kinematics (Pin).

6.3. Results

6.3.1. Energy and number of the selected modes

The median (IQR) percentage of the STA enepgy,corresponding to the rigid GT modeas* (=

6) was 87(16)% for the shank, and 91(11)% for thght These values justify choosing the 90%
energy threshold for the modal series truncatiohe Tmedian (IQR) number of modes,
representing 90% of the shank STA energy was 1Z(8), and 3(0) for the MD, GT and SV STA
definitions, respectively. Correspondingtywas 10(0), 6(3), and 3(1) for the thigh.

When the other thresholds were used for the STAatésh, the number of modes are reported in
Tables 6.1 and 6.2 for the thigh and shank segmesyectively.
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THIGH
85% 90% 95%
LQ Median uo LQ Median uo LQ Median uo
MD 8 8 9 10 10 10 12 12 12
GT 5 5 7 6 6 9 7 8 12
SV 2 2 3 2 3 3 3 3 4

Table 6.1 — Lower Quartile (LQ), Median, and Upper Quartile @ of the number of modes,,
representing 85%, 90%, and 95% of the thigh STAgndor the three STA definitions (MD, GT, SV).

SHANK
85% 90% 95%
LQ Median 9]0) LQ Median uo LQ Median uo
MD 10 10 11 11 11 12 13 14 14
GT 5 5 8 6 7 9 9 12 12
SV 2 2 3 3 3 3 3 4 4

Table 6.2 — Lower Quartile (LQ), Median, and Upper Quartile @ of the number of modes;,
representing 85%, 90%, and 95% of the shank STAggntor the three STA definitions (MD, GT, SV).

6.3.2. Knee joint kinematics

The statistics of the RMS amplitudes of the STAef(Pin) kinematics are depicted in Figure 6.2.
The RMSEs that affect the knee joint kinematics inesied using the five STA-
affected/compensated skin marker datasets (SKINri@d, MD-90%, GT-90%, and SV-90%) are
shown in Figure 6.3. Using the STA-affected skinrkea dataset, the RMSEs resulted as having
values close to, and sometimes greater, than thfoke RMS amplitudes of the AA and IE angles
(median(IQR): 2 (0) deg and 3 (1) deg vs. 1 (2)°dmyd 2 (1) deg, respectively) and higher than
the RMS amplitudes of the LM, AP and PD displacets€¢d (1) mm, 4 (2) mm, and 5 (2) mm vs. 2
(1) mm, 3 (1) mm, and 2 (1) mm, respectively). @Gasely, for FE, the RMSE was 2 (1) deg and
the RMS 22 (5) deg. The knee kinematics time hissomeasured with pins and those estimated
using the above-mentioned STA affected/compenssited markers dataset are shown in Figure
6.4.
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Figure 6.2 —Box-plots (minimum, lower quartile, median, uppgrartile, and maximum) of the root mean
square amplitudes of the STA-free (Pin) knee jkinematics during the running stance phase. Dedaip
statistics was performed over all trials and vadens. Outliers are also shown.
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Figure 6.3 —Box-plots (minimum, lower quartile, median, uppgrartile, and maximum) of the root mean
square error (RMSE) values which affect knee jéinematics as obtained with the following datasets:
STA-affected, SKIN; or STA-compensated using défar STA approximation, GT-rigid, MD-90%, GT-
90%, SV-90%. Descriptive statistics was performeer@ll trials and volunteers. Outliers are alsovah

All the STA-compensated datasets improved estimatad the knee joint kinematics, except for the
LM displacement obtained with the MD-90% datasateked, the latter RMSE (3(2) mm) was
greater than the RMSE of the STA-affected (SKIN)eknatics. The improvement in estimation of
FE was highly effective with all STA-compensatedadats.
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The lowest RMSEs were obtained with the GT-rigidl &ir-90% datasets, and the highest were
generally obtained with the MD-90% and SV-90% deimasWith all STA-compensated skin
marker datasets, the median RMSEs were below Iate§A and below 2 deg for IE angles. For
the joint displacements, the compensation effigjedepended on the STA approximation. In
particular, the median RMSEs in the AP displacemere in the range of 2-3 mm with the MD-
90% and SV-90% datasets, but almost 0 mm with thé@®% dataset. The compensation with the
GT-rigid dataset appeared the most effective. Ngtabhe RMSEs were virtually null for all joint
angles and displacements. An example of the kneeniatic time histories during the running

stance phase of a volunteer is shown in Figure 6.4.
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Figure 6.4 —The six knee joint kinematic components are shfowra trial one volunteer, as obtained using
the following marker—cluster data: 1) pin markeajectories (REF, black solid line), 2) measurech ski
marker trajectories (SKIN, red solid line), 3) caenpated skin marker trajectories using modes that
represent the 90% of the total STA energy wherinttiwidual marker displacement definition is us&tD-
90%, grey solid line); 4) compensated skin markajettories using modes that represent the 90%eof t
total STA energy when the marker-cluster geomdttigamsformation definition is used (GT-90%, green
solid line); 5) compensated skin marker trajectrising modes that represent the 90% of the taial S
energy when the skin envelope shape variation itiefinis used (SV-90%, blue solid line); 6) compatesi
skin marker trajectories using the rigid modes ioleizh with the marker-cluster geometrical transfdrama
(GT-rigid, green dotted line).

In addition, wherp was set equal to 85% and 95%, the median (IQR) RM&ues for the knee
angle kinematics are shown in Table 6.3 for theppsed STA definitions. An example of the knee
kinematics time histories obtained with the diffareéhreshold analysed are shown for each

definition in the Figures 6.5-6.7.
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FE AA IER LM AP PD

P [deg] [deg] [ded] [mm] [mm] [mm]
85 0.7(0.3) 0.6(0.3) 1.1(0.7) 4.021) 4.1(22) 1.0(0.7)
90 05(0.3) 0.4(0.4) 0.7(0.3) 2.9(2.1) 3.3(1.6) 0.8(0.5)
95 0.3(0.3) 0.3(0.2) 0.6(0.2) 2.0(0.9) 2.4(1.0) 0.7(0.5)
85 0.7(0.2) 05(0.5) 1.8(0.9) 1.9(0.9) 2.7(1.3) 0.9(0.6)
gy 90 07(04) 04(04) 12(16) 15(12) 24(12) 0.7(0.6)
95 05(0.4) 0.3(0.1) 0.6(0.3) 1.2(0.5) 1.8(1.2) 0.6(0.4)
85 0.1(0.1) 0.7(0.5) 1.9(1.8) 1.9(1.1) 1.0(1.5) 0.4(0.3)
oT 9 00(00) 0002 0000) 0008 000.1) 0.0(0.2)
95 0.0(0.0) 0.000.0) 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0)

MD

Table 6.3 —Median and inter-quartile range (IQR) of the roman square error (RMSE) values which
affect knee joint kinematics as obtained compengdiie STA using different STA approximations <
85%, 90%, and 95%). Descriptive statistics wasqgoeréd over all trials and volunteers.

Figure 6.5 —The six knee joint kinematic components are shéovrthe same trial and volunteer of the
Figure 6.4, as obtained using the following markkrster data: pin marker trajectories (REF, blackds
line), compensated skin marker trajectories usitgles that represent the 85% (MD-85%, red solid),line
90% (MD-90%, blue solid line), and 95% (MD-95%, gmedotted line) of the total STA energy when the
individual marker displacement definition is used.
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Figure 6.6 —The six knee joint kinematic components are showrntlie same trial and volunteer of the
Figure 6.4, as obtained using the following markkrster data: pin marker trajectories (REF, blagkds
line), compensated skin marker trajectories usinges that represent the rigid modes (GT-rigid,dettied
line), the 85% (GT-85%, red solid line), 90% (GT¥0blue solid line), and 95% (GT-95%, green dotted
line) of the total STA energy when the marker-adugfeometrical transformation is used.
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Figure 6.7 —The six knee joint kinematic components are shownttie same trial and volunteer of the
Figure 6.4, as obtained using the following markkrster data: pin marker trajectories (REF, blackds
line), compensated skin marker trajectories usimgles that represent the 85% (SV-85%, red solid,line
90% (SV-90%, blue solid line), and 95% (SV-95% egrelotted line) of the total STA energy when thia sk
envelope shape variation is used.

6.4. Discussion

Recent literature has suggested that compensating $elected portion of STAs may be sufficient

for an appropriate estimation of joint kinematiés\dersen et al., 2012; Cappello et al., 2005; De
Rosario et al., 2013; Dumas et al., 2014b). Tholiyesis has been supported both by quantitative
analysis of different STA definitions and represgions (e.g., amplitude of markers displacements
(Peters et al., 2010)), and qualitative considenati(e.g., types of marker-cluster transformation,

patterns of skin envelope shape variation (Dumad.eP014a)). It has now been well established

that an STA is mostly composed of a rigid comporiéndersen et al., 2012; Barré et al., 2013; De

Rosario et al.,, 2013; Dumas et al., 2014a; Grimpaebml., 2014) and can be described by a
reduced number of shape variations (Andersen g2@L2; Dumas et al., 2014b). Thus, we could

expect that the efficiency of compensation for dipn of STAs can be notably altered, depending

on which of the different STA definitions foundtime literature (MD, GT and SV) are utilized.
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In this context, the present study assessed thagramc of knee joint kinematics obtained with
compensation using a selection of the modes thaesent the STA. This modal approach was
proposed as a generalized representation of the(BlAas et al., 2014b) and allows for different
feature extraction and data reduction techniquesfatt, in the present study, the modes were
selected by either truncation, taking those sarfamnodes representing 90% of STA energy, or by
direct choice, selecting only those representirggribid component.e. translations and rotations
of the marker-cluster (independently from theirrgy®e This energy, normally called deformation
energy (Dumas et al., 2014a), is associated torban square displacement of the skin markers
caused by the STA and, therefore, it does not wevobnly the nomigid transformation
(deformation) but also the rigid transformationtloé markescluster. For this reason, in this study,

the expression STA energy was preferred.

Other arbitrary thresholds have been proposedaritierature 85% (Dumas et al., 2014a) and 95%
(Andersen et al., 2012; Dumas et al., 2014b) ferdata reduction. In addition to these thresholds,
in this study, the choice ob = 90% was set so that the percentage of STA engity

corresponding to the rigid GT modes, remains cloghis threshold.

Compared to the number of GT modes, when the ertergghold wag;*, the number of truncated
MD modes was double, and the number of truncatedn®des half. The number of truncated
modes was generally higher for the shank thanHerthigh, simply because the number of skin

markers, and consequently the number of modles1{3n) was different.

The selected modes were used to compute four STpensated skin marker position datasets
(GT-rigid, MD-90%, GT-90%, and SV-90%) and the padethe shank and thigh AFs were
estimated using a least squares method (SoderwestWedin, 1993). The term compensation is
somewhat arbitrary in this context because the med®e selected and the STA-compensated skin
marker positions computed knowing the reference péthe segments.€., obtained with the pin
markers). This constitutes the main limitation leé present study, together with the low number of
subjects and movements tested.

The present study confirms that STA compensatianasdatory, as the RMSEs on the knee joint
kinematics due to STAs appeared to have the samgeitade as the RMS amplitudes for AA, IE,
and were even superior for LM, AP and PD. Compeénsattilizing the MD-90% dataset provided
minor improvements in joint kinematics, and alsal the highest number of selected modes.
Therefore, compensating for a portion of the marisplacements does not seem appropriate.

Noticeably, all markers have been included in tHeéA Snodels based on this STA definition
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(Alexander and Andriacchi, 2001; Camomilla et 2D;13; Chapter 3. Conversely, compensation
with the GT-90% and SV-90% datasets provided &sults, and the number of selected modes was
also the lowest for the SV definition. This was ecied because the basis of vector is constructed
with proper orthogonal decomposition that finds dipémal low rank approximation to a dataset, in
a least squares sense. No STA models based ovtdeffition have been proposed so far in the
literature, perhaps because it cannot be used withaving the true pose of the segments.,(
obtained with pin markers) from which the basis@étors may be derived.

Not surprising, when the STA-compensation is penedt with an higher threshold for the STA
energy, RMSE values decrease in all the proposéditdns (Table 6.3, Figs. 6.5-6.7), but the
number of modes increase in both segments (Tali€.8). In the perspective to model the STA
time histories, a trade-off between STA repres@riand effectiveness has to be done.

Therefore, the portion of the STA that is the maggpropriate for compensation is represented by
the rigid GT modesi.g., three translations and three rotations of the msrackuster). The
improvements in joint kinematics were remarkableg #he number of modes constant: = 6,
independently from the subject, the trial and tbhenher of skin markers. The virtually null RMSEs
can be explained by the fact that the joint kinecsaare obtained through a least squares method
(Soderkvist and Wedin, 1993).€. affected exclusively by the rigid movement of timarker-
cluster).

It was recently stated in the literature (Anderseal., 2012; Dumas et al., 2014b; Grimpampi et al.
2014) that any least squares method directly apppdighe skin marker positions cannot be effective
because it does not address the rigid componethieo5TA, which is of greater amplitude than the
non-rigid component. As a consequence, the pomiothe STA which should be modelled to

correct the skin marker position is this rigid campnt. Such an STA model has already been
applied to estimating the joint centre of a balttemocket mechanical analog (De Rosario et al.,

2013), but not to the estimation of in vivo joinb&matics.

Further examination of the STA’s main portions (edirection and anatomical region of high or
low maker displacements, relative proportions betwianslation, rotation and deformation of the
marker-cluster, patterns of the main shape vanaji@and of how they impact joint kinematics
remain of considerable interest to further knowked§this phenomenon. However, in designing an
STA model, it seems clear that such a model mugidsed on the rigid component of the STA.

Whether such a model can be driven by joint anglesother biomechanical parameters, be
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calibrated using in vivo data, and finally be emiesdi in the least squares method are the next

issues to be solved in order to obtain an accastimation of joint kinematics.
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7. Chapter 7

The content of this chapter is referred to thecketi

‘A MODEL OF THE SOFT TISSUE ARTEFACT RIGID
COMPONENT”

Submitted for publication (under first review inulpal of Biomechanical Engineering).

Additional information are also presented.

body segment (= th andsh, for thigh and shank respectively)
skin marker . <0 ;-

k sampled instant of timé& & 1:n)
{,'3- STA vector of the skin markeglued on the segment
4, 3- STA field of the segment
'3-6; model
6 ; mode direction
$'3- mode amplitude
¥,'3- STA field of the segmentapproximated by six rigid modes
§ : modelled mode amplitude
; S; model parameters vector
n '3- hip orientation vector projected along pelvic aigieposterior axes
FE
'3- I(’lip Lrientation vector projected along pelvic métageral axes (AA)
' 3- hip orientation vector projected along pelvic imbersuperior axes (IE)
'3- knee orientation vector amplitude
13- ankle orientation vector projected along shank maiddieral axes
(Plantar/Flexion)
§' 3- ankle orientation vector projected along foot aoteposterior axes
(Inversion/Eversion)
44 3- STA field of the segmentapproximated by modelling rigid modes
€' 3- artefact-compensated skin marker data
o FE flexion/extension
25 Aa abduction/adduction
g 3 IER internal/external rotation
@ L ™ medio/lateral
S S AP anterlor/po_sterlor
PD proximal/distal
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STA soft tissue artefa
BPE bone pose estimator
&) REF reference pin data
% MMD measured skin-marker data
S CMD artefact-compensated skin marker data
o rmsd root mean square difference between each measyradd modelled
g 5, amplitudes resulting at the end of the calibrapoocedure.
= Pearson correlation coefficient
SD standard deviation
IQR inter-quartile range

7.1. Introduction
In professional decision-making based on the aisbfsnon-invasive human movement, accurately
estimating skeletal kinematics, and joint kinemstio particular, is crucial (Andriacchi and
Alexander, 2000; Baker, 2006; Cappozzo et al., 200&hen this estimate is based on
stereophotogrammetric data, it is subject to ercarssed by movement between the skin markers
and the underlying bongse. the so-called soft tissue artefact (STA) (Learéinal., 2005; Peters et
al., 2010). This source of error is totally disiuptfor the joints’ degrees of freedom with a liedt
range of motion, such as knee abduction-adductioternal—-external rotation, and linear
displacements (e.g. Benoit et al., 2006, Akbarskahl., 2010, Tsai et al., 2009).

The STA of a body segment may be represented, giem&evel, as a vector field made up of
displacements of the individual markers relativetite underlying bone. Alternatively, it may be
described at marker-cluster level by considerirg iiarkers as landmark points of a deformable
shape undergoing geometric transformation (BookstE989),i.e. a transformation formed by a
non-rigid (a change in size and shape), and a rigodhponent (translation and rotation
displacement) (Andersen et al. 2012; Barré et@l32Benoit et al., 2015; de Rosario et al., 2012;
Dumas et al. 2014a; Grimpampi et al. 2014). Theedatomponent has been recently proved to be
the dominant part (Andersen et al., 2012; Barr@lget2013; Benoit et al., 2015; Dumas et al.,
2014b).

To date, the most commonly used bone pose estimdRIPES) are based on the Procrustes
superimposition approach (Andriacchi et al., 198&jn et al., 1987; Ball and Pierrynowski, 1998;
Cappello et al., 1996; Cappozzo et al., 1997; Gerelaal., 2006; Challis, 1995; Cheéze et al., 1,995
Dryden and Mardia, 2002; Heller et al., 2011; Skdst and Wedin, 1993; Veldpaus et al., 1988).
These BPEs leave untouched the rigid componerieohttefact, which directly maps into the bone

pose estimate. Any attempt to improve the bone psmate must, therefore, deal with this issue.
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One possibility of improving the bone pose estimael account for the rigid component is to
estimate it through embedding a mathematical motitle artefact in the BPE and thus correct the
original marker displacement data. The literatuse proposed models that were either chosen in a
rather arbitrary fashion, or required cumbersoméa@dexperiments for the priori determination

of their parameters (Alexander and Andriacchi, 20@dppello et al., 1997; Lucchetti et al., 1998).
A further option is the multi-body optimization appch, which, however, by embedding
constraints at the joints, limits the possibilitiy assessing their real kinematics (Andersen et al.,
2010; Li et al., 2012; Stagni et al., 2009). Hepcactical and effective countermeasures for the

STA’s rigid component are to date still unavailable

Enhanced mathematical models of the STA, besidaedingewith the rigid component of the
artefact, must take into account the followingicat aspects. First, STAs are subject-, marker-
location-, and motor act-specific, thus aopriori quantitative or specific knowledge may be
expected (Peters et al., 2010). Therefore, althaugimay assume that a generalizable STA model
architecture may be identified (Camomilla et alQ12; Chapter 3, its parameters must be
determined (model calibration) using informatiomegeted during execution by the subject of the
specific motor act under analysis. Second, sineentbdel calibration must be concurrent with the
bone pose estimate, the likeliness of finding aitsmh of the relevant optimization problem is
influenced by the number of parameters of the Sigal component model embedded in the BPE
optimization which, therefore, must be kept as &sapossible.

This study presented ihis Chapteris aimed to devise the architecture of a modelterartefact
that brings together the priority of accounting fbe STA rigid component and minimizing the

number of model’'s parameters.

Dumas et al. (2014a), or presented her€mapter 4 have suggested mathematically representing
the STA as a geometrical transformation of the madkuster through a modal series. Each mode
corresponds to the projection of the STA field oatbasis vector appropriately chosen to represent
the rigid and non-rigid components. This seriesilarly to that produced by principal component
analysis (Andersen et al., 2012), is mostly useddature extraction and data reduction. However,
it can also be used as a mathematical represemtatithe STA that allows isolating its different
components and, in particular, the rigid compor@ninterest. Thus, by considering only the six
modes relative to rotation and translation of therkar-cluster (thereafter called rigid modes), the
STA rigid component can be represented as congisfirsix basis unity vectors multiplied by six
time functions (mode amplitudes), whatever the nemab markers in the cluster.
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Since the cost function of a BPE is based on thadce between measured and modelled marker
trajectories, the marker-cluster rotations and di@tions must be transformed into the latter
trajectories to embed the STA model in the BPEsTéinormally done using quaternions, attitude
vectors, or transformation matrices (de Rosaria.e2013, Richard et al., 2012) that entail specif
algebra and constraints (e.g., unitary quaterniamgogonal matrices). This procedure, overly
complicated from the computational point of viewancbe avoided by using the modal
representation, which is a more convenient chacéhfe optimization procedure of the BPE.

Previous studies (Akbarshahi et al, 2010; Cappetzbd., 1996; Camomilla et al., 201Ghapter 3

have established a linear relationship between enatisplacements and the proximal and distal
articular angles. Moreover, Barré et al. (2013) &@ahgeux et al. (2006) described a linear
relationship between marker-cluster rigid movemamnis joint angles. One of these studies showed
that soft tissue wobbling and deformations due trsete contraction could reasonably be neglected
in slow running, a motor task not entailing abraptelerations (as presented in Gleapter 3J.

Based on these evidences, it was decided to mbdarmplitude of the six rigid modes, assuming
that, in similar motor tasks, also the rigid comgoinof the artefact mostly depends on joint motion
and is linearly correlated with proximal and digtiht angles. The issue as to the possibility of

neglecting soft tissue wobbling and deformations ttumuscle contraction was also tackled.

The feasibility of the artefact rigid component mbavas tested for the thigh and shank, and its
effectiveness in compensating for the artefact assessed within the estimation of knee joint
kinematics, as a worst case and relevant scefaithis purpose pin- and skin-marker data of three

running subjects were analysed (Reinschmidt ef887c)

7.2. Materials and Methods
7.2.1. STA rigid component model architecture

An STA vector{,'3-, is defined to represent the displacement fromexfreference position that
the skin markeyj (j=1,...m), associated with the body segmentindergoes relative to a bone-
embedded anatomical frame at each sampled instaimek (k=1,...n). The STA of all markers,

vectors{, '3-, can be used to build an STA field for each sedmen

L213-
-
4y3-  ~2,'3-
S
29n3.
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To describe the geometrical transformations of akerecluster, this STA field can be projected
onto the basis vectorg6;H ' | | ,- , representing three translations, three rotatitmge
homotheties, and three stretches. These basisrsemte builta priori (seeParagraph 4.5.2 for
further details), using the reference position taf tarkers, while the amplitudes;3- , are the
projections of4'3- over them. With this description, the mddis indicated as 3 3-6 ; and its
amplitude, 2 3-, is homogeneous to a distance. When only the dgitponent of the STA is
taken into account, the construction of the basistars remains the same, but the STA field is
approximated by six additive modes:

¥,'3- ?3-6;
(Eq. 7.2)

In the architecture we propose for the STA rigidhponent, the amplitudes of the rigid modes
were modelled as function of the kinematics of #ugacent joints. The model inputs were
selected to describe the features of joints kinemmdhat are assumed to impact most on the
artefact,23- . Joint kinematics was represented using the d#ittector (Woltring, 1994). For
the knee we used its amplitude and, for the hip amde, its components relative to selected
joint axes, since this approach has been provedetoess prone to experimental error
propagation (Cheze, 2000). The joint axes werenddfias the latero-medial axis of the
proximal anatomical frame, the longitudinal axis tbe distal one, and the cross-product
between the latter axes as described in Wu e2@02) for the hip and in (Baker 2003; Cole et
al., 1993) for the ankle. Based on the experieepented in Camomilla et al. (2013) and Bonci
et al. (2014) with artefact representation at irdiral marker level, a linear relationship between
artefact rigid mode amplitudes aréB- was assumed and the mode amplitudgsfor the

thigh and shank segmemt<th, sh) were modelled as:

pra, '3-- 5oo'3- 2 '3- 2 '3 2 '3 @
with 2..'3-  x '3- '3- '3- '3-y (Eq.7.3),
S'®.,3-- 5 13- 5-13- 5.83 %

with ®_'3- X '3- !'3- §3-y (Eq. 7.4),

where? {'3- represents the relevant joint kinematics3- '3- '3- are the components of the
hip attitude vector,3- is the knee attitude vector amplitude, &h8- 8'3- are the components of

the ankle attitude vector relative to the dorsidpda flexion and inversion/eversion axes, while the
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pronation-supination component was not accountethdéoause too smallg>, S>. are the model
parameter vectors to be determined through a adiitor procedure. The parameters are
determined so that the modelled vectors have avaie when the subject assumes a reference
posture. Therefore, the STA rigid component was etfled using the same basis vectors as in Eq.
7.2 and the above-mentioned modelled mode amp#§tude

412 13-- 72 13- 56 7

(Eq. 7.5).

The choice of the above-mentioned angles to matiéigh and shank STA was assessed using the
described experimental data with different angieetihistories combinations for both segments
described in Table 7.1 and comparing the obtaiesdlts as described in the next sections. At the

end, the number of parameters of the model is 30the thigh and 24 for the shank.
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Thigh STA modelling Shank STA modelling
- Hip FE
1 - Hip AA - Knee Orientation Vector
Hip IER - Ankle Orientation Vector
Knee Orientation Vect
Hip FE

Knee Orientation Vector

2 E:p iAI\EAI\? Plantar/Flexion component of the ankle Orientati@ttor
P . . Inversion/Eversion component of the ankle orientatiector
KneeOrientation Vectc
3 E:p ":i FE component of knee Orientation Vector
' HiE IER Plantar/Flexion component of the ankle Orientati@ttor
FE component of knee Orientation Ve: Inversion/Eversion component of the ankle orientatiector
+ HipFE Knee FE
4 - Hip AA .
. Ankle Plantar/Flexion
- Hip IER ) .
Ankle Inversion/Eversion
Knee FE
5 - Hip Orientation Vector - Knee Orientation Vector
Knee Orientation Vector - Ankle Orientation Vector
Hip FE : .
6 Hip IER Knee Orientation Vector

Knee Orientation Vector Ankle Orientation Vector

FE component of the hip Orientation Vector

7 - AA component of the hip Orientation Vector - Knee Orientation Vector
IE component of the hip Orientation Vector - Ankle Orientation Vector
Knee Orientation Vector

FE component of the hip Orientation Vector

8 - AA component of the hip Orientation Vector
IE component of the hip Orientation Vector
Knee Orientation Vector

Knee Orientation Vector
Plantar/Flexion component of the ankle Orientati@ttor
Inversion/Eversion component of the ankle orientatiector

Table 7.1— Eight different combinations of joint angles thigh and shank STA modelling.
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7.2.2. Experimental data

To assess the model architecture feasibility andSEA compensation effectiveness, the pin- and
skin-marker data acquired by Reinschmidt et al9{t) were used. Three male volunteers (V1, V2,
V3; age 27. A 2.1 years, mass 85459.6 kg, stature 1.86 0.10 m) were analysed while running at
slow speed (2.9 + 0.2 My Three clusters of three markers each attacheth imtracortical pin.
These pins were inserted into the postero-lateade of the right calcaneus, lateral tibial cordyl
and lateral femoral epicondyle. Five skin markeesenglued on the thighng, = 5) and six on the
shank (n, = 6) (Figure 7.1). Markers were tracked using r@ehfilm-camera system (sampling
frequency: 200 frames/s). For each volunteer, thece phase of five running trials was captured.
Reference thigh and shank anatomical frames wdneedeby an anatomical calibration that used a
radiostereometric analysis (van den Bogert et2@l08). The foot frame was defined as parallel to
the global frame while standing. The reference posk these three anatomical frames were
estimated in each instant of time during movemesing pin markers, through a Procrustes
superimposition approach (Sdderkvist and Wedin319ue to the lack of pins and markers on the
pelvis segment, the relevant anatomical frame veasiraed to be always parallel to the global

frame.

Figure 7.1 —Positions of the skin markers glued on thigh amah& during the running trials are shown on
the left side. The pelvis, thigh, shank, and fawtamical frames are indicated on the right side.
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7.2.3. STA model calibration
The hip, knee, and ankle attitude vector componam@se computed using the four anatomical
frames and the conventions defined above. Forftigh and shank segments<th, s, the STA
vectors{,'3- , were defined as the displacement of the skin erarkelative to their mean position
in the local frame over the five running trials feach volunteer. These mean positions were

considered as a reference also to build subjediHgpéasis vectors for the rigid modes of each

body segmen6?'l *** f- (Chapter 4. To obtain the measured amplitudes of the rigid
modes, ' 3-, the STA fields of each triak,' 3-, were projected on these subject-specific basis

vectors.

The rigid STA model#4, 2 ;'3 --, was calibrated and the model parame®tswere identified by
minimising the sum of the squared differences betwmeasured,?3- , and modelled amplitudes,

¥a '3- S3-. The Pearson correlation coefficient) petween these amplitudes was used as a
penalty factor to exclude solutions that resukkstimated STA components in an opposite direction
to the measured STA. The optimization problem walvesl using a non-linear least-squares
minimization method in Matlab® (trust-region-reflee). For further details on the calibration
procedure, see th@éhapter 3

7.2.4. STA compensation
Three different datasets were determined to agbeseffectiveness of the proposed modelling
approach to compensate for the STA:

a. pin data (reference: REF);

b. measured skin-marker data that, with the pin dptayide the measured STA field;
(MMD);

c. artefact-compensated skin marker data (CMD), asimdd by subtracting the modelled
STA rigid component (Eq. 7.3 and Eq. 7.4) from tieasured STA field:

©ll a 1-3_ _ - l' 3_ 4' 1'6. 1'3__ (Eq 76)

This residual STA field embeds both the STA norndrigcomponent®2 '3-- *  ['3- 4 ¥,3--

and the difference between the real and modeligd component #'3- 4; ;2 '3--).

7.2.5. Evaluation of calibration feasibility and compatisn effectiveness
Calibration feasibility was assessed in terms @fr&ean correlation coefficient and of the root mean

square difference (rmsd) between each measurggk , and modelled, 72 ;' 3- S3-, amplitude.
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Compensation effectiveness was tested based oneshimates of knee angular and linear
displacements computed using the three above-lgatsets (REF, MMD, CMD). Shank and thigh
poses were estimated using the Procrustes supeditiopoapproach (Séderkvist and Wedin, 1993)
between measured and reference marker positiotieirelevant anatomical frame; the knee joint
angles (flexion/extension, FE; abduction/adductid®; internal/external rotation, IE) were
estimated consistently with the Cardanic conven{i@nood and Suntay, 1983). The midpoint
between the two epicondyles (C) was calibratedguie above-mentioned radiostereometric data.
Its position was determined both in the thigh)(&nhd shank (& anatomical frames. Knee linear
displacement was defined as the vector fromt& G,. Its components (lateral/medial, LM,;
antero/posterior, AP; proximal/distal, PD) wereidedl performing non-orthogonal projections onto

the joint axes (Desroches et al., 2010).

To assess the similarity between the reference kimegnatics (REF) and the kinematics obtained

using measured (MMD) and compensated (CMD) skinkeratrajectories, root mean square

difference (rmsd) values, their percentage valué vaspect to the relevant range (rmsd%), and the

Pearson correlation coefficient were calculatece Values of the latter coefficient were classified

as follows: low for 0.35, moderate for 0.36<0.67, high for 0.68<<0.89, and very high for
0.90 (Taylor, 1990).

Moreover, the proposed architecture models onlydtffect of soft tissue deformation produced
directly by joint motion. To assess if soft tisswebbling becomes the dominant source of error
after the proposed STA compensation, we analysedptiwer distribution of the error affecting
knee kinematics time histories. This error was ioleth subtracting reference kinematics to that
obtained using the MMD and CMD datasets. Soft #ssobbling during running was assumed to
be included in the 5-10 Hz frequency range (Waketnd Nigg, 2001). Therefore, two frequency
bands (below 5 Hz, associated to skin sliding, abhdve 5 Hz, for soft tissue wobbling) were
considered. After removing the mean value and ltpraro padded the data series to 512 samples,
since the acquired trials did not last more tharf2D® samples), the mean powers in these bands

were estimated by applying a fast Fourier transftonihe relevant autocorrelation function.

Descriptive statistics of selected quantities wastained after testing for normal distribution,ngsi

the Shapiro-Wilk normality test, using the five-noben summary technique (minimum, lower
guartile, median, upper quartile, and maximum) eqtesenting the data using box-plots. Lower
and upper quartiles were used to calculate the-quartile range (IQR). Power distribution of the

kinematic error obtained with the MMD and CMD da&tss were compared using the non-
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parametric statistical analysis of Friedman for espd measures, due to the non-normal
distributions of most of the parameters. Statistgignificance was set to p<0.05. SPSS version
21.0 (IBM SPSS Inc., Chicago, USA).

7.3. Results

7.3.1STA assessment
The statistics of the root mean square (rms) ofttvedve STA mode amplitudes which describe
marker-cluster motion relative to the bone in temmhggeometrical transformation (rigid motion:
rotation and translation; non-rigid motion: homdthand stretch) is shown in Figure 7.2; the

general characteristics of these components wergistent among volunteers.

Figure 7.2 — Box-plots (minimum, lower quartile, median, uppgartile, and maximum) of the root
mean square values of the measured amplitudeg GTA modes, ?3- , for thigh and shank along the
different basis vectors defined using the markastelr geometrical transformations. Statistics peréal
over 15 trials (five trials performed by each of thhree volunteers). Outliers are also shown.
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7.3.2. STA modelling: selection of angle time histories

The results of the thigh and shank modelling wiffecent angle time histories (Table 7.1) are shawables 7.2 and 7.3. In addition, also the

impact on the knee joint estimations was evalu@iadle 7.4).

Thigh rmsd [mm] Thigh rmsd% Thigh
1 2 3 4 ) 6 7 8 1 2 3 4 S 6 7 3 1 3 4 S 6 7
092 092 092 092 059 08 091 09125 25 25 25 43 37 14 14 14 14 29 24 18 18
- X (0.30) (0.30) (0.31) (0.34) (0.43) (0.31) (0.23) (0.23){ (1.2) (1.2) (1.4) (1.6) (1.5) (1.6) (0.7) (0.7)} (47) (47) (49) (50) (44) (46) (34) (34)
S
® 098 098 098 098 081 094 097 097 25 25 20 20 63 43 14 14 13 13 44 25 14 14
% Y (002) (0.02) (0.02) (0.02) (0.07) (0.04) (0.02) (0.02)} (1.2) (1.2) (1.4) (1.3) (22) (1.6) (1.1) (1L.1)| (11) (11) (8 (8) (20) (10) (12) (12)
- 095 095 095 095 042 090 092 092 23 23 23 23 50 32 13 13 12 13 40 19 16 16
Z (0.17) (0.17) (0.17) (0.16) (0.60) (0.21) (0.20) (0.20)] (1.4) (1.4) (L.4) (1.4) (2.9) (1.2) (1.3) (1.3)| (46) (46) (46) (44) (64) (45) (49) (49)
095 095 095 095 072 093 094 094} 12 12 12 12 29 17 12 12 12 12 32 13 12 12
X (0.10) (0.10) (0.10) (0.10) (0.26) (0.16) (0.13) (0.13){ (0.7) (0.7) (0.7) (0.7) (1.1) (1.0) (0.8) (0.8)} (22) (22) (22) (22) (25) (28) (26) (26)
c
-% y 081 081 08L 08L 048 062 080 08029 29 29 29 51 39 32 32 32 32 53 39 38 38
E (0.40) (0.40) (0.45) (0.40) (0.24) (0.49) (0.29) (0.29)! (2.5) (2.5) (2.8) (2.7) (1.1) (2.9) (2.1) (2.1)} (56) (56) (66) (63) (41) (61) (53) (53)
, 097 097 097 097 039 095 096 096 | 14 14 11 11 41 17 14 14 13 11 45 21 17 17
(0.01) (0.01) (0.02) (0.02) (0.53) (0.04) (0.03) (0.03)} (0.7) (0.7) (0.6) (0.6) (1.5) (0.8) (0.7) (0.7){ (10) (10) (7) (8 (33) (10) (13) (13)
N°Par 4 4 4 4 2 3 4 4 4 4 4 4 2 3 4 4 4 4 4 2 3 4

Table 7.2— Median and inter-quartile range (IQR) correlatimefficient , rmsd and rmsd% (expressed as percent of themeah square value over time of the
relevant rigid mode amplitude) values between teasured, 3, and the modelled 3, rigid mode amplitudes for the thigh segment.iStias performed over all
trials and volunteers. Thigh STA modelling werefpaned using the eight different time history condiions. The number of the angle time historiesatse
shown (N° Par).
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Shank rmsd [mm] Shank rmsd% Shank
1 2 3 4 ) 6 7 8 1 2 3 4 5 6 7 1 3 4 S 6 7
089 094 094 093 089 089 08 09425 21 21 24 25 25 25 21} 25 22 23 24 25 25 25 22
- X (0.06) (0.05) (0.05) (0.06) (0.06) (0.06) (0.06) (0.05)| (1.0) (0.7) (0.7) (1.5) (1.0) (1.0) (1.0) (0.7)| ®) (7) () (12) (@B B (8 (7
S
® 068 078 084 083 068 068 068 078 41 35 28 36 41 41 41 35 46 37 37 25 46 46 46 37
% Y (0.21) (0.12) (0.16) (0.30) (0.21) (0.21) (0.21) (0.12)} (0.6) (1.2) (1.4) (2.1) (0.6) (0.6) (0.6) (1.2) (41) (18) (25) (50) (41) (41) (41) (18)
- 078 079 077 08 078 078 078 07924 21 20 21 24 24 24 21} 12 11 11 11 12 12 12 11
Z (0.32) (0.29) (0.27) (0.18) (0.32) (0.32) (0.32) (0.29)| (1.1) (1.3) (1.3) (1.3) (1.1) (L.1) (1.1) (1.3)| (44) (20) (22) (22) (44) (44) (44) (20)
091 091 090 092 091 091 091 091} 12 12 12 12 12 12 12 12| 10 9 9 7 10 10 10 9
X (0.16) (0.16) (0.16) (0.09) (0.16) (0.16) (0.16) (0.16)| (0.9) (0.9) (0.8) (0.7) (0.9) (0.9) (0.9) (0.9) (20) (8) (7) (16) (20) (20) (20) (8)
c
-% 068 078 078 08 068 068 068 078 1.7 15 13 11 17 17 17 15| 54 40 42 33 54 54 54 40
E Y (0.22) (0.08) (0.09) (0.19) (0.22) (0.22) (0.22) (0.08)| (1.5) (1.3) (1.2) (1.0) (1.5) (1.5) (1.5) (1.3)| (26) (29) (23) (23) (26) (26) (26) (29)
095 096 09 09 095 09 09 09 13 11 12 11 13 13 13 11} 15 13 13 13 15 15 15 13
Z (0.07) (0.04) (0.03) (0.07) (0.07) (0.07) (0.07) (0.04)| (0.9) (0.6) (0.5) (0.9) (0.9) (0.9) (0.9) (0.6){ (12) (10) (9 (7) (12) (12) (12) (10)
N°Par 2 3 3 3 2 2 2 3 2 3 3 3 2 2 2 2 3 3 2 2 2

Table 7.3— Median and inter-quartile range (IQR) correlatomefficient , rmsd and rmsd% (expressed as percent of themeah square value over time of the

relevant rigid mode amplitude) values between teasured, 3, and the modelled,?, rigid mode amplitudes for the shank segmentisitz performed over all
trials and volunteers. Thigh STA modelling werefpened using the eight different time history cormdiions. The number of the angle time historiesatse

shown (N° Par).
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knee kinematics rmsd%

Range rms T € 1) € () € () € ) € (5) € (6) €@ € (8)

Angle FE 29(13) 22(2) 11 (7) 2 (1) 2 (1) 2 (0) 2 (1) 62 22 2 (1) 2 (1)
AA 10 (9) 4 (1) 79(60) 21(38) 21(35) 22(39) 28)(3 32(33) 25(34) 23(33) 23(34)
[deg] IE 10 (5) 5 (6) 51(14) 34((34) 29(28) 28(29) 2I)3 36(30) 35(35) 35(32) 30 (30)
Displacement LM 5 (2) 4 (3) 114 42 (30) 39(28) 39(26) 40(30) (BB 50(26) 42(29) 37 (29)
AP  8(7) 5(2) 118 31(17) 28(22) 24(25) 28(24) (85 45(15) 43(23) 36(22)
[mm] PD 7(2) 5 (8) 238 49 (65) 35(53) 32(54) 45(43) (985) 46(83) 52(65) 33 (55)

Number of angle time histories involved 4 + 2 4+3 4+ 3 4+ 3 2+ 2 3+2 4+ 2 4+ 3

Table 7.4— Median and inter-quartile range (IQR) of the dPis(expressed as percent of the root mean squéue waer time of the relevant knee joint
kinematics amplitude) values between the referé&im®mmatics and those obtained with the differenf $fodelling for the thigh and shank segments. Sites
performed over all trials and volunteers. The nundfehe angle time histories involved in the STAdelling are shown (Thigh segment + Shank segmbnt).

addition, also the range and the rms values fokitiee kinematics are shown.
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7.3.3. STA model calibration
The results of the comparison between the measu8; and the modelled, 3« ;'3- -,

amplitudes of the rigid modes of the STA are regubrt Figure 7.3.

Figure 7.3— Box-plots of the correlation coefficientand of the rmsd values between the measur%éa,-,

and the modelled, 2 0 3 L rigid mode amplitudes for the thigh (left paneldahank segment (right
panel). Statistics performed over 15 trials (fiials performed by each of the three volunteersitli€s are
also shown.

The time histories of the amplitudes of the rigiddas obtained from the measured artefg3- ,

and those estimated by calibrating the STA rigichponent model 32 ;' 3- S3-, , are shown for a

randomly selected trial for the thigh and the shiankigs. 7.4 and 7.5, respectively.
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Figure 7.4 - Measured (solid line) and modelled (dotted limae)plitudes of the rigid modes for the thigh
segment relative to a trial of volunteer V3. Thiatige and rmsd values are also shown.

Figure 7.5 - Measured (solid line) and modelled (dotted line)plitudes of the rigid modes for the shank

segment of the same volunteer and trial as in Eigut. The relative and rmsd values are also shown.

In Tables 7.5-7.6 are reported the subject- andl-trspecific model parameters for thigh

> 2 2 2 and shank > >~ 5. segments [mm/deg], for the translation

”
= - - == ==

(Table 7.5) and rotation (R) modes (Table 7¢5%, X, y, z (anatomical axes as in Figure 7.1), and
for the three volunteers (V1, V2, and V3). In thgufes 7.6-7.8 the mean and standard deviation of
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joint kinematics time histories of the attitude toeccomponents (hip: flexion/extension,
abduction/adduction,, internal/external rotation,; knee: ; ankle: dorsi/plantar flexion,, and
inversion/eversion ) estimated during the five running trials perfodmay the three volunteers
(V1, V2, and V3), and used to calibrate the moded, shown.
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—Table 7.5—-
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—Figure 7.6—
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—Figure 7.7—-
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—Figure 7.8-

Their inter- and intra-subject variability can Inéerrred by Figure 7.9.

Figure 7.9 -Box-plots of the model parameters for the thigh, (left panel), and shank segment, (right
panel). Statistics performed for each volunteeowér 5 trials. Outliers are also depicted.
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7.3.4. STA compensation
Reference knee kinematics were characterized msteif rms values (median(IQR), FE: 22(5) deg,
AA: 1(2) deg, IE: 3(1) deg, LM: 1(0) mm, AP: 1(3)m PD: 2(1) mm) and ranges (median(IQR),
FE: 30(16) deg, AA: 4(1) deg, IE: 9(4) deg, LM: b(dam, AP: 8(3) mm, PD: 6(3) mm).

The effectiveness of STA compensation on knee kates is depicted using paradigmatic time
histories for a running stance phase, in Fig. 7St@tistical results are reported in Fig. 7.11, for

rmsd and values, and in Table 7.7, for rmsd%.

Figure 7.10- The six knee joint kinematics components are shfw the same volunteer and trial as in
Figure 7.3, obtained using the following markeustér data: a) pin marker trajectories (REF, blsalid
line), b) measured skin marker trajectories (MMieygsolid line), c) compensated skin marker trajees
(CMD, black dotted line). For the flexion-extensimmgle the dotted line is superimposed with thildivle.
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Figure 7.11 — Box-plots for angular and linear knee kinematiopper panel: rmsd between reference
kinematics and the kinematics obtained using meas(MMD) and compensated (CMD) skin marker
trajectories. Lower panel: values comparing reference kinematics with thds&ined using MMD and
CMD data. Statistics performed over 15 trials (fiv@als performed by each of the three volunteers).
Flexion/extension, FE; abduction/adduction, AAemial/external rotation, IE; lateral/medial disgaent,
LM; antero/posterior displacement, AP; proximalfdislisplacement PD. Outliers are also shown.

rmsd% MMD CMD
median (IQR median (IQR

Andl FE 6 (3) 1(1)
ngles AA 45 (17) 17 (13)
IE 32 (19) 15 (7)
. LM 70 (31) 33 (21)
Displacement AP 56 (27) 16 (8)
PD 79 (66) 25 (11)

Table 7.7— Median and IQR rmsd% values, calculated forréhevant range of knee kinematics calculated
using measured (MMD) and compensated (CMD) skin kerartrajectories. Flexion/extension, FE;
abduction/adduction, AA; internal/external rotatidg; lateral/medial displacement, LM; antero/padste
displacement, AP; proximal/distal displacement PD.

The mean power densities, below and above 5 Hiheoknee joint kinematic errors as obtained
using measured (MMD) and compensated (CMD) skinkararajectories are reported in Table 7.8.
For the STA-affected dataset, the median (IQR) pomas 84% (14%), in the range below 5 Hz,
and 11% (11%), above 5 Hz. After removing the miedefigid modes, the median value of the
power below 5 Hz became significantly lower (5696%9, 1) = 60.8, p < 0.001), and
significantly higher (34%, (23%),%(1) = 71.1, p = < 0.001) in the other frequencydafhese
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changes were due to a shift towards the band abdde of the power spectrum of all the knee

degrees of freedom (DOFs).

frequency ____ FE [%] AA [%] |E [%] LM [%] AP [%)] PD [%]

band MMD CMD MMD CMD MMD CMD MMD CMD MMD CMD MMD CMD
<5Hz 83(6) 59(33) 88(8) 55(22) 89(35) 60(22) 8L(1B3(28) 74(14) 47(29) 91(7) 63(22)
>5Hz 12(9) 34(33) 8(7) 38(20) 7(22) 31(9) 13(9) 37(28)8(6) 39(26) 7(4) 31(16)

Table 7.8 —Mean power in the indicated frequency bands, asemage of the total power, of knee
kinematics errors obtained using measured (MMD) aothpensated (CMD) skin marker trajectories.
Statistics (median values (IQR)) estimated overtddls (five trials performed by each of the three
volunteers) for all the degrees of freedom of tineek (flexion/extension, FE; abduction/adduction,; AA
internal/external rotation, IE; lateral/medial dégement, LM; antero/posterior displacements, AP;
proximal/distal displacements, PD). All degreedreeédom had a significantly different power contefter
removal of the STA rigid component model.

7.4. Discussion
This study described in thiShapterproposes and tests a modelling architecture ®ISRA rigid
component that is appropriate to being embedde®RiEs. Additive translation and rotation
components (modes) of the STA were obtained usingpdal approach. A model of these rigid
modes was developed and calibrated for the thighshank of each trial analysed, which estimates
the amplitudes of the rigid modes in a bone embedidene as a function of the proximal and distal

joint rotations that occur during the executioraghotor task.

This STA rigid component model was proved effectiweknee joint linear and angular kinematics:
removing the modelled rigid modes from the STA-ciiéel data remarkably improved joint
kinematics, particularly those degrees of freedoinext to relatively small variations, considered
to have diagnostic significance in the clinical mxaation for ligament injuriesi.e. abduction-
adduction, internal-external rotation and anterst@oor displacement of the knee (Lubowitz et al.,
2008).

7.4.1STA assessment
Current results confirmed the known propertieshef 8TA phenomenon: in general it was higher
on the thigh segment with respect to the shankitamieesented a large variability to be ascribed to
subject-specificity of the data (Leardini et aD03, Peters et al., 2010). Moreover, knee kinematic
calculated using skin marker data presented emprgo two times higher with respect to the
reference kinematics amplitude, for all DOFs exd&ption-extension. Paradoxical translations of
the tibia with respect to the femur were observedli directions, as evidenced by some counter-

phase (negative) moderate or high correlationkihee translations (Figure 7.11), and reinforcing
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previous evidence observed in the antero-postelirection during the knee extension phase of a
step-up motor task (Garling et al., 2007). The ssitg of STA compensation for the clinical use or
for other applications of knee kinematics is thasfemed.

The rigid motion of the skin marker cluster was faomed to be the main STA component (Figure
7.2). The rigid component presented similar charatics, although with higher values, as those
obtained in othein vivo studies: during walking (Andersen et al., 2012rrBat al., 2013), cutting
and hopping (Andersen et al., 2012), Table 7.9sThscrepancy can possibly be ascribed to
different causes: in Barré et al., 2013, the subjbad a total knee prosthesis that could limit the
performed movement; in Andersen et al., 2012, t#sathy volunteers jumped from a single leg
standing position to standing on the other leg,cWwhinay entail a lower change in the linear
momentum with respect to the running stance phaal/zed hereEx vivoresults relative to the
thigh segment during hip and knee flexion-extensioovements (Grimpampi et al., 2014), not
surprisingly, presented lower translation rangeth wespect to current results (Table 7.10), since
there was no contribution of muscle contraction. tBe other hand, in the same study, wider
orientation ranges of motion were evidenced, toaberibed to a larger joints range of motion,

intentionally reached by the operator flexing tbeér limb.
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Present study Barré Andersen
etal., 2013 et al.,, 2012
Task Running stance Walking stance Hopping
10" percentile 9.0 5.4 —
Thigh  median 12.9 7.1 —
[mm] 90" percentile 22.0 10.2 —
max 29.0 — 11.8
10" percentile 5.3 2.0 —
Shank  median 11.5 2.7 —
[mm] 90" percentile 13.9 3.8 —
max 23.5 - 115

Table 7.9 -The amplitude of the rigid components (in mm) ataoted in different studies are compared.
For the current studyhe module of the sum of all rotational and tratsieal modes is computed for each
marker and the statistics is performed over altrsags’ markers, 5 trials, and 3 volunteers. DatenfBarré

et al. 2013, are calculated as the difference baiviiee position of the marker represented in theoAthe
bone and the relative position reconstructed uaiteast squares pose estimator during the walkangrs.
Data from Andersen et al. 2012, are obtained assuthiat, for the hopping task, only the rigid comeiot
was the cause of the maximum residual artifactterfirst four PCA components: reported numbersewer
thus, obtained as difference betwefraad §' DOF of Figure 2 in Andersen et al., 2012.

Grimpampi

Present study et al. 2014

Ex-vivohip and

Task Running stance knee flexion-
extension

median 22.1 13.9

Thigh I1QR 11.2 2.6

Translation max 30.0 20.9
[mm] median 11.6 —
Shank IQR 2.8 —
max 18.3 —

median 10.2 9.7

Thigh 1QR 2.8 4.4

Rotation max 14.0 23.6
[deg] median 4.9 -
Shank IQR 2.2 -
max 6.7 —

Table 7.10 -The orientation and the linear range of motiontiedato current results was computed as in
Grimpampi et al., 2014, over all 5 trials and 3watkers, and compared with the results obtained in
Grimpampi et al., 2014, over all 3 trials and 3cipens.
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7.4.2. STA model calibration

The functional relationship between proximal andtali joint kinematics and individual marker
STA displacements (as shown @hapter 3 was confirmed as applicable also to rigid mode
amplitudes (Figure 7.3). Using the modal approaaked translating the previously proposed
architecture (Camomilla et al. 2013, anddhapter 3 to describing the marker-cluster geometrical
transformations. The rigid mode amplitude modekpreed the major features of the artefact time
histories (Figs. 7.4 and 7.5). For the thigh, thedelled and measured modes most often showed
very high correlations (only rotations about thieror-superior axis presented a median correlation
value as low as 0.65, Figure 7.3). These same sualveays presented median correlation values
above 0.68 for the shank. For both segments, tisd rralues were lower than 3 mm in 81% of the
cases. The variability of some of the model paransetvas quite high (Figure 7.9), preventing the
possibility of using them to estimate the STA forals different from those used for their
calibration. This result forces to calibrate thedmloat a trial level, which can be done within the
optimization procedure used to estimate the borse.pdherefore, the mathematical model here
calibrated for both segments (reported in the ®mpphtary material), can be used in simulations
aiming at assessing the effects of STA on relagtighates, such as bone pose estimation (Cereatti
et al., 2006).

7.4.3. STA compensation

Current results confirmed some of the known properf the STA phenomenon: knee kinematics
calculated using skin-marker data presented emprdo two times higher than the reference
kinematics amplitude for all DOFs except flexiortansion. Opposite movement with respect to
the real ones were observed for all knee transigti@s evidenced by some counter-phase
(negative) moderate or high correlations (Figudely,.confirming the need for STA compensation
to correctly estimate and interpret knee kinematics

When compensating for STAs by removing the modeligidl components from the skin-marker
trajectories, all DOFs noticeably improved, botherms of the error amplitude (which was reduced
to 1%, 17%, 16% of the kinematic range for FE, ARl dE, respectively and to 33%, 16%, and
25%, for LM, AP, and PD displacements, respectivélgble 7.7) and increased in correlation to
reference kinematics which reached a median vdl@8d (Figure 7.11). These improvements are
similar to those obtained using the methods pragphbgeCappello et al., (2005) and Lucchetti et al.,
(1998), both requiring the acquisition of suppletaeyn experiments. However, the effectiveness of
our compensation was evaluated by calibrating tbdahwith both input and output data obtained
from pins. Current results should be consideredhasbest possible improvement that could be
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obtained with this STA compensation approach peréat calibrating the model without a direct

measure of STA,e. in the real human movement analysis setting.

The analysis of the power distribution of knee kmagics errors showed that, for all knee DOFs,
STA compensation significantly increased the peamgm of power above 5 Hz (median power in
this band: 11% and 34% for MMD and CMD, respectiyeTlhis power shift can be attributed to a

higher ratio between the wobbling and skin slidiogmponents of the phenomenon in the
compensated condition. Nevertheless, what the msdt able to reproduce, including mainly the
wobbling component, is moderate enough to allowafarotable reduction of the error amplitude.

Contrary to the dominant negative effect of wobfplmasses on joint dynamics (Pain and Challis,
2006), the joint kinematics has here been confirteetle mainly affected by skin sliding (as in

Chapter 3. These results support the hypothesis that emibgddmodel of the artefact caused by

skin sliding in a BPE may compensate for most efdhefact propagation.
7.5. Conclusion

Since the mode amplitudes;'3-, can in principle be estimated together with bgose, the
proposed model architecture is appropriate fornpation in various kinds of BPEs: single-body
BPEs (Alexander and Andriacchi, 2001), multi-bodyB3 (Richard et al., 2012), and algorithms

based on a functional approach (de Rosario e2@il.3).

The choice to embed in a BPE only the model of Sighd components is supported by the
following considerations:
The modelled STA amplitudes present a high or vegyh degree of similarity to the real
phenomenon, and their removal from the originabslt reduce the joint kinematics error
amplitude and increase the correlation between eosgied and reference kinematics;
The basis vectors along which the amplitudes ofritid modes are to be estimated can be
determined through subject-specific calibratioraireference posture of the positions of the
skin-markers in the anatomical frames (Cappozad.£1995; Donati et al., 2007). For other
methods, such as principal component analysis (Asedeet al., 2012) or proper orthogonal
decompositionChapter 4, the basis vectors are trial-specific and musestenated along
with the amplitudes within the BPE problem;
Modelling the rigid mode amplitudes entails estimgta reduced number of parameters
than representing all individual marker displacetagflexander and Andriacchi, 2001;
Camomilla et al., 2009; Camomilla et al., 20Chapter 3. For example, modelling the

thigh rigid modes during a multi-articular movemeaduires calibrating 24 parameters, and
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this is true for any number of markers; while thener of parameters increases to 48 when

modelling the individual displacements of four skiarkers (as shown @hapter 3.

The improvements obtained for joint kinematics \aeey promising and justify dedicating further

efforts to properly designing such a pose estimatowever, it must be kept in mind that the model
was here calibrated using reference joint kinersadie input and reference artefact as output. In
routine experimental conditions, however, only skiarker data are available; the joint kinematics
used as input must be obtained based on quarthtsare the output of the BPE. Thus, the model
parameters can only be obtained in parallel wittimeding the bone pose, as the result of an
iterative optimization problem. The reduction ofetlparameters number entailed in this

optimization could potentially increase the podgibto solve it.
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Soft tissue artefact: from cluster-level to markerlevel

An approximation of the displacement of each markethe relevant anatomical frames can be
defined by defining the appropriate basis vectoid asing the calibration parameters reported for
the three volunteers in the Tables 7.5 and 7.6ppring the following steps:

1. Construction of the basis vectors
When the position of the skin markers. / 0 ;- in the relevant anatomical reference

frame,\ ;, is known (e.g. Table 7.11 and shown in Figure #dk the presented data), the 6 basis

vectors6 2 'l / f - which describe translation and rotation of thestdnare computed as:
OOXAL kS VL XA ks Y
- ? i ?
:Xs\llf)s\ 1:[ ZX5\1£5\ 17
- H C .
XA ks 9% x50 s5 &
where
$ 9
X183 $M e+ -
$ $
i $ $
X 1% abcd ced” _
$ ced abcd
abcd $ ced
X108 $ " _
ced $ abcd
abcd ced $
X9 ] ced abcd $_
$ $
Y $ $
K 1T$Smk] YK ]I$ and kR n 'l Vef-_
$ $ Y

d $,2 and Y (chosen arbitrarily).

The origin of the basis vectors is located at #ie sarker centroid. Note that an orthogonalization

(i.e., Gram—Schmidt) procedure is not required to obtiagnbasis, because translation and rotation

. J
modes are orthogonal by constructibe,, 6 ? ~ 6 i $ ,1tp
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Figure 4< — The position of the skin markers glued on Vi V2 V3
thigh and shank segments during the running taieds L, =480 L, =456 L, =467
depicted. Thigh and shank lengths are also shown (L X -36 5 -8
and L, respectively). T, vy 290 288 277
z 87 86 87
X -11 16 10
T, vy 124 122 100
z 63 59 64
X 78 102 103
Tz vy 301 328 364
z 1 -3 17
X 80 100 107
Ts Yy 191 202 260
z 4 -5 23
X 83 86 98
Ts vy 70 71 151
z -15 -6 20
Ly =461 Ly =461 Ly =432
X -2 -11 17
Si y 337 361 337
z 86 82 71
X -16 -25 -4
S, vy 176 194 175
z 77 84 76
X -41 -21 -30
Sz vy 19 32 22
z 66 88 86
X 44 62 59
S,y 400 430 371
z -1 1 3
X 33 35 47
Sy vy 262 274 243
z 151 -1 24
X 16 21 32
Se Y 113 125 108
z 14 9 45

Table 7.1z — Position of the skin markers depicted in the
Figure 4s represented in the relevant anatomieahetr
Thigh and shank lengths, indicated in Figure 4,280
shown (L and L, respectively). Data are in mm.

2. Reconstruction of the mode amplitudes
The amplitude of each rigid mode along the respectinit vector can be estimated using the

parameters reported in the Tables 7.5 and S26for different trials and volunteers and selected
joint kinematics time histories '3- , relative to the movement under analysig2 ;3- S3,
(Equations 7.3 and 7.4).

3. Approximated STA field at marker-level
The artefact for the thigh and shank skin markews loe approximated using Equation 5 in the

original article:
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4, « 3 - 22 '3- 36 >+
51

where the rows of the vector fielt) represent the marker coordinates (expressed inetbeant

anatomical reference frame) in the same order swritied in the vector8 3.
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8. Chapter 8

“CONCLUSION"

In human movement analysis, bone pose estimatbeaarried out in an indirect and non-invasive
fashion using markers located on the skin and gpéi@ogrammetry, as widely described in the
thesis. This method, however, has two main sous€esror: one introduced by the system itself,
which can be dealt with using filtering or smoothitechniques, and a second source of error is a
real movement occurring between skin markers aadutiderlying bone, the so called soft tissue
artefact, for which the acronym STA is largely used it is the topic of this thesis. Moreover, also
of the mislocation of anatomical landmarks, usedudd segment joint coordinate systems and

then joint coordinate systems contribute to expental errors.

The artefact has a devastating effect on bone @stg@ation and effective countermeasures are still
to be made available. First of all, it is importéamtrecognize the limitations inherent in estim@tin
joint kinematics, as evidence suggests that with slarkers knee joint kinematics estimates may,
in effect, be opposite to actual tibio-femoral a8, as shown in Garling et al. (2007). The lower
limb kinematics is an integral part of the resegseiformed in many studies, and, in particular, for
those researches designed to lead to clinicaivetgion.For these reasons, it is crucial to gain the
ability to estimate joint kinematics with high acaay using non-invasiven-vivo methods. This
step is necessary to develop evidence-based dlinteavention strategies. This thesis is only & pa
of efforts to find the best solution for the STAoplem.

A multi-disciplinary work including different sciéific domains (biomechanics, data analysis,
signal processing, image processing, and motiotuoa)p has allowed the development of the
research described in the thesis. The main reaottscontributions of this work are summarized in
the following sections. In addition, also the mimitations and the future perspectives are pointed

out.

8.1. A possible model of thigh STA

A mathematical model of the thigh STA, for a sedelctnarker location of a given subject, which
estimates the artefact components in a bone embetddgomical frame (AF) as a function of the
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hip and knee joint rotations that occur during ¢ixecution of a motor task was proposed. A linear
relationship between artefact components and tleximpal and distal articular angles was
hypothesised, based on the outcome of previousestidkbarshahi et al., 2010; Camomilla et al.,
2013; Cappozzo et al., 1996). The previously pubklisthigh STA model proposed by Camomilla
et al. (2013) estimated the STA, during a monc:aldr movement, as a function of the hip joint
angles. Seeing as this movement is quasi-staticmanichpacts were involved in the movement, it
was deemed acceptable to assume that skin slidagytihe major determinant of the STA. The
model presented i@hapter 3 otherwise, aimed to estimate the STA during bealar movements,

as occurs in locomotion. Under these conditions, above-mentioned assumption was not a
predictable conclusion. Moreover, the model wasbhcated during botkex-vivoandin-vivo motor
task It was shown that residual artefact estimates werenost cases, lower than 25% of the
measured counterpart. These estimations were etsarkably similar in shape (median correlation
value always higher than 0.93). Therefore, thealinemodel architecture is feasible, and, more
important, this is also the cagevivo. Based on the good results obtaiiedivo with the proposed
model and the results obtained from the frequema}yais, it may be deduced that skin sliding is
the major cause of the artefact and that thigh rdedtion due to muscle contraction and gravity,
and soft tissue wobbling (limited to non-obese saty), have minor roles. These considerations are

based on plausibility, but not on evidence.

Regarding the model generalizability, it is excldidbe possibility of applying a model calibrated
for a given marker location to other locationsfara given subject to other subjects (Akbarshahi e
al., 2010; Leardini et al., 2005; Peters et al1®0For the same subject, the generalizability was
valid when the test movement was characterizedolnt yotations differing from those used for

calibration up to £10% or £50% in amplitude for taeger and smaller joint rotations, respectively.

Therefore this model could be used for simulatiomnppses, but for the inclusion in a bone pose
estimator, this adds further parameters to the nop#ition problem, which could pose a

convergence problem. For this reason, the reseaashthen focused on the artefact affecting the
cluster of markers in a space that exhibits thetleamber of dimensions possible, in order to

minimize the number of parameters in the STA m@aabtersen et al., 2012; Dumas et al., 2014a).
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8.2. STA degrees of freedom reduction

STA were categorized into three definitions: indival marker displacements (MD), marker-cluster
geometrical transformations (GT), and skin envelsipape variations (SV). A modal approach let
the representation of STA by modes. Each mod8&;6 3, is characterized by a time-dependent
amplitude, 73-, and a direction6; which is constant during the performed task. Such
representation allows the ranking and selectiorcgutares of the modes based on the evaluation of
deformation energy. In the perspective to include of the proposed STA definition in a bone pose
estimator, the choice can be based on the numbaodés required to represent a given percentage,
8, of the total STA energy. This may translate iatibmited number of parameters involved in the
STA model. When thigh STA (using a five skin markduster) are modelled as a linear
combination of three independent variables usirg équation 4.8 (Camomilla et al., 2013) the
number of parameters to be identified with a calilbn procedure would be thirty-six using the
individual marker displacements, twenty-four usthg marker-cluster geometrical transformation,
and four using the skin envelope shape variatioaki€s relative to the number of modes relative to
the ex-vivoexperimental data used @hapter 4and a paradigmatic energy threshold). Of course,
this number of parameters depends on the amounbmrtke position of skin markers located on
each segment, since this defines the STA fieldcandd also influence how the deformation energy
is distributed. The following consideration on tfeking and selection of modes can be made

based on the results shownGhapter 4and based on the literature:

root mean square of skin marker displacementstiveldo the underlying bone, are not
highly ordered (Akbarshahi et al., 2010; Petersakt 2010): a large number of

displacements may have to be selected to buildpeesentative STA model, as those
proposed by Alexander and Andriacchi, (2001) antch@ailla et al. (2013) that involves 3

times skin marker number modes;

the rigid transformations of the marker-clusterresent a greater portion of the STA
(Andersen et al., 2012; Barré et al., 2013; Grimpiaghal., 2014);

When skin envelope shape variations have been pyopelered (Andersen et al., 2012), a
low number of them may need to be selected to laurlgpresentative STA model. However,
currently, no model based on this STA definitiors leen proposed in the literature. A
proof of concept of the use of this definition esdribed imPAppendix 1

Identify a STA definition and approximation able goant reasonable joint kinematics accuracy

while using a feasible number of parameters, isiaial issue. From the numerical results obtained
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in the Chapter 4 an appropriate number and type of modes coukkeleeted by setting a threshold
for the knee kinematics error reduction. To obtot mean square error expressed in percentage
to the relevant angle amplitude value (RMSE%) lotiran 10%, all modes (27) are necessary for
the MD definition (Fig. 4.10), whereas eleven mofiesGT (Fig. 4.11) and fourteen modes for SV
(Fig. 4.12) are sufficient. These modes repres@@®d, 94% and 99% of the total STA deformation
energy, for MD, GT and SV definition, respectivéhig. 4.9). Therefore, MD definition does not
seem to be the most appropriate modal approachet@mbedded in bone pose estimators,
exhibiting slower trend and moderate RMSE% valukicgon as the number of modes increases,
as compared to the other two definitions. The laftenstead, allow for an acceptable trade-off
between STA compensation effectiveness and numbenaules, relative to knee kinematics

accuracy and the number of parameters.

8.3. STA characterization

When the GT definition (one of the above-mentiopeaimising STA definition) is used, the STA
can be described at marker-cluster level by a sefigeometrical transformations, such as rotations
and translations (cluster rigid motion: RM), honwiths and stretches (cluster non-rigid motion:
NRM). Recent study quantified these components éseh et al., 2012; Barré et al., 2013; de
Rosario et al., 2012; Grimpampi et al., 2014) simgwihat RM is normally predominant with
respect to NRM. Based on this observation, it icbaded, either explicitly or implicitly, that NRM
has a limited impact on bone pose estimation (Bi)that STA compensation should concentrate
on RM. Otherwise, in th€hapter 5 it has been empirically demonstrated that NRMsduoat have

a limited effect on BPE accuracy, but, rather,as mo effect whatsoever and that this is the case
independently from its magnitude relative to RMr s reason, the only STA component to be
compensated for is RM. The results empirically sbdwhat, using a Procrustes superimposition
approach, only RM has an impact on the accuradh@BPE, independently of the amplitude of
NRM. In addition, when the RM was removed, the rbahe pose was obtained. It must be
acknowledged that a reference pose obtained withm@irkers was used to compute the modes and
to remove RM from skin-marker trajectories. In firesent context, this choice does not constitute

a limitation, but does simply show that the NRM haseffect on BPE.
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8.4. Mode selection criteria

An appropriate selection of whole STA phenomenath isiremoval from skin marker trajectories
may be sufficient for an appropriate estimationodrfit kinematics (Andersen et al., 2012; Cappello
et al., 2005; De Rosario et al., 2013; Dumas et2@ll4a). A different efficiency of compensation
for a portion of STAs can be notably altered, deto@mn on which of the different STA definitions
found in the literature (MD, GT and SV) are utilizéAnalysing the impact that different possible
selection criteria used to approximate the STA halen utilized for compensation on the accuracy

of knee joint kinematics, the following conclusiomsre pointed out:

for joint angles, the compensation efficiency wdmast equivalent across the STA
approximations based on an energy threshold (medianmean square errors (RMSES)
were below 1 deg for flexion/extension and 2 deg fbduction/adduction and

internal/external rotation);

for the joint displacements, the compensation ieificy depended on the STA

approximation (Median RMSEs for antero/posteri@pthcement was 1- 4 mm using either
MD, GT or SV truncated series);

RMSEs were virtually null when the STA was approaied using only the GT rigid modes.

Therefore, the portion of the STA that is the maygpropriate for compensation is represented by
the rigid GT modesi.g., three translations and three rotations of the srackuster). The
improvements in joint kinematics were remarkablad ahe number of modes constant (6),
independently from the subject, the trial and thenher of skin markers. The virtually null RMSEs
can be explained by the fact that the joint kinecsaare obtained through a least squares method
(Soderkvist and Wedin, 1993).€. affected exclusively by the rigid movement of tmarker-
cluster). Whether such a model can be driven lay $pecific variables, such as joint angles orwothe
biomechanical parameters, can be calibrated ustuiyo data, and finally be embedded in the least
squares method are the next issues to be solverdér to obtain an accurate estimation of joint

kinematics.

8.5. STA rigid modelling

The rigid component of STA was decomposed into taddiranslation and rotation components
(modes) using a modal approach and the GT defmit®® model of these rigid modes was

developed and calibrated for the thigh and shankliféérent subjects. The latter estimates the
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amplitudes of the rigid modes in a bone embedde@#\& function of the proximal and distal joint
rotations that occur during the execution of a tdsie hypothesis of a linear relationship between
these amplitudes and the proximal and distal daicangles was confirmed also in this case.
Removing the modelled rigid modes from the STA-ctied data remarkably improved knee joint
kinematics, particularly those degrees of freedaoinest to relatively small variations, considered
to have diagnostic significance in the clinical mxaation for ligament injuriesi.e. abduction-
adduction, internal-external rotation and anterstgor displacement of the knee (Lubowitz et al.,
2008). Therefore, the model was proved effectivknee joint estimation. In particular, when
compensating for rigid modelled STA, all knee degref freedom (DOFs) noticeably improved,
both in terms of the reduction of error amplitudhel ancrease in correlation to reference kinematics.
Abduction-adduction and internal-external rotatiangles and the antero-posterior translation
presented high or very high correlations to refeegkinematics, and the median residual errors for
these DOFs were 17%, 15% and 16% of the range eofdbpective measured quantity. These
improvements are similar to those obtained usimgniiethods proposed by Cappello et al., 2005;
and Lucchetti et al., 1998; both requiring the asitjon of supplementary experiments. The results
shown in theChapter 7 however, demonstrate the effectiveness of congtemsobtained with the
rigid mode modelling evaluated by calibrating thedal with data obtained from pins. These
results represent the best possible improvemerit dha be obtained with the proposed STA

compensation approach when the model is calibraiaut reference data.

8.6. Future work and perspective

The main characteristic of the STA has been defamed also those which affect the bone pose
estimation: using the GT definition to represerg ®TA phenomenon, the rigid motion of the
cluster, which is the only movement that affect BB&nh be extrapolated. Therefore, the component

of the STA that should be compensated for has deéned.

The variability of some of the parameters obtaingith the available experimental data was quite
high, preventing the possibility of using them forals different from those used for their
calibration. This result does not weaken the metisotte the future prospective is to calibrate the
model at a trial-leveli.e. simultaneously with the estimate of the bone pgseg an optimization
approach. The modelling of rigid STA componentsangdirial specific variables, as described on
this thesis, but without using data obtained byspsywhat should be focused in future work. Of
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course, this STA modelling adds further paramadtetie optimisation process inherent in the BPE.
This can cause problems in the convergence of gienzation procedure. Nevertheless, the
marked improvements obtained for joint kinematikheven in Chapter 7are very promising, and

justify dedicating further efforts to properly dgsing such a pose.

Future work can be focused on the following aspects

1. Since the rigid component of the artefact is thenntause of joint kinematics errors, the
proposed method, in particular the one proposethénChapter 7 can be extended to
experimental data without restriction on the STA&pbmenon,;

2. Further validation of the predictive capacity oétmodel should be performed in different
conditions than those explained (the generalizgbdf the model calibrated oex-vivo
experimental data, i€hapter 3 was valid when the test movement was charaetiyy
joint rotations differing from those used for cafibon up to +10% or £50% in amplitude
for the larger and smaller joint rotations, respety): this condition is crucial to validate
the model with its descriptive and interpretatigatfires;

3. The modes which describe the non-rigid and rigigngonents of the artefact can be
associated with the different causes of the phenomégskin sliding associated with joint
movement, soft tissue volumetric deformation duentesscular contraction and gravity, and
wobbling due to the inertial effects on soft tissugsses);

4. The method proposed in the thesis, is a step t@vdre STA compensation and future
studies should be performed for its applicability a clinical context and in routine

experimental conditions.

In particular, an enhanced BPE can be defined.cahbration of the model presented in the thesis
was performed using joint kinematics time historggained by pins, while an enhanced BPE
should perform both model calibration and posevettion, at the same time, using at the first step,
joint kinematics time histories of first approxinmat. In routine experimental conditions, indeed,
only skin-marker data are available; the joint kirag¢ics used as input must be obtained based on
guantities that are the output of the BPE. Thus, iodel parameters can only be obtained in
parallel with estimating the bone pose, as theltresfuan iterative optimization problem. The
reduction of the parameters number entailed in ¢msmization could potentially increase the
possibility to solve it.
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APPENDIX Al

Appendix Al.

‘SOFT TISSUE ARTEFACT MODELLING USING THE
SKIN ENVELOPE SHAPE VARIATION DEFINITION:
IMPACT ON HIP JOINT CENTRE ESTIMATION DURING
THE STAR-ARC MOVEMENT”

Introduction

The localization of the hip joint centre (HJC) pmsi is required in lower limb movement analysis
protocols. This point is considered as the cenfreotation of the human hip joint, which is
normally represented as a spherical hinge: a piegion is supposed to occur between the femur
and the pelvis. The HJC position is used to detireefemoral anatomical axes (Cappozzo, 1984).
Erroneous HJC estimations causes inaccuracy witichamis axis definition is performed. An

effective solution to this problem has yet beemfib(Della Croce et al., 1999; Stagni et al., 2000).

In the laboratory, the subject-specific locationtbé HIC can be determined with a functional
approach (Camomilla et al., 2006; Della Croce ¢t28l05; Ehrig et al., 2006) which entails moving
the femur, passively or actively, relative to thevs. The movement of these body segments is
reconstructed using a stereophotogrammetric systiéimreflective skin markers glued over them.
The estimation of the HJC position is affected gy telative movement between the skin markers

and the underling bongee. the soft tissue artefact (STA).

Cereatti et al. (2009) evaluated the HJC deternonainex-vivodata, using a proximal and a distal
thigh skin marker cluster and two analytical me#idte quartic sphere fit (QSF) method (Gamage
and Lasenby, 2002) with the correction term intictliby Halvorsen (2003) and the symmetrical
centre of rotation estimation (SCoRE) method (Elatigal., 2006). The obtained results showed
that, in presence of STA, HJC position errors highdried among subjects, methods, and skin
marker clusters (between 1.4 and 38.5mm), withelaggrors observed in the subject with larger
STA. In addition, better results were shown whem rtiethod proposed by Gamage and Lasenby
(2002) was applied and the distal cluster was uesedetermine the HJC location (mean HJC
location accuracy better than 10mm over all subjedMevertheless, the results are still affected by
STA.
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Recently, Camomilla et al. (2013) modelled thighASJuring a hip joint movement as function of
the involved joint kinematics. Such modelling hakigh number of model parameters which are
subject- and trial-specific. These parameters wigmht kinematic time histories to estimate STA
during the task. To reduce this number, the skimekpe shape variations (SV) definition
(described irChapter 4 was used for the STA modal representation arsglect a subspace of the
thigh STA field. Modes, composed by an amplitudd ardirection, which represent the main part
of the whole phenomenon of the skin marker clustere selected and removed from skin marker
trajectories, as described @hapter 4 The aim of this appendix was to assess the ingonewt of
the HJC estimation when the main part of the STAesoved from the thigh skin markers
trajectories. Moreover, the selected mode amplgudehich are time dependent, were also
modelled as linear combination of the hip jointdamatics, as proposed by Camomilla et al. (2013),
to estimate these parameters with trial-specificabdes. The estimations were done using a distal

and a proximal skin markers cluster.

Matherial and Methods

Experimental data of fougx-vivosubjects were used. Intracortical pin were im@dnnto pelvis,
femur and tibia. Twelve skin markejjs12) were glued on the thigh segmeitag shown in Figure
Al.l.

Figure Al1.1 —Intracortical pin equipped with four-marker clustevere implanted into femur and hip-bone
(grey) and the skin-markers (yellow) glued on th&h, are indicated. Skin markers selected for the
proximal skin-marker cluster are highlighted witlplae circle, while with a red one those selecidilie
distal skin-marker cluster.

Al.2



APPENDIX Al

The instantaneous position of markers was recodgdgua 9-camera stereophotogrammetric
system. Three trials were recorded for each spetiifiee movement for the HIC estimation (“Star-

Arc” movement, depicted in Figure Al.2) was madeabyperator maintaining the leg straight.

Figure Al.2 —Star-Arc movement in the transverse plane

Pin markers were used to define bone poses. Thgimipkinematics and STA vector,' 3-, of
the skin markers were reconstructed in the femamatomical frame (AF), as describeddhapter

3 (paragraph 1.1), at each sampled instant of kirfke= 1:n) during the “Star-arc” movement. The
STA of all markers can be represented using the &3l 4,'3- :

\2!].'3- N
- ? ~
4,3- 72,'3- :
- ?
2%3.

as described i€hapter 4(paragraph 2).

From the twelve skin markers, two subsets of skark@r clusters were selected to represent a
proximal (composed b§ ;s markers) and a distal skin-marker cluster (comgpdse ;,,. markers)

as shown in Figure Al.1. Therefore, two differemASields were defined using the pin data:
G@ny,
4,3 7'3-67

and
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G@y
4, ' 3- 2'3-67
51

for the proximal and distal skin-marker clustespectively.

For the STA modal representation, the SV definitisas used, as described in details in the
Paragraph 4.5.3. To estimate the HJC positionQtBE method was applied to the proximal and the
distal thigh skin cluster trajectories. For botle tBTA fields,i.e., 4, '3- and4, ' 3-, the modes
were ranked as described in Paragraph 4.3 andse&reted those modes that summed one-by-one
(i.e., cumulative representation), represent a givenepeage8 '8 p®» Ya$» Yo¥2 Vi%»-  of the
relative STA field.

STA were removed, mode by mode, from the relevait felds, i.e., 4, '3- or4,'3-, and the
position of the HIJC was estimated for each modeovam The error in mm of the HJC position
during the above-mentioned estimation was evaluai#id respect the real HIC location defined
using pin data. Therefore, briefly, the HIC estioratvas performed using:

the skin marker trajectoried { ' 3- or44 ' 3-) represented in the AF (row data, RD);

the skin marker trajectories removing progressivieéymeasured ranked STA modes;

the skin marker trajectories without STA, providitige reference position for the HJC in
the pelvic AF or, in other words, using the pin keais (skin markers trajectories minus all
the modes give the pin markers trajectories).

The error in the HJIC estimation was calculatechasnbrm of the difference between the reference
HJC position obtained with pin data (case c) arel HIC position in the same reference frame
using the a and b cases, for each trial of eactirsg®.

The correlation coefficient betweerj ' 3- and 3 ' 3- with all the hip joint angles time histories

were also defined. Then, the mode amplitude weraettex as:

where '3- '3- '3- are the hip joint angles time histories (flexiotiémsion,
abduction/adduction, and internal/external rotati@spectively)S> S: are the model parameter
vectors to be determined through a calibration @dace for the proximal and distal skin-marker

cluster, respectively. The parametels and 3} are determined so that the modelled vectors
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have a zero value when the specimen assumes anedeposture. Therefore, the STA field for the
two skin-marker clusters can be modelled as follows

G@y,
4,'3- 2'3-67

and
G@hye
4, '3- 2'3-6;
51
for the proximal and distal skin-marker clustespectively.

The rigid STA models4; '3- and4, '3-, were calibrated and the model parame®tsand S3 ,
were identified by minimising the sum of the squladifferences between measured '3- or
>'3-, and modelled amplitudes,;'3- or 3'3-. The Pearson correlation coefficient) (

between these amplitudes was used as a penalby tacéxclude solutions that result in estimated
STA components in an opposite direction to the mmess STA. The optimization problem was
solved using a least-squares minimization methoslatiab® (trust-region-reflective). For further

details on the calibration procedure, seeGhapter 3of the thesis.

These modelled fields were used for the HIC pasigistimation, and then, modelled STA were
removed, mode by mode, from the relevant STA fielés, 4, ' 3- or4, ' 3-, and the position of
the HJC was estimated for each mode removal. Tioe gr mm of the HIJC position during the

above-mentioned estimation was evaluated as desicailbove.

Results

Analysis of modes in terms of STA energy

It was important to assess the number of modesateatecessary to represent more than a selected
threshold of the total energy of the relevant SieAdf to define the minimum number of modes that
are necessary to reconstruct the phenomenon undisses. The modes of the STA were calculated
for both the distal and the proximal marker clust@rhe analysis in terms of energy distribution

was done for all the trials for each specimen.
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Specimen 1 Specimen 2 Specimen 3 Specimen 4
Trial Trial Trial Trial
1 2 3 1 2 3 1 2 3 1 2 3
Energy 85 2 2 2 2 2 2 3 2 3 3 2 2
% 90 2 2 2 2 2 2 3 3 3 3 3 3
[l 53 3 2 3 3 3 4 4 4 ] 4 4

Table Al.1 -Number of modes necessary to represent the tHoeshenergy selected (85%, 90% and 95%)
in all the trials for each specimen, in fpr@ximal cluster,i.e.using4; ' 3-.

Specimen 1 Specimen 2 Specimen 3 Specimen 4
Trial Trial Trial Trial
1 2 3 1 2 3 1 2 3 1 2 3
Energy 85 2 2 2 2 2 2 3 3 3 3 2 2
aQ 2 3 2 2 2 3 3 4 4 3 3 3
[%]
o5 3 3 3 3 3 3 4 5 5 3 3 3

Table A1.2 -Number of modes necessary to represent the tHceshenergy selected (85%, 90% and 95%)
in all the trials for each specimen, in ttistal cluster,.e. using4 4 ' 3-.

Hip joint centre position estimation

When raw data were usdd. 44 ' 3-, blue, and4,, ' 3-, red, error values for the HJC estimations,
expressed in mm, for all specimens, are shown guirEi A1.3 (on the top). The same values are
shown in the same Figure when the first (in thedigicf the Figure) and second ranked modes (on
the bottom) are removed frofn ' 3- and4,, ' 3-, respectively.
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Figure Al1.3 - Range (minimum, and maximum) of the amplitudehaf ¢rror [mm] in the HJC estimation
calculated as the norm of the difference betweenHAC position in the pelvic AF using raw data (top
panel), removing the amplitude of the STA alongfilet mode (central panel), and the STA alongftist
two ranked modes (bottom panel) with respect toréfierence position (pin). Statistics performedroaé
trials and specimens (S1, S2, S3, S4), for both sidrker clusters (distal in red and proximal ing)l

The trend of the error values for the HJC estinmatichen the removal of modes increases in
number is shown in the Figures Al.4 for the all thals performed by each specimen using the
distal and the proximal marker cluster.
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Figure Al.4 - Range (minimum, and maximum) of the amplitudehaf ¢rror [mm] in the HJC estimation
calculated as the norm of the difference betweenHAC position in the pelvic AF using referenceadat
(pin), and progressively removing the amplitudehaf STA along the ranked modes. Statistics showth&
different specimens and performed over all tritds both skin marker clusters (distal in red anoximal in
blue).

The trend of the error values for the HJC estinmtichen the removal of modes increases in

number is shown in the Figures A1.5 for all specimand trials, using the distal and the proximal
marker cluster.
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Figure A1.5 -Box plot (minimum, lower quartile, median, upperadile and maximum) of the amplitude of
the error [mm] in the HIC estimation calculatedttas norm of the difference between the referenc€ HJ
position (pin) in the pelvic AF using and the HJ@sjtion estimated in the same reference frame
progressively removing the amplitude of the STAnglthe ranked modes. Statistics performed overialé

and specimens, for both skin marker clusters (disteed and proximal in blue).

Model architecture to link hip joint kinematicsnmodes

The correlation between the measureg '@- and 3 '3-) and the three hip joint angles time

histories (FE: flexion/extension, AA: abduction/adton, IE: internal/external rotation) measured
during the “Star-Arc” movement, as shown for exaenipl Figure A1.6, are reported in Table A1.3

for the proximal skin-marker cluster and Table AfbAthe distal skin-marker cluster.

As shown in Figures Al1.7-8 for example, mode armaghs, when the SV representation was used,
changed among the different trials performed by shene specimen for the two skin marker

clusters.
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Figure Al.6 —Reference hip joint kinematics time histories [detasured using pin data for a trial of a

specimen (S1) during the Star-Arc movement.
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Figure A1.7 —Amplitudes of the first fivenodes measured during the three trials (indica¢ed &s a, b, and

c trial) performed by a specimen (S1) for the pmeadi skin-marker cluster.
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Figure A1.8 —Amplitudes of the first fivenodes measured during the three trials (indica¢ed &s a, b, and

c trial) performed by a specimen (S1) for the dliskan-marker cluster.
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Table Al1.3 —Correlation values between the amplitude of th& five modes and the hip joint kinematics
(flexion/extension (FE), abduction/adduction (AA)dainternal/external rotation (IE)) in all the teaaor
each specimen, for the distal skin markers cluster.

Table Al.4 -Correlation values between the amplitude of th& five modes and the hip joint kinematics
(flexion/extension (FE), abduction/adduction (AA)dainternal/external rotation (IE)) in all the taaor
each specimen, for the proximal skin markers ctuste

The results in the improvement in HIC estimatiomaeing the modelled STA modes were
compared with those obtained with the measured. dites improvement was evaluated in terms of
error values, expressed in mm, with respect tadgference HJC position, defined with pin data, for

the different specimens and skin marker clusteigufes A1.9).
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Figure A1.9 - Box plot (minimum, lower quartile, median, upperagile and maximum) of error values
[mm] for the HIC estimation calculated as the nofrthe difference between reference HJC positian) (p
in the pelvic AF and those estimated in the sanfereace frame system modelling STA modes, for both
proximal (blue) and distal (red) skin marker clus&tatistics performed over all trials and specime

Figure A1.10 - Box plot (minimum, lower quartile, median, uppearagile and maximum) of the error
values [mm] for the HJC estimation calculated as orm of the difference between the reference HIC
position (pin) in the pelvic AF and those estimatedhe same reference frame system modelling STA
modes, for both proximal (blue) and distal (redngkarker cluster. Statistics performed over adl$rand
specimens.
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The improvements in the HJC estimation are expdesspercentage. When the improvement is the
100% the real position of the HJC is obtained. €heslues are shown in Table Al.5 for the
proximal marker-cluster and in Table A1.6 for thsta one. These improvement are represented
with the mean, median and inter-quartile rangehefriesults obtained in the different trials of the

same specimens; in addition these values are ezpalso for all trials and specimens.

$% $% $% $% $%

Table A1.5 —Mean, median and inter-quartile range (IQR) valoésthe improvements in the HJC
estimation, expressed in percentage [%], for tlogipral markers cluster.
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Table A1.5 —Mean, median and inter-quartile range (IQR) valoésthe improvements in the HJC
estimation, expressed in percentage [%], for teabimarkers cluster.

Discussion

The aim of this study is to demonstrate the polsiio apply a model of the STA that can be
included in a bone pose estimator. Based on tigh tBT A modelling proposed by Camomilla et al.
(2013) and on the results shown in Cereatti et(2009), to reduce the number of the model
parameters to be estimated, the degrees of freefitihe STA was reduced using the SV definition,
described irChapter 4

Using this definition, the energy distribution chheas among skin marker-clusters, trials and
specimens as shown in Table A1l.1 and Table Al.2 ®mthree modes can represent the 85% of
the total STA energy, the same number of modesfigient to represent also the 90% of the total
energy, but for distal skin-marker cluster of thed specimen four modes are required. For the
same specimen and cluster, five modes represer@Steof the whole STA energy, while for the

other clusters and specimens, three or four moalesepresent the same amount of energy.

In this study, it has been demonstrated that tbgrpssive elimination of STA modes, represented
using the SV definition, for the relevant STA figlthe estimation of the HJC position improves:
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error values decreased in all specimens, bothfdistal and the proximal skin clusters, as shown
in Figure Al. 4.

To evaluate the effect of the choice on the skinkeracluster location, for all trials and specimens
the error values were compared between specimegsgr¢FAL.5). When the whole STA field is
used (.e.,no STA compensation) for the HJC position estiorgtthe lower errors are obtained for
the distal skin marker-cluster (Figure Al.3-uppang). Moreover, these errors are related to the
size of the thigh of the different specimens, asashin the Table A1.6 (Camomilla et al., 2013):
the biggest errors are obtained for fourth speciar@hthe lower for third one.

Table Al.7- Diameters of the proximal (Sp), median (Sm), aistiatl(Sd) sections of the thigh. The length
of the thigh (Lt) was measured as the distance dmtwthe centre of the femoral head (HJC) and the

midpoint between the femoral epicondyles. Dataimn. m

The removal of the first STA mode does not chahgechoice of the skin marker cluster: the norm
of the error is lower when the estimation of theCHdosition is performed using the distal skin

cluster instead using the proximal one for all apens (Figure Al.3-central panel). When also the
second mode is removed from the relevant STA fEldure Al1.3-bottom panel), the choice of the

cluster is irrelevant. The latter result does rnunge when progressively all the STA modes are
removed for the skin marker trajectories in all $pecimens, as shown in Figure A1.5.

Before applying the STA linear model for the modepétude estimation, the correlation
coefficient between the measured mode amplitudesthe hip joint kinematics time histories
showed high values of correlation (more than 0.6%thy between the first two modes and hip joint
kinematics. However, there is not a general lawalbtrials and specimens (for example, there is
not a high value of correlation in all the casealyred between the flexion/extension of the hip and
the variation of the amplitude along the first mpdberefore all the hip joint angles were used to

estimate the variation of the amplitude in the nioded.

When the STA linear model was used to estimate namdplitudes, the error values in the HIC
estimation were higher with respect to those okthiwhen the measured modes were removed
from the skin marker trajectories, as shown in Eigures A1.9. As expected, in all the cases

examined, the improvement in HJC estimation usigrhodel is less accurate. The enhancement
Al.17
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for the HJC estimation, in percentage, is repontedable A1.5 for the proximal marker cluster.
Removing the measured first mode, an improvemenabmut 50% was obtained in the HJC
estimation, while using two modes, the improvenmreathed 84%. Instead, removing the modelled
modes for the relevant STA field, the improvemesing the first mode is reduced to 35% and
using the first two, to 68% (mean values over allls and specimens). The same results are
reported for the distal marker cluster in Table@AI'he improvement in HJC estimation obtained
when one mode was removed was 49% and 43% whesathe mode was estimated as a linear
combination of the hip joint kinematics; using tweodes, the enhancement was 57% and 40%,
respectively. The percent improvement achievedgusie proximal marker cluster is higher than
the one obtained using the distal one, but thelateserrors are greater for the proximal marker

cluster.

The great variation of the modes amplitudes aldwvéxen different trials performed by the same
specimen is expressed clearly in Table A1.3 andeTAlb.4, were different correlation values were
observed between these amplitudes and the hip kim@matics time histories. In addition, an
evident example is shown in Figures A1.7-8. Thiphktode variability, in addition to the definition
of the direction of mode, limits the generalizalibf this approach.

Future study has to be focused in the STA modelliitgout the use of pin data.
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Appendix A2.

‘PELVIS SOFT TISSUE ARTEFACT ASSESSMENT
DURING 3-D HIP MOVEMENTS”

Introduction

The soft tissue artefact (STA), as occurring duliugnan movement analysis using non-invasive
stereophotogrammetry, has been investigated wittrenece to skin markers located on various
body segments. The real and relative movement leetwree surrounding soft tissue leading and the
underlying bone leads to inaccurate results ofpibges of the underlying bones (Leardini et al.,
2005). However, to date only two studies assessedth reference to markers located on the

pelvis.

Rozumalski et al. (2008) quantified STA at the pelwsing an invasive method: bone pins inserted
in the S1 vertebrae. The relative displacement éetwskin marker and the underlying bone was
measured over 35 mm and over 25 mm during the sitand task and gait, respectivélgra et al.
(2014), instead, quantified this motion with a nplé calibration technique: it was investigated
how skin markers at the pelvis were displaced latien to anatomical body landmarks in multiple
static calibration positionsThis was done by determining how the local positid anatomical
landmarks (ALS) varied, as determined through mbpakoation, while the hip assumed different
flexion/extension angles (multiple anatomical cation). The position and orientation of the
anatomical frame (AF) of the relevant bone relatv@ marker cluster frame is obtained using the
position of anatomical landmarks (AL) in the latteeme and a deterministic or statistical
geometric rule (calibrated anatomical system tegpmni (CAST) protocol (Cappozzo, 1984;
Cappozzo et al., 1995)). Superficial ALs are idesdi by palpation; the location of internal ALs is
estimated using statistical models (Della Crocalgt2005) or, as occurs for the hip joint centre
identification, using a functional approach (Cammmz1984). In the review article of Della Croce et
al. (2005) it was shown that several studies werea in quantified the precision of locating both
internal and palpable ALs by this anatomical calitian procedure and of estimating the pose of the
relevant AFs. Also the impact of these uncertasntiere investigated as a propagation to joint
kinematics and kinetics (Della Croce et al., 199@makrishnan and Kadaba, 1991; Stagni et al.,

2000). This error source is no less important ttenSTA movement (Della Croce et al., 1999).



Therefore, the scarce repeatability with which phlp ALs are identified may lead to concealing
both the intra- and inter-individual differencesight in clinical practice as well as in basic reska

(Donati et al., 2008).

To try to reduce the ALs identification errors Iretthis chapter the pelvic STA has been quantified
during multiple static calibration positions as dan Hara et al. (2014), but through a different
anatomical calibration method which allowed for ettér reliability (UP-CAST (Donati et al.,

2008)) and for different hip flexion/extension aamttabduction angles.

Materials and methods

Subjects and digital bone

Five healthy subjects with different BMI were reited in this study (Table A2.1). After giving

their written consent, they underwent MRI scanrohthe pelvis.

Age Height Mass BMI

Subject  Gender [year] [m] [kal [kg/nT]
1 F 47 1.60 68 26.6
2 M 34 1.90 80 22.2
3 F 40 1.64 60 22.3
4 M 55 1.78 90 28.4
5 M 60 1.71 85 29.1

Table A2.1 —Anthropometric characteristics of the five sulgdotolved in the study.

Using the MRI images acquired in the three anatahpane (sagittal, frontal and medial plane), as
shown in Figure Al.1, the digital model of the beves reconstructed using the AMIRA® software

(Figure Al.2).



Figure A2.1 —MRI images of a subject acquired in the three @natal plane and used to reconstruct the
digital model of the bone using the AMIRA® software

Figure A2.2 —Digital model of the pelvic bones of a subjectorestructed using the AMIRA® software.

Four anatomical landmarks (right and left antesioperior, RASIS, LASIS, and posterior superior
iliac spines, RPSIS, LPSIS) were virtually palpatad the digital bone using the written and
pictorial instructions shown in Figure A1.3-4 (V&8mt Jan, 2007).



Figure A2.3 —Identification of the prominent anterior and supeend of the iliac crest, or also called as
anterior superior iliac spines (RASIS and LASIS, tfee right and left side, respectively).

Figure A2.4 —Identification of the prominent posterior and sueend of the iliac crest, or also called as
posterior superior iliac spines (RPSIS and LPSi6tHe right and left side, respectively).

For the identification on the hip joint centre lGoa, it was located as the centre of the sphere

constructed in the acetabulum (Figure A1.5).

Figure A2.4 —Identification of the hip joint centre positionckted in the middle of the joint cavity of the
hip joint, the acetabulum.



Therefore, on each digital model of the bone sixsAtere virtually identified as described above
and shown as example in Figure A2.5. These poiete wsed to define the pelvic bone anatomical

frame (AF), as proposed by Cappozzo et al., (19%%),associated with the bone model.

In addition, for the UP-CAST procedure, a large bemof unlabeled point (Figure A2.6) has to be
identified over the prominent parts of the subgdione (Donati et al., 2007). For this reason, on
the digital model of the bone, also areas digitiusdd in the UP-CAST procedure were selected as

shown in Figure A2.7.

Figure A2.5 —Position and acronyms of the selected anatomacalrharks, indicated with points: right and
left anterior superior, (RASI, LASI), and posteriuperior iliac spines, (RPSI, LPSI), and hip jaientre
(RHJC, LHJIC).

Figure A2.6 —Position and acronyms pelvic anatomical landmaakdn Figure A2.5 (the hip joint centre is
indicated as the centre of the acetabulum) Theedgrkints indicate the digitized areas used for Ul
CAST procedure.



Figure A2.7 —Digital model of the pelvic bones of a subjectamstructed using the AMIRA® software.
The red and blue areas are the digitized onesfasdde UP-CAST procedure, for the right and ledttpof
the bone, respectively.

Marker placement

The subjects involved in the study performed alstics photogrammetric acquisitions. A single
operator performed all landmark identificationshwé manual palpation. The location of the ALs
was marked with a felt pen on the volunteer. THBWNg pelvic ALs were identified: right and
left anterior superior (RASIS, LASIS), and posterguperior iliac spines (RPSIS, LPSIS), and
sacrum (SACR). Also the femur ALs were identifiededial and lateral epicondyle, for the right
(RME, RLE) and left leg (LME, LLE).

Seven skin markers were glued on the pelvic segarahia cluster of four skin markers was glued

on each lower limb of the volunteer (Figure A2.8).



Figure A2.7 — Skin marker location. Skin marker glued on theglthsegment were located close to the
anatomical landmarks and on the iliac crests @efi right), which were marked with a felt pen oe th
subject.

Data acquisition

The instantaneous position of the skin markers vaerpiired (VICON MX, 100 frames/s) during

multiple calibration trials in different posturadbt).

First, an orthostatic posture was acquired, agtigedepicted in the Figure A2.7. Then, each subject
stood five static postures assumed during the imgtional movement,e. “Star-arc movement”
(Figure A2.8). Different supports were used to rtr@mthe different position during the trial. The
foot was supported, when required, and posture wasntained through active muscular
contraction. Finally, also static postures whicpligate the initial part of the gait was performed:

each subject simulated the position assumed dthimgeel contact and the toe off (Figure A2.9).



Figure A2.8 —Five static postures assumed during the “Starrareement”. The different supports used to
maintain the balance are also shown. The corregpmaedbetween the scheme of the movement (on the top
of the figure, on the right side) and the differpittures is shown by circles with different colors



Figure A2.9 —Two static positions assumed during the initiat jph the gait. The support used to maintain
the balance is also shown. The correspondence betiie scheme of the gait phase movement (on the
bottom of the figure, on the left side) and thdad#nt pictures is shown by squares with diffeiors.

For each subject and posture, a wand that carmiee tmakers equipped with a rolling the tip was
used to determine the position of clouds of unladepoints over the prominent bony parts of the
pelvis. This determination can be performed becdheeposition of the tip with respect to the
reference frame construct of the three markershenmiand is known. In addition, the positions of
the pelvic marked ALs were determined with the waglshown for example in Figure A2.10. The
femur ALs were identified only during the standipgsition of each subject. This information was
obtained to estimate the relevant femur AF, andefoee estimate the hip angles as the relative

motion between pelvic and femur AFs.



Figure A2.10 —Identification procedure of the position of a peMAL during the toe-off posture of one
subject using the wand equipped with three mar&edsa rolling tip.

Data processing

Seven skin markers glued on the pelvis were usetbtstruct to build a technical frame (TF)

during each posture of the different subjects (Fegh2.11).

Figure A2.11 —Definition of a technical reference frame duringtatic posture.

Through the UP-CAST method, the pelvis digital mModas registered with the unlabelled point
clouds. Acquiring the position of unlabelled points the skin surface in the body segment areas
where the soft tissue layer over the bone was ceifffily thin, the digitized surface could be



associated with the bone and the matching of thesds with the digital model of the bone can be
performed. Moreover, for each UP-CAST calibrati@n,new technical reference was defined
excluding the markers close to the calibration atésang a wand equipped with a cluster of three
markers and a sphere on the tip that rolls ovestintace to be digitized, the excluded skin markers
showed a movement caused by the movement of th&hg TF used for this acquisition, was then

registered with the general one in a static trial.

The registration procedure was performed betweeitatlibone and unlabelled points, both
represented in the TF (Figure A2.12).

Figure A2.12 —The registration procedure performed between digiadel of the bone (subject-
specific), represented with green points, and thiahelled points, represented with blue points.
Pelvic ALs were also shown, in red. This procedues repeated for all the postures assumed by
the different subjects.

The rigid transformation between TF and AF was tbb&ined, and the position of the marked

pelvic ALs were represented in the relevant AF.

To describe the STA of a given AL, the maximal amste between the positions assumed in the AF
during the different postures was analysed fordifilerent subjects. This distance was calculated
for the different AF anatomical axes directions:anterior/posterior; y-inferior/superior; z-

medio/lateral.

Results

The relative movement between the ALs determineth wWie tip of the wand and the same AL

virtually palpated on the bone digital model wardsl. This represents the maximal displacement



between the positions of the AL in different caditton postures and its position identified in the

orthostatic posture in the femur AF.

Figure A2.13 —Soft tissue artefact displacement for the analyspdoosition (“Star-Arc movement) with
respect to the orthostatic one. Displacement repted for the pelvic ALs (right and left anteriapgrior
(RASIS, LASIS), and posterior superior iliac spifB$SIS, LPSIS), and sacrum (SACR)) and the differe
anatomical axes directions: Xx-anterior/posteriofinfgrior/superior; z-medio/lateral. Values repnesel
using box-plots (minimum, lower quartile, mediamppar quartile, and maximum) and expressed in mm.
Statistics performed over all calibration trialslaaubjects. Outliers are also shown.

Figure A2.14 -Soft tissue artefact displacement for the analyspdposition (“Star-Arc movement) with
respect to the orthostatic one. Magnitude of thelavldisplacement represented for each pelvic Algh{r
and left anterior superior (RASIS, LASIS), and postr superior iliac spines (RPSIS, LPSIS), andwsac
(SACR)). Values represented using box-plots (mimmuower quartile, median, upper quartile, and
maximum) and expressed in mm. Statistics performet all calibration trials and subjects. Outliare
also shown.



Figure A2.15 — Soft tissue displacement of marked pelvic ALsHtignd left anterior superior (RASIS,
LASIS), and posterior superior iliac spines (RP3IBSIS), and sacrum (SACR)). Position of these tsoin
represented with colored circles for the differbimt hip position (“Star-Arc movement, Figure A2.8he
positions of the different points in the orthostatosture are also shown with black circles.

Figure A2.16 —Soft tissue artefact displacement for the analysexstatic positions assumed during the
initial part of the gait with respect to the orttai& one. Displacement represented for the pelis (right
and left anterior superior (RASIS, LASIS), and postr superior iliac spines (RPSIS, LPSIS), andsac
(SACR)) and the different anatomical axes dirediorx-anterior/posterior; y-inferior/superior; z-
medio/lateral. Values represented using box-plotsifnum, lower quartile, median, upper quartiledan
maximum) and expressed in mm. Statistics performest all calibration trials and subjects. Outliare
also shown.



Figure A2.17 —Soft tissue artefact displacement for the analysexstatic positions assumed during the
initial part of the gait with respect to the orttadg& one. Magnitude of the whole displacementesented
for each pelvic ALs (right and left anterior super(RASIS, LASIS), and posterior superior iliac regs
(RPSIS, LPSIS), and sacrum (SACR)). Values reptedensing box-plots (minimum, lower quatrtile,
median, upper quartile, and maximum) and expresseun. Statistics performed over all calibratiorals
and subjects. Outliers are also shown.

Figure A2.18 —Soft tissue displacement of marked pelvic ALsHtignd left anterior superior (RASIS,
LASIS), and posterior superior iliac spines (RP3IBSIS), and sacrum (SACR)). Positions of thesatpoi
represented with colored squares for two statidtipos assumed during the initial part of the gaitred is
shown the heel contact and in blue the toe-off (F6gA2.9). The positions of the different pointstime
orthostatic posture are also shown with black esgcl



Discussion

The STA resulting from multiple static calibratiopsrformed with the UP-CAST method was in
the same range as assessed in Hara et al. (26Gtéptdor the RASIS. To stabilize posture, the
right leg on which the subject stood presentedalbiguctions wider than in gait, possibly causing a
STA displacement larger than observed in Hara .e28l14). The ASIS landmarks confirmed to
have greater displacement than the PSIS, and theristinferior displacement to be wider than
along the other directions as shown in Figures 321dd Figures A2.16. This is possibly due to hip

abduction angles wider than in gait.

This proof of concept seems promising to enlargeectt knowledge on pelvis STA, by performing

further investigation on cohorts of subjects, palysivith different body mass indices.

Future work will entail enlarging the sample andtier analysing the results in relation to the §oin

angles involved.
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