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AbstratMusuloskeletal models provide insights into musle strutures, and allow for in-vestigations of musle funtion during walking based on data from gait analysis.The funtion of musles during walking is of speial interest in a linial on-text if musuloskeletal impairments result in pathologial gait. Skeletal muslesin linial gait analysis have ommonly been modelled as series of straight-linesegments with no onsideration for their 3D arhiteture. However, experimen-tal and omputational results suggest that musle funtion is predetermined byanatomial features suh as ross-setional areas and �bre lengths. The validityof straight-line models in gait analysis has been disputed, espeially for mus-les with omplex geometries and broad areas of attahment. The present PhDstudy has built on a ombined e�ort between the Aukland Bioengineering In-stitute and the Department of Surgery, University of Aukland, for introduinganatomially-based, subjet-spei� modelling tehniques into linial gait anal-ysis. In partiular, the potential use of anatomially-based models in researhrelated to Cerebral Palsy (CP) was explored. Theoretial bakground knowledgeneeded to be aquired in three areas in order to reah this goal: (i) anatomially-based, subjet-spei� modelling, (ii) linial gait analysis and (iii) �nite de-formation of soft-tissue musle models. The outome of the present work hasdemonstrated that musle volumes and musle lengths in the lower limbs of hil-dren with CP are signi�antly altered ompared to typially developing hildren,that the Host Mesh Fitting tehnique provides a valid and e�ient method forderiving musle soft-tissue deformations based on kinemati data from gait anal-ysis, that the alulation of musle-tendon lengths during walking is signi�antlya�eted by errors from optial motion apture and that interative, web-basedvisualisation of musuloskeletal models ould beome a bene�ial resoure in theteahing of gait. At this stage, the appliation of anatomially-based, subjet-spei� models to linial gait analysis is still onsidered visionary, requiring aninterdisiplinary researh e�ort for further advaning modelling and measure-ment tehniques. Despite remaining hallenges, the present work has highlightedthe potential of anatomially-based, subjet-spei� modelling for assisting inthe assessment and management of hildren with CP, and is onsidered the �rststep towards the next generation of musuloskeletal models in gait researh.
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1
Introduction

1.1 MotivationThe analysis of human walking has a long history, probably starting in anientGreee with Aristotle's treatise About the Movement of Animals where he writes:�If a man were to walk parallel to a wall in sunshine, the line desribed by theshadow of his head would not be straight but zigzag.� However, the study ofhuman walking remained an observational one until the invention of movingimages as important new sienti� tools in the late 19th entury (Paul, 1998).The explosion of experimental methods for quantifying walking and the devel-opment of omputers in the 20th entury allowed results to be produed inminutes rather than days and gait analysis to be introdued into linial set-tings (Andriahi & Alexander, 2000).Winter (1990) gives a basi de�nition of walking as �a method of loomotioninvolving the use of the two legs, alternately, to provide support and propul-sion�. However, suessful walking is not as simple as it sounds and dependson a oordinated interplay of numerous musles rossing several joints. Thehierarhial system of motor ontrols begins in the erebral ortex and endsat the motor neuron. The mehanial performane of eah musle atuator ispredetermined by its geometri and material properties, and alterations in themusuloskeletal system a�et the resulting motion pattern upon ative musleontration (Lieber & Friden, 2000). To date, physiologial measurements ofmusle strutures in vivo have been fundamentally limited, and detailed analysesof the musuloskeletal system during walking ruially depend on omputational1



CHAPTER 1. INTRODUCTIONmodelling. Investigations of musle funtioning are of speial importane in amedial ontext if musuloskeletal impairments result in pathologial gait.Skeletal musle strutures in gait analysis have ommonly been modelled as a se-ries of points onneted by straight-line segments with no onsideration for the 3Darhiteture (Anderson & Pandy, 2001; Damsgaard et al., 2006; Delp & Loan,1995). Investigations of musle-tendon lengths during walking using straight-line models based on adult male dimensions have been performed numerously inhildren with Cerebral Palsy (CP)1, aimed at improving treatment deision mak-ing and better evaluating surgial proedures (Molenaers et al., 2006). However,onerns have been expressed in terms of the auray of straight-line models,and aution is suggested when interpreting the results, espeially for musleswith omplex geometries and broad areas of attahment (Blemker & Delp, 2005;Sheepers et al., 1997; Wren et al., 2004).More aurate anatomially-based models of the musle ontinuum havebeen developed in biomehanis, orthopaedis and omputer graphis re-searh. Thereby, signi�ant work has been done to derive the deformationof the musle ontinuum based on kinemati data using the Finite Element(FE) method (Blemker & Delp, 2006; Roehrle & Pullan, 2007; Teran et al.,2005). Results from FE analyses suggest that the omplex arhitetures andanisotropi material properties of skeletal musles signi�antly a�et the dire-tions of musle fores ating on the musle-bone boundary (Roehrle & Pullan,2007). However, the non-linear relationship between the musle deformationand the internal stresses have led to omputationally very expensive models;even more so if ontat between musle strutures is needed to be taken intoaount. Hene, studies, whih have deployed the FE method in �nite elasti-ity, have generally been on�ned to simple motor tasks or only a few muslestrutures (Blemker & Delp, 2006; Roehrle & Pullan, 2007).Subjet-spei�, anatomially-based modelling tehniques have not yet been su-essfully applied to hildren, and the predition of musle soft-tissue deformationduring walking using anatomially-based models remains a major hallenge de-spite e�orts in many researh areas. The modelling tehniques for investigatingmusle funtioning during walking have either only aptured the musle-tendonpaths without taking the 3D musle arhitetures into aount, or have been1A heterogeneous olletion of linial syndromes aused by a non-progressive lesion inthe immature brain and haraterised by progressive abnormal motor patterns and pos-tures (Graham & Selber, 2003).2



1.2. AIMomputationally too omplex to be applied to gait analysis. To date, no mod-elling approah has been shown to e�iently and aurately help surgeons opingwith the diversity of musuloskeletal impairments observed in hildren with CP.
1.2 AimThe present PhD study has built on a ombined e�ort between the Aukland Bio-engineering Institute (ABI) and the Department of Surgery, University of Auk-land, for introduing anatomially-based, subjet-spei� modelling tehniquesinto linial gait analysis. In partiular, the potential use of anatomially-basedmodels in medial researh related to CP was explored. The present study ex-tends the work of Fernandez (2004) whih was also performed at the ABI. Ina preliminary study, Fernandez et al. (2005) suessfully predited the lengthsin two lower limb musles during walking using anatomially-based modellingtehniques in ombination with kinemati data from gait analysis.Researh at the ABI has strongly foused on the International Union of Physio-logial Sienies (IUPS) Physiome Projet2, whih has promoted the developmentof anatomially-based models for analysing the human physiology from ell levelup to whole organs. As part of the IUPS Physiome Projet, the present studyaimed at deploying the apabilities of the modelling environment CMISS3 formodelling lower limb motion during gait. The modelling software CMISS hasbeen a major omponent of the ABI's e�ort within the IUPS Physiome Projet,allowing the development and visualisation of anatomially-based models, theustomisation of the models to subjet-spei� data, and the analysis of �nitedeformations. CMISS onsists of a number of modules inluding a graphialfrontend alled CMGUI, whih is a 3D visualisation software pakage with ad-vaned modelling apabilities, and a omputational bakend alled CM, whihan remotely run on powerful workstations or superomputers.Ethial approval was obtained from the New Zealand Northern Y Regional EthisCommittee on the 8th of September 2006, referene number NTY/06/07/064, inorder to aquire data of hildren with CP and a group of typially-developinghildren. A opy of the ethial approval letter is provided in the Appendix A.2http://www.physiome.org.nz3An interative omputer program for Continuum Mehanis, Image analysis, Signal pro-essing and System identi�ation developed at the ABI (http://www.miss.org/). 3



CHAPTER 1. INTRODUCTIONData aquisition inluded a Magneti Resonane Imaging (MRI) san of the lowerlimbs at the Centre for Advaned MRI, University of Aukland, and gait analysisat the Biomehanis and Gait Laboratory, Department of Sport and ExeriseSiene, University of Aukland. More insights into linial gait analysis weregained during a one-month visit at the Hugh William Gait Laboratory, MurdohChildren's Researh Institute, Vitoria, Australia, held in February 2008.
1.3 Thesis OverviewIn order to reah the objetive of the present work, interdisiplinary skills hadto be aquired in (i) anatomially-based, subjet-spei� modelling, (ii) linialgait analysis and (iii) �nite deformation tehniques for soft-tissue musle models.The Theoretial Bakground related to these three areas is established in Chap-ter 3, subsequent to the Introdution in Chapter 1 and the Literature Review inChapter 2.Chapter 1 outlines the motivation behind the present work, spei�es the mainobjetives, gives a thesis overview and lists the thesis ontributions.Chapter 2 provides a general literature review of the urrent state of knowledgein the researh areas of linial gait analysis, anatomially-based, subjet-spei� modelling and CP.Chapter 3 is divided into three setions desribing the theoretial bakgroundin (i) developing anatomially-based, subjet-spei� models from medialimages, (ii) deriving segmental and joint kinematis from optial motionapture data and (iii) deforming anatomially-based FE models based onsegmental kinematis. Eah setion onludes with a short summary.The aquired skills, outlined in Chapter 3, are applied to four di�erent studiesin the Chapters 4 - 7 with the overall goal of introduing anatomially-based,subjet-spei� modelling of lower limb motion during gait into linial researhrelated to CP.Chapter 4 outlines a study for the development of a library of anatomially-based, subjet-spei� models of hildren with and without CP, and theinvestigation of the di�erenes in lower limb musle volumes and muslelengths between the two groups.
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1.4. THESIS CONTRIBUTIONSChapter 5 depits a study for the predition and validation of soft-tissue musledeformation in the lower limbs during walking by ombining anatomially-based, subjet-spei� modelling tehniques with data from optial motionapture.Chapter 6 details a study for the introdution of an analytial approah toestimate the error propagation from kinemati data to modelled musle-tendon lengths during walking.Chapter 7 desribes a study for the development of an interative, web-basedteahing tool for gait ourses. In partiular, the musle ativation patternsduring walking were aimed to be visualised using the anatomially-basedmodel of the lower limbs desribed in Chapter 5.The Chapters 4 - 7 are eah divided into Introdution, Method, Results andDisussion. The Introdution inludes a spei� literature review related to thepartiular study. The Method provides more information to the subjets, refersto relevant tehniques introdued in Chapter 3 and outlines new methods whihhave been developed in the spei� ontext.A Conlusion is given in Chapter 8, whih is the last hapter of the present work.Chapter 8 provides a summary of the four studies, analyses their impat in theontext of linial researh related to CP, outlines limitations and addressesfuture investigations that may emerge.
1.4 Thesis ContributionsThe following papers have been suessfully published as researh artiles insienti� journals or onferene proeedings:

• Oberhofer, K., Mithraratne, K., Stott, S., and Anderson, I. A., 2009.Anatomially-based musuloskeletal modelling: predition and validation ofmusle deformation during walking. The Visual Computer, 2009, p. 1-11,published online �rst
• Oberhofer, K., Mithraratne, K., Stott, S., and Anderson, I. A., 2009. Errorpropagation from kinemati data to modelled musle-tendon lengths duringwalking. Journal of Biomehanis, 5;42(1), p. 77-81
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CHAPTER 1. INTRODUCTION

• Oberhofer, K., Mithraratne, K., Walt, S., Stott, S., and Anderson, I. A.,2007. A novel approah to ompute musle length during walking usingsubjet-spei� musuloskeletal models. IASTED Proeedings Applied Sim-ulation and Modelling, p. 451-456The following papers have been submitted to be published as researh artiles insienti� journals:
• Oberhofer, K., Mithraratne, K., Stott, S., and Anderson, I. A., 2009.Subjet-Spei� Modelling of Lower Limb Musles in Children with CerebralPalsy. Clinial Biomehanis, submittedThe following oral presentations have been given at international onferenes:
• 4th Asian Pai� Conferene on Biomehanis, Comparison Between TwoModelling Tehniques in Prediting Musle-Tendon Lengths Changes Dur-ing Walking. Christhurh, New Zealand, 14-17 April, 2009
• Workshop on 3D Physiologial Human, Anatomially-based musuloskeletalmodelling: predition and validation of musle deformation during walking.Zermatt, Switzerland, 1-4 De, 2008
• 10th Symposium on 3D Analysis of Human Movement. Anatomially-based�nite element modelling of musle strutures during walking. Santpoort-Amsterdam, Holland, 29-31 Ot, 2008
• 13th Annual Sienti� Meeting of the Australian and New Zealand Or-thopaedi Researh Soiety. Musuloskeletal modelling of the lower limbsto investigate gait of hildren with erebral palsy. Aukland, New Zealand,17-18 Ot, 2007
• 6th Annual Meeting of the European Soiety of Movement Analysis forAdults and Children. Subjet-spei� musuloskeletal models for ompu-tation of musle lengths during walking in hildren with erebral palsy.Athens, Greee, 27-29 Sep, 2007
• 16th International Conferene on Applied Simulation and Modelling. Anovel approah to ompute musle length during walking using subjet-spei� musuloskeletal models. Palma de Mallora, Spain, 29-31 Aug,2007
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2
Literature Review

The following literature review provides a general introdution into previous re-searh in (i) linial gait analysis, (ii) anatomially-based, subjet-spei� mod-elling and (iii) CP. More spei� literature reviews are given in the �rst se-tions of Chapters 4 - 7 in the ontext of the four studies whih have emergedfrom the present work. Keywords whih were used for searhing the literatureinluded Lower Limbs, Skeletal Musle, Walking, Human Loomotion, OptialMotion Capture, Gait Analysis, Musle-Tendon Length, Musuloskeletal Mod-elling, Anatomially-Based, Finite Element Method, Soft-Tissue Deformation,Subjet-Spei�, Magneti Resonane Imaging, Cerebral Palsy, Spastiity.
2.1 Clinical Gait AnalysisClinial gait analysis aims to quantitatively assess the degree of impairment inpatients with gait disorders and ompare the results with normal gait1. Clinialgait analysis omprises the aquisition of kinemati data from optial motion ap-ture, kineti data from dynamometers suh as fore plates, musle ativity fromeletromyography, and in reent times, measures of metaboli expenditure fromindiret alorimetry (Sutherland, 2001, 2002, 2005). The introdution of linialgait analysis in the assessment of hildren with CP has led to hanges in sur-gial reommendations and postoperative treatments (Andriahi & Alexander,2000), a redution in the number of surgial proedures (Molenaers et al., 2006;Simon, 2004), and hene, a redution in the total medial osts.1Gait is generally used to desribe a partiular manner or style of walking; the term normalgait refers those qualitative and quantitative parameters that have been generalised aross sex,age and anthropometri variables by means of gait analysis (Medved, 2001). 7



CHAPTER 2. LITERATURE REVIEWKinematis, or the study of motion, has always been entral to linial gait anal-ysis, and has evolved around the measurement of segmental displaements basedon externally trakable body points (Sutherland, 2002). Joint angles have beenderived from kinemati measurements by representing the human body as systemof rigid segments onneted by idealised joints (Nigg & Herzog, 1999). The om-parison of linially meaningful joint angles during walking in healthy subjetsand patients with walking disorders has set the standards for the ategorisationof walking into normal and pathologial gait (Sutherland, 2002).The extension of rigid body models to inlude musle strutures has been arelevant objetive in gait analysis for many years, targeting at the derivation ofphysiologial parameters suh as musle-tendon lengths and musle fores duringwalking (Cappozzo et al., 2005; Nigg & Herzog, 1999). The quanti�ation ofmusle funtioning has been of partiular importane in the linial analysis ofpathologial gait that is aused by neuromusular disorders. However, in orderfor omputational models to be useful in linial settings, output measures haveto be reeived in a timely e�ient and understandable manner without the needfor high expertise in omputational modelling (Simon, 2004). It was not until theintrodution of the modelling software SIMM2 that musuloskeletal models foundmore widespread use in linial gait analysis (Andriahi & Alexander, 2000).SIMM is a graphis-based software system whih was developed by Delp & Loan(1995) to failitate the development and analysis of musuloskeletal models inmotion. The software an nowadays be oupled with ommerially availableoptial motion apture systems, and part of its funtionalities have been releasedopen soure under the name OpenSIMM3. The geometry of eah musle-tendonstruture in SIMM is de�ned by a series of points whih are onneted by straight-line segments. The musle-tendon path around joints an be further presribedusing so-alled wrapping surfaes, Fig. 2.1. Joint kinematis from optial motionapture are ommonly used as input data to quantify the e�ets of skeletal motionon the musle-tendon geometry and funtion during walking.Several studies have used SIMM for investigations of musle-tendon lengths andlengthening veloities during walking in hildren with CP (Arnold et al., 2005,2006b,a; Delp et al., 1996; Jonkers et al., 2006; Wren et al., 2004). Most stud-ies have relied on a generi musuloskeletal model based on adult male dimen-2Software for Interative Musuloskeletal Modelling(MusuloGraphis In., http://www.musulographis.om)3http://simtk.org8



2.2. ANATOMICALLY-BASED, SUBJECT-SPECIFIC MODELLINGsions and have only rudely saled the model to subjet-spei� data from gaitanalysis. Two studies assessed the in�uene of variations in musuloskeletal ge-ometry on psoas and hamstring lengths. Psoas lengths during walking werefound to be sensitive to an altered femoral arhiteture due to age or bone de-formities (Arnold et al., 2001; Sheepers et al., 1997). For three of four subjets,the generi model underestimated the normalised lengths of psoas throughoutgait and saling of the model along the anatomial axes did not improve theresults (Arnold et al., 2001). No study has been done to determine if skeletaldeformities a�et the lengths of musles other than psoas and hamstrings.Further attempts have been made to introdue musuloskeletal models into lin-ial gait analysis (Chao et al., 2007; Damsgaard et al., 2006; Fernandez et al.,2005). However, the development of musuloskeletal models whih enable theanalysis of musle funtioning during walking in linial settings poses severalhallenges inluding aurate representation of the musuloskeletal system, ef-�ient algorithms, onvenient graphial user interfaes, and ompatibility withoutput data from optial motion apture. The generi musuloskeletal modelwithin SIMM has remained the leading approah in linial gait analysis, eventhough it holds several limitations: the musle-tendon geometry is representedas a series of 1D straight-line segments, the generi musuloskeletal model is gen-erally rudely saled to subjet-spei� geometries and the estimation of musle-tendon lengths depends on the prior alulation of joint kinematis from optialmotion apture data.
2.2 Anatomically-Based, Subject-Specific ModellingMore realisti anatomially-based models of the musuloskeletal system havebeen developed in biomehanis, orthopaedis and omputer graphis researhto predit musle soft-tissue deformations during di�erent motor tasks. Theomputer graphis ommunity has often adopted triangular surfae meshes witha linear interpolation sheme, and the deformation has been derived based onkinemati onstraints without omplying to the balane priniples of physis. Inontrast, the FE method has been the ommon approah in biomehanial studiesinvolving large deformations of soft-tissue (Nash & Hunter, 2000). Thereby, theloal oordinates of the disretised ontinuum have generally provided the basisfor the disretisation of the governing equations of �nite elastiity. 9



CHAPTER 2. LITERATURE REVIEW

Figure 2.1: Series-of-line-segments simpli�ation generally used in musuloskeletal modelling.The psoas musle (A) has a omplex path that bends, or wraps, around the pelvi brim, hip jointapsule and the femoral nek. With the 1D tehniques, via-points (blue) and wrapping surfaes(wireframe) are used to prevent the musles from penetrating these strutures. However, itis di�ult to de�ne via points and wrapping surfaes that work robustly for multiple degreesof freedom. The gluteus maximus musle (B) is also di�ult to model beause it has broadareas of attahment and the �bres have a omplex geometri arrangement. Reprinted withkind permission from Springer Siene + Business Media: Annals of Biomedial Engineering,Three-Dimensional Representation of Complex Musle Arhiteture and Geometries, 33(5),2005, 661-673, S. S. Blemker and S. L. Delp, Fig. 1.
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2.2. ANATOMICALLY-BASED, SUBJECT-SPECIFIC MODELLINGThe development of realisti 3D musle models in omputer graphis hasbeen promoted by the growing interest in anatomially-based models in med-ial researh and visualisation (Aubel & Thalmann, 2001; Dong et al., 2002;Sheepers et al., 1997). Thereby, musles have ommonly been modelled in twolayers, i.e. an underlying line to de�ne the path of ation and a surrounding sur-fae mesh to apture the geometry. The deformation of the musle mesh has thenbeen derived from the deformation of the ation line, either purely based on geo-metri onsiderations (Sheepers et al., 1997) or by assigning lumped-parametermaterial properties to the ation lines (Aubel & Thalmann, 2001). However,none of the two-layered models ould address musle-musle penetration satis-fatorily due to omputational omplexity involved in ollision detetion. Fur-thermore, triangular surfae meshes have been limited in their use for any furtherbiomehanial analyses.Using the FE method, biomehanial studies on the musle ontinuum have beenperformed for a few musles and simple motor tasks inluding bieps brahiiduring elbow �exion-extension (Blemker et al., 2005), tibialis anterior duringankle plantar and dorsi �exion (Lemos et al., 2005), retus femoris and vas-tus intermedius during knee �exion-extension (Blemker & Delp, 2006) and themasseter musles during mastiation (Roehrle & Pullan, 2007). Musle tissuehas ommonly been modelled as an inompressible, transversely isotropi, hy-perelasti material. The transversely isotropi properties have been obtainedby modifying the stress omponents in the �bre diretion of an isotropi mate-rial (Blemker et al., 2005; Lemos et al., 2005; Roehrle & Pullan, 2007). Studieson individual musles in ontinuum mehanis have shown that the musle ar-hiteture has a signi�ant in�uene on the stress and strain distributions, andonsequently, on the musle's apaity to generate fore.Traditionally, linear funtions have been used to interpolate the outer surfaesof musuloskeletal strutures (Arnold et al., 2000; Aubel & Thalmann, 2001;Blemker et al., 2005; Lemos et al., 2005). A high number of elements is re-quired to aurately apture the arhiteture of biologial strutures using lin-ear elements, whih leads to very large omputational problems. In ontrast,Bradley et al. (1997) demonstrated that the use of high-order, ubi interpola-tion funtions had a number of advantages inluding a signi�ant redution inthe total Degree(s) of Freedom (DOF) of the mesh without losing geometri a-uray. The resulting FE formulations for �nite elastiity were shown to be lessomplex and solutions were obtained in a more e�ient manner. 11



CHAPTER 2. LITERATURE REVIEWHigh-order FE models an be handled within the modelling software CMISS at alllevels of the modelling proess from �tting and ustomisation to mehanial simu-lations, post-proessing and visualisation (Bradley et al., 1997; Fernandez et al.,2004; Roehrle & Pullan, 2007). Fernandez et al. (2004) presented a olletionof anatomially-based, high-order FE geometries of the musuloskeletal systembased on the widely used Visible Human data set (Spitzer & Whitlok, 1998a),Fig. 2.2. The hierarhial modelling ontologies were aimed at ontributing to theIUPS Physiome Projet as part the ABI model library to failitate data exhangeamong sientists.Subjet-spei�, anatomially-based models have been developed from medialimage data suh as Computer Tomography (CT) or MRI using mesh generationalgorithms for triangular surfae meshes (Arnold et al., 2000; Teran et al., 2005)or �tting tehniques for 3D FE models (Bradley et al., 1997; Fernandez et al.,2004). In partiular, a �tting tehnique alled the Host Mesh Fitting (HMF) teh-nique allowed for ustomising an already existing generi FE model to a limitednumber of subjet-spei� data (Fernandez et al., 2004). The HMF methodol-ogy drew on the free-form idea of deriving the deformation of a omplex meshfrom the deformation of a surrounding simple mesh (Sederberg & Parry, 1986).However, the development of subjet-spei� models from medial images hasoften remained a time-onsuming proedure beause of the manual identi�a-tion of musle boundaries in eah image slie. Most studies have either kept thenumber of subjets small (Arnold et al., 2000, 2001) or have introdued a generimusuloskeletal model based on the Visible Human data set (Fernandez et al.,2004; Roehrle & Pullan, 2007; Teran et al., 2005).Fernandez et al. (2005) adopted the HMF tehnique to predit musle-tendonlengths of gastronemius and semimembranosus during walking in three subjetswith CP using anatomially-based models and kinemati data from optial mo-tion apture. Musle soft-tissue deformation was derived from the deformation ofa simple surrounding host mesh, and musle-tendon length was alulated as av-erage ar-length in longitudinal diretion of the deformed musle mesh. Despitepromising results, the validity of the HMF tehnique for gait analysis has neverbeen assessed, and its appliability to an entire model of the lower limbs hasremained unlear. In partiular, multi-body ontat onstraints were requiredto avoid penetration of strutures into eah other, thus, leading to a signi�antinrease in model omplexity upon addition of further musle strutures.
12



2.3. CEREBRAL PALSYUndoubtedly, anatomially-based, subjet-spei� models of the musuloskele-tal system o�er many advantages over straight-line, generi models in provid-ing new insights into the 3D arhitetures of skeletal musles and their fun-tion during walking. However, the non-linear material properties of musle tis-sue, the omplex paths of musles aross several joints, the large deformationsthat our during gait, and the interation of individual musle strutures withsurrounding tissue pose major hallenges. Musuloskeletal models, whih aremeant to be useful in linial gait analysis, need to onsider all musles whihould ontribute to pathologial gait. To date, none of the proposed modellingmethods for anatomially-based FE models has enabled the aurate deforma-tion of more than two musles throughout gait. Furthermore, the developmentof anatomially-based, subjet-spei� musuloskeletal models of hildren withCP has been very limited and most studies have adopted generi models basedon the Visible Human data set for their analyses.
2.3 Cerebral PalsyCP results from a non-progressive lesion in the developing brain, whih oftenleads to spastiity in skeletal musles, Fig. 2.3. Spastiity is assoiated with ahyperexitability of the streth re�ex, resulting in a veloity-dependent inreasein musle tone, sti�ness, and eventually �xed ontratures (Foran et al., 2005;Sholtes et al., 2006). The progressive musuloskeletal impairments often lead toimpaired gait and ontribute to a deline in mobility in most a�eted patients.Despite medial advanes, the inidene of CP has remained unhanged or haseven inreased in reent deades (Gage, 2004). Higher survival rates due to bettermedial health are or inreased usage of arti�ial fertilisation tehniques maybe reasons for this tendeny.One of the most striking features of CP is the diversity of gait deviations ob-served (Rodda & Graham, 2001). Depending on the loation of the brain injury,di�erent musles are a�eted and spastiity may our on one side of the body, aondition termed hemiplegi CP, or on both sides of the body, a ondition termeddiplegi CP. Aording to Rodda & Graham (2001), the basis of most patholog-ial gait patterns is toe walking or equinus gait, resulting from a ontrature ofgastronemius and soleus. The transition from equinus gait to rouh gait is seenin many hildren with severe spasti diplegia CP, whereby rouh gait is assoi-13



CHAPTER 2. LITERATURE REVIEW

Figure 2.2: A olletion of anatomially-based models based on the Visible Human data setinluding the lower limb bones and skeletal musles rossing the knee joint shown from anterior,lateral, posterior and medial views (a-d). The knee joint showing the menisi, the ruiateligaments, the tibial ligament and the �bular ligament (e-h), the skeleton frame (i), muslesof the left forearm (j) and the musles of the nek, shoulder and bak from the anterior andposterior view (k-l). Reprinted with kind permission from Springer Siene + Business Media:Biomehanis and Modeling in Mehanobiology, Anatomially based geometri modelling of themusulo-skeletal system and other organs, 2, 2004, 139-155, J.W. Fernandez, P. Mithraratne,S.F. Trupp, M.H. Tawhai, P.J. Hunter, Fig. 10.
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2.3. CEREBRAL PALSYated with a ontration of the hamstrings and psoas. However, a ategorisationof the gait deviations in hildren with CP into spei� patterns is di�ult, whihompliates the treatment deision making proess (Dobson et al., 2007).The primary aim in the management of the musuloskeletal impairments inhildren with CP is to prevent the development of ontratures and �xed de-formities (Graham & Selber, 2003). Common methods to assess the degree ofdynami and �xed ontratures inlude physial examination, observational anal-ysis of walking, and linial gait analysis. In a review study by Sholtes et al.(2006), thirteen linial instruments were identi�ed to assess spastiity in hildrenwith CP by passively streth the musles of interest during physial examina-tion. However, most methods did not omply with the onept of spastiityas a veloity-dependent inrease in musle tone, and the testing posture of thepatients was seldom standardised.The most widely used treatment methods are Botulinum Toxin Type A in-jetions for dynami ontratures, and orthopaedi surgery involving musle-tendon lengthening for �xed ontratures (Rodda & Graham, 2001). Thereby,hildren with distal involvements, suh as equinus gait, are most often treatedby lengthening of gastronemius and soleus, whereas hildren with proximal in-volvements, suh as rouh gait, most often undergo more extensive multilevelsurgeries (Graham & Selber, 2003). Non-operative treatments suh as physialtherapy, mobility adds or orthotis usually preede and aompany the moreinvasive proedures.Spasti musles in hildren with CP present strutural alterations whih are in-onsistent with the hanges that our due to hroni inreased or dereasedstimulation (Foran et al., 2005; Lieber et al., 2004), but there is no agreementon the details of the strutural hanges that our seondary to the neurologi-al disorder (Lieber et al., 2004). Furthermore, the single musle's ontributionto the movement abnormality is not well understood, and the degree of length-ening and the impat a surgery has on gait are still poorly evaluated. Eventhough orthopaedi surgery undoubtedly improves funtion and quality of mostpatients' lives, evidene for the e�ay of most orthopaedi operations is stilllaking (Graham & Selber, 2003).The main di�ulty in the assessment and management of hildren with CP arisesfrom the limitations in measuring musle funtioning in vivo. Computationalmodels of the musuloskeletal system have the potential to help identify spasti15
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Figure 2.3: Diagram showing the neuromusuloskeletal pathology in CP. In motor terms, CPresults in an Upper Motor Neurone (UMN) lesion whih in this diagram is onsidered to havea series of positive and negative features that interat to produe the familiar musuloskeletalpathology. Historially, liniians have onentrated on the positive features and the negativefeatures have been relatively ignored. It is probable that the optimum management of hildrenwith CP will require integrated management of both the positive features and the negativefeatures. Reprodued with permission and opyright © of the British Editorial Soiety ofBone and Joint Surgery (Graham & Selber, 2003).musles in hildren with CP, and de�ne the orret surgial proedure basedon data from linial gait analysis. However, ommonly used musuloskeletalmodels in gait analysis have not allowed for detailed studies of the musle ar-hiteture and funtion during walking, and their linial use has been limited.Advanements in the assessment and management of hildren with CP ruiallydepend on the improvement and the suessful appliation of anatomially-based,subjet-spei� modelling tehniques to linial settings.
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3
Theoretical Background

The following hapter provides the theoretial bakground for (i) developinganatomially-based, subjet-spei� models of the lower limbs from medial im-ages, (ii) deriving segmental and joint kinematis from optial motion apturedata, and (iii) deforming anatomially-based FE models based on segmental kine-matis. Eah setion onludes with a short summary whih emphasises the mostimportant aspets of the outlined tehniques. The theoretial framework is laterapplied to four di�erent studies in the Chapters 4 - 7, aiming to explore the po-tential use of anatomially-based modelling in linial gait analysis and medialresearh related to CP.
3.1 Development of Anatomically-Based, Subject-Specific

Models of the Lower LimbsThe development of anatomially-based, subjet-spei� models of the lowerlimbs omprises four steps: (i) the aquisition of medial images suh as MRI,(ii) the digitisation of the strutures of interest, (iii) the disretisation of thegeometry into a �nite number of elements and (iv) the �tting of the initial meshto the subjet-spei� image data.
3.1.1 Magnetic Resonance Imaging (MRI)MRI is a medial imaging tehnique that enables the non-invasive aquisi-tion of internal strutures in vivo without exposing the subjet to harmfulradiation. MRI provides good ontrast between the di�erent soft-tissues of17



CHAPTER 3. THEORETICAL BACKGROUNDthe body, and onsequently, allows for aurately assessing musle and bonegeometries at the same time (Moro-oka et al., 2007). Previous studies haveused MRI for the development of subjet-spei� models of the lower limbsof adults and hildren (Arnold et al., 2000; Blemker & Delp, 2005; Elder et al.,2003; Lampe et al., 2006).The standard MRI unit omes as a large ylinder-shaped tube with a moveableexamination table that slides into its entre, Fig. 3.1. The sanned subjetan either lie in prone or supine posture with the body part of interest in theentre of the tube. Straps and ushions may be used to help maintain the orretposition during imaging. If large areas of the body are sanned, suh as the lowerlimbs, the table needs to be repositioned during the san, resulting in multipleimage staks. The staks are assembled after the san using the spatial positioninformation of eah image with respet to the MRI sanner.The MRI sanner onsists of three major omponents: a magnet, a radio fre-queny transmission system and gradient oils. The magnet is the largest andmost expensive omponent of the sanner, and the remainder of the sanner isbuilt around it. The radio frequeny transmission system is usually built into thebody of the sanner and onsists of a synthesiser, power ampli�er and transmit-ter oils. A variety of oils, inluding transmitter and gradient oils, are availabeto be �tted around smaller parts of the body suh as the knee.MRI is based on the priniple of nulear magneti resonane in partiular ofhydrogen atoms (Young, 1987). In brief, nulear magneti �elds align with anexternally applied magneti �eld whih reates a magneti vetor. Radio fre-queny pulses are then used to de�et the magneti vetor. When the pulses areswithed o�, the magneti vetor returns to its resting state thereby emittinga radio frequeny signal that an be deteted by the gradient oils and used toreate a diagnosti image (Berger, 2002). Di�erent tissues relax at di�erent rateswhen the transmitted radio frequeny pulse is swithed o�. Depending on themedial ontext, di�erent sequene parameters (TR, TE, �ip angle, �eld of viewmatrix) are hosen to optimise ontrast and spatial resolution of the images.Artefats impair image quality, lead to a loss of diagnosti information and anmake it di�ult to reognise the boundaries of internal strutures. One of themain auses of artefats is physiologial movement suh as respiratory motion orphysial movement of subjets. Motion artefats an be prevented by restritingaquisition time or restriting the movement of the subjet using ushions and18



3.1. DEVELOPMENT OF ANATOMICALLY-BASED MODELS

Figure 3.1: MRI data aquisition using a Siemens MAGNETOM Avanto System at the Centrefor Advaned MRI, Faulty of Medial and Health Sienes, University of Aukland, NewZealand.straps. Prevention of motion artefats, without using hemial sedation, requiresthe ative ooperation of the subjet.In general, MRI examination poses almost no health risks when appropriatesafety guidelines are followed. Medial implants suh as paemakers, insulinpumps or metalli implants pose potential risks and safety aspets need to beonsidered on an individual basis. Due to the onstrution of the sanner, peo-ple with laustrophobia are sometimes unable to tolerate an MRI san. Somemanagement strategies for laustrophobi subjets inlude losing eyes, listeningto musi or hemial sedation. Eah person has to �ll in an MRI sreening formand sign a onsent form prior a san.
3.1.2 Data DigitisationMRI images are generally stored in the Digital Imaging and Communiations inMediine (DICOM) standard. DICOM failitates aess to medial images byensuring interoperatability between all medial imaging devies and eletronihealth reord systems (John & Lim, 2007). DICOM �les ontain metadata suhas image size, image dimension and equipment settings. The numerial omput-ing environment MATLAB (The MathWorks In.) is apable to handle DICOM�les and aess the stored information. The Java-based image proessing and19



CHAPTER 3. THEORETICAL BACKGROUNDanalysis software ImageJ1 an ompress a series of DICOM images and supportsstandard image proessing funtions for smoothing, edge detetion and ontrastmanipulation.Multiple image staks from MRI an be reonstruted and segmented withinthe modelling software CMISS given the ompressed images and their spatialpositions with respet to the sanner, Fig. 3.2. The reonstrution involves thede�nition of a orresponding stak of 2D linear elements using the MRI imagesfor texturing. Image segmentation refers to the proess of de�ning disrete pointson the boundaries of anatomial strutures and extrating their 3D oordinateswith respet to a given oordinate system. Image segmentation results in loudsof data points whih serve as basis for the development of subjet-spei�, pa-rameterised (FE) models.Image segmentation an either be done automatially or manually. Automatiimage segmentation is only feasible if high ontrast is provided between the stru-ture of interest and the surrounding tissue. The boundaries between individualskeletal musles are often di�ult to identify beause they are tightly pakedwithin the human body. At the time of the model development, no automatisegmentation algorithm was available that enabled the robust and aurate seg-mentation of lower limb musles from MRI. The manual identi�ation of individ-ual musles is generally supported by ross-setional photographs from medialtextbooks, suh as the Atlas of the Visible Human Male from the Visible HumanProjet (Spitzer & Whitlok, 1998b).
3.1.3 Finite Element Representation of the GeometryThe FE method provides a tool to mathematially approximate the geometry ofa ontinuum by a �nite number of elements (Zienkiewiz & Taylor, 2000). Thedisretisation of the ontinuum into �nite elements is aomplished by speifyingthe loation of ertain material points (nodes) in spae and then onneting thenodes to form elements. The variations in the spatial geometri oordinates aredesribed as funtions of element loal oordinates with the loal oordinatesgenerally normalised to range from 0 to 1. The interpolation funtions, alsoknown as basis or shape funtions, onsist of polynomials of di�erent degrees,depending on the desired auray of the approximation.1http://rsbweb.nih.gov/ij/20



3.1. DEVELOPMENT OF ANATOMICALLY-BASED MODELS

Figure 3.2: MRI image segmentation within CMISS is done by a) reating a stak of or-responding 2D linear elements, and b) manually digitising the strutures of interest; ) thedata louds from image segmentation serve as basis for the development of subjet-spei�FE models.The geometries of biologial tissue an be aurately aptured using biubi-linear interpolation funtions. In partiular, the biubi-linear interpolationsheme has been adopted for the ABI library of bone and musle models basedon the Visible Human data set (Bradley et al., 1997; Fernandez et al., 2004;Roehrle & Pullan, 2007). The ubi Hermite interpolation funtion has therebybeen used to smoothly approximate the urved surfaes of biologial strutures;and the linear Lagrange interpolation funtion has been adopted in the trans-mural diretion in order to keep the mesh DOF low without loosing auray ofthe geometri representation.Linear Lagrange Basis FuntionGiven the geometri position ui of loal node i, the linear approximation of thegeometri oordinates u along the 1D element onneting two nodes (i = 1, 2) isde�ned as
u(ξ) = Φ1(ξ)u1 + Φ2(ξ)u2 , (3.1)where Φ1 and Φ2 are known as the linear Lagrange interpolation funtions of theelement oordinate ξ ∈ [0, 1] given by

Φ1(ξ) = 1 − ξ , Φ2(ξ) = ξ . (3.2)21



CHAPTER 3. THEORETICAL BACKGROUNDLinear or 1st order polynomials require one nodal parameter (DOF) to be de�ned,whih is generally the nodal value ui, thus preserving ontinuity of the geometrioordinates (C0 ontinuity) aross element boundaries.Cubi Hermite Basis FuntionGiven the same 1D element, the ubi interpolation of the geometri oordinates
u is de�ned as

u(ξ) = Ψ0
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2 are known as the four ubi Hermite interpolationfuntions of the element oordinate ξ ∈ [0, 1] given by
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2(ξ) = ξ2(ξ − 1) .Subsript 1 and 2 refer to node numbers and supersripts 0 and 1 are the zerothand �rst derivatives, respetively.In ontrast to a linear interpolation, ubi or 3rd order polynomials also pre-serve ontinuity of the �rst derivatives of the geometri oordinates with respetto element loal oordinates (C1 ontinuity). C1 ontinuity o�ers many advan-tages in onstruting FE geometries of biologial tissue beause it allows therealisti representation of omplex geometries with a minimum number of ele-ments (Bradley et al., 1997).However, preserving C1 ontinuity does not ensure ontinuity of the derivativesin the spatial domain. In partiular, disontinuity will arise when two adjaentelements are of unequal physial lengths. Hene, ontinuity is in pratie pre-served with respet to a physially more meaningful parameter suh as ar-length(G1-ontinuity). The ξ-derivatives, Eq. 3.3, are then rewritten as
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|e is termedan element sale fator whih sales the ar-length derivative to the ξ-derivative.22



3.1. DEVELOPMENT OF ANATOMICALLY-BASED MODELS

C1 ontinuity is ahieved by de�ning the sale fators to be the same for neigh-bouring elements. In theory, the sale fator an have any value as longas it is nodally based. However, average ar-length saling aross two ele-ments is often hosen to ahieve a uniform spaing of ξ with respet to ar-length (Bradley et al., 1997).Interpolation in Higher DimensionsThe biubi Hermite interpolation funtion for a 2D element is formed from thetensor produt of two 1D ubi Hermite basis funtions, Eq. 3.3. The biu-bi Hermite interpolation of the geometri oordinates u within a 2D elementonneting four nodes (1, 2, 3, 4) is then given as
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|4The biubi-linear interpolation funtion for a 3D element is formed from thetensor produt of two 1D ubi Hermite, Eq. 3.6, and one 1D linear interpolationfuntion, Eq. 3.1. A biubi-linear element has four nodal DOF in eah spatialdiretion that are the spatial position, the �rst-order derivatives in ξ1 and ξ2diretion, and a ross derivative.
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CHAPTER 3. THEORETICAL BACKGROUND

3.1.4 Fitting TechniquesTwo di�erent �tting tehniques are feasible within the modelling environmentCMISS for developing subjet-spei�, anatomially-based models of musle andbone strutures based on data from MRI. The methods are alled Fae Fitting(FF) and HMF respetively, and are outlined in the following.Fae Fitting (FF)The FF tehnique entails the development of an initial FE mesh and the sub-sequent �tting of the initial mesh to the subjet-spei� data from MRI. Thedesign of the initial mesh, that is the nodal DOF and the onnetivity of ele-ments, predetermines the suess of the FF method. Hene, the development ofan initial mesh is a ruial step whih requires time and expertise.The FF formulation is set up to �nd the optimum set of nodal DOF of thegeneri mesh so that the distanes between the subjet-spei� data points andtheir projetion points onto the external faes of the mesh are minimised in aleast-squares sense, Fig. 3.3 (Fernandez et al., 2004). The FF objetive funtion
F of an element fae with a vetor of nodal mesh parameters un is of the form

F(un) =
D

∑

d=1

[(u(ξd) − zd)
T (u(ξd) − zd)] + G2D(un, γi) , (3.7)where zd are the global oordinates of data point d, u(ξd) are the oordinates of itsprojetion point expressed as funtions of loal fae oordinates; and G2D(un, γi)is a 2D Sobolev smoothing onstraint whih imposes penalty parameters γi ∈

[0, 1] to the ar-lengths (i = 1, 2), the ar-urvatures (i = 3, 4) and the fae area(i = 5).The best �t is found by di�erentiating the FF objetive funtion, Eq. 3.7, withrespet to eah nodal fae parameter un and setting the resulting expression tozero
∂F(un)

∂un

=
D

∑

d=1

M
∑

m=1

N
∑

n=1

[(Ψn(ξd)un − zd) · Ψm(ξd)] +
∂G2D(un)

∂un

= 0 . (3.8)
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3.1. DEVELOPMENT OF ANATOMICALLY-BASED MODELS

Figure 3.3: Projetion of data point zd onto an element fae with the element oordinates
ξi ∈ [0, 1] and resulting losest point u(ξd) for the FF tehnique.Equation 3.8 is reformulated into a linear system of equations of the form
Amnun = Bm (m = n) where
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.The seond term on the left-hand side of Bm, Eq. 3.9, whih is the ontributionof the Sobolev smoothing term, is numerially evaluated over the fae using asheme suh as Gaussian quadrature. The fae equations for all external faes ofthe generi mesh are assembled to form the global set of equations. Assemblageis arried out to satisfy ontinuity of the nodal parameters aross faes.In the ase of ubi Hermite interpolation, the resulting expression is non-linearin un beause of the sale fators (ar lengths), whih are non-linear funtionsof nodal fae parameters. Solving a large number of non-linear equations isomputationally expensive. It an be avoided by �xing the sale fators anditeratively solving the resulting linear equations until the Root Mean Squared(RMS) between the data and the projetion points reahes a ertain value,25



CHAPTER 3. THEORETICAL BACKGROUNDFig. 3.5. Thereby, sale fators are updated after eah iteration, and the nodalparameters are modi�ed aordingly. The modi�ation of the mesh geometryresults in a new optimum of the FF objetive funtion for the next iteration.The FF tehnique enables the generation of highly aurate subjet-spei� mod-els if a large number of data points over the entire volume are given and if thedata points are already losely aligned with the initial mesh. However, the ini-tial projetion of the data points onto the external faes is prone to errors if thedata points are not in line with the initial mesh, and sare data may result inphysially unrealisti distortion of individual faes or whole regions of the mesh.Host Mesh Fitting (HMF)The HMF tehnique is a free-form deformation method that was introduedinto the modelling software CMISS to ustomise an already existing, generiFE mesh to a limited number of subjet-spei� data (Fernandez et al., 2004).The anatomially-based models based on the Visible Human data set, Fig. 2.2,have ommonly served as generi meshes for the development of subjet-spei�models. The onept behind any free-form deformation tehnique is the deforma-tion of a omplex mesh aording to the �tting solution of a surrounding simplemesh (Sederberg & Parry, 1986). As the surrounding mesh generally onstitutesless nodal DOF than the enlosed mesh, a limited number of subjet-spei�points are su�ient for obtaining a realisti solution. In the HMF, the enlosedFE mesh is termed slave mesh and the surrounding mesh is termed host mesh.The HMF tehnique depends on the de�nition of so-alled landmark and tar-get points on the generi mesh and the subjet-spei� data respetively. TheHMF objetive funtion is then set up to minimise the distanes between thelandmark and target points in a least-squares sense, Fig. 3.4. Eah pair of land-mark and target point is preferably hosen as a unique feature of the biologialstruture, suh as the prominene of the greater trohanter on femur. Between30 and 50 well-positioned landmark and target points are needed to obtain rea-sonable solutions for the bones in the lower limbs.The slave mesh and the landmark points need to be ompletely enlosed insidethe host mesh. The nodal parameters of the slave mesh and the positions of the
26



3.1. DEVELOPMENT OF ANATOMICALLY-BASED MODELSlandmark points an then be reorded as funtions of loal host mesh oordinates
u(ξ) =

N
∑
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Ψn(ξ)un , (3.10)whereby un is a vetor of N host mesh nodal parameters assoiated with theinterpolation funtions Ψn. The HMF objetive funtion H is set to minimisethe distanes between landmarks and targets in a least-square sense as
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d denotes the loal oordinates of the landmarks with respet to the hostmesh and pt

d are the global oordinates of the targets. The seond term in theobjetive funtion G3D(un) is the 3D Sobolev smoothing onstraint whih imposespreassigned penalty parameters γi ∈ [0, 1] to the ar-lengths (i = 1, .., 3), theurvatures in element oordinate diretions (i = 4, .., 6), the surfaes area terms(i = 7, .., 9) and the volume (i = 10) of the host.The deformed host mesh on�guration is found by di�erentiating Equation 3.11with respet to eah host mesh nodal parameter un and setting the expressionto zero
∂H(un)

∂un

=

D
∑

d=1

M
∑

m=1

N
∑

n=1

[(Ψn(ξl
d)un − pt

d) · Ψm(ξl
d)] +

∂G3D(un)

∂un

= 0 . (3.12)Equation 3.12 is reformulated into a linear system of equations of the form
Amnun = Bm (m = n) where

Amn =

D
∑

d=1

M
∑

m=1

N
∑

n=1

ΨM(ξl
d) · Ψn(ξ

l
d) , (3.13)

Bm =

D
∑

d=1

M
∑

m=1

Ψm(ξl
d) · p

t
d +

∂G3D(un)

∂un

.Sine loal oordinates do not hange during deformation, the nodal oordinatesof the slave mesh in deformed state an readily be determined by substitutingthe deformed host mesh nodal parameters bak into Equation 3.10, Fig. 3.5.27
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Figure 3.4: a) The FE model of the femur (slave mesh) based on the Visible Human dataset embedded into a host mesh with landmark and target points de�ned on the slave meshand on the subjet-spei� data respetively. b) The deformed host mesh and deformed femuraording to the HMF solution.Given the biubi-linear interpolation sheme, not only nodal oordinates butalso nodal derivatives and nodal ross derivatives of the slave mesh have to beupdated. The alulation of the nodal derivatives is outlined in the Appendix B.The suess of the HMF tehnique largely depends on the design of the hostmesh and the loation and distribution of the landmark and target points. Ahigh number of host mesh DOF will allow for apturing more details of thesubjet-spei� geometries, provided that a su�ient number of landmark andtarget points are given. The development of the host mesh and the de�nitionof the landmark and target points largely depend on experiene and an onlypartly be based on objetive riteria.
3.1.5 Summary

• MRI is an attrative method for obtaining subjet-spei� image data ofbone and musle strutures without exposing the subjet to harmful radi-ation. The hoie of sequene parameters predetermines the quality of theimages and should be done after onsultation with experiened people inthe �eld. Long image aquisition times should be avoided as they inreasethe risk of voluntary physial movement, leading to a loss in image larity.28



3.1. DEVELOPMENT OF ANATOMICALLY-BASED MODELS

• The image information from MRI, stored in the DICOM �le format, an beonverted and reonstruted within the modelling software CMISS. Boneand musle strutures an subsequently be digitised by manually de�ningthe strutures' boundaries. The resulting data louds are used for thedevelopment of anatomially-based, parameterised (FE) models.
• The biubi-linear interpolation sheme allows for approximating the ge-ometries of bones and musles by a �nite number of elements. Cubi Her-mite basis funtions not only preserve ontinuity of the geometri oor-dinates aross element boundaries but also of the �rst derivatives of thegeometri oordinates with respet to the loal element oordinates. Assuh, they allow for smoothly approximating a urved surfae with a smallnumber of elements.
• The FF and the HMF tehnique provide two �tting methods for developingsubjet-spei� models based on the image data from MRI. The FF teh-nique depends on the development of an initial mesh and on a high numberof well-distributed data points from MRI. In ontrast, the HMF tehniquemakes use of an already existing generi mesh, and requires signi�antlyfewer subjet-spei� data than the FF tehnique to lead in a reasonable�t. However, the HMF method is not apable to apture all subjet-spei�features in detail. Hene, the FF tehnique results in a more aurate so-lution than the HMF tehnique, provided that a su�ient number of datapoints are given and that they are already losely in line with the initialmesh.
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3.2. DERIVATION OF SEGMENTAL AND JOINT KINEMATICS

3.2 Derivation of Segmental and Joint Kinematics During

WalkingBone strutures are assumed to be rigid objets and their movement during walk-ing an be approximated using kinemati data from optial motion apture. Thefollowing setion details (i) the optial motion apture system, (ii) the de�ni-tion of spatial and material oordinate systems, (iii) the derivation of segmentalkinematis, (iv) the alulation of joint kinematis, and (v) the error soures ofoptial motion apture and optimisation strategies.
3.2.1 Optical Motion Capture SystemOptial motion apture has found widespread use in 3D gait analysis, aiming thederivation of segmental and joint kinematis based on the positions of so-alledmarkers whih are attahed to the skin. While a partiipant is walking, themarker positions are reorded in 3D spae using several optial ameras whihare distributed around the measurement �eld. The skeletal movement is thenapproximated from the marker positions under the assumption that the markersare rigidly attahed to the underlying bones.One of the main providers of optial motion apture systems is Vion MotionSystems2. The Vion MX motion analysis system onsists of 8 - 12 infraredameras whih are synhronised and linked to a a ontrol unit and then to a PC,Fig. 3.6. The Vion retro-re�etive markers ome in various sizes from 25 mmspheres down to 3 mm hemispheres for apturing small objets. The markers aneither be plaed diretly on the skin or mounted on �xatures whih are attahedto the body using, for instane, an elasti band, Fig. 3.6. Re�etive markersshould be visible to at least two ameras throughout the gait trial to allow fora reonstrution of the marker positions in 3D spae. The ameras need to bealibrated to the measurement �eld prior to data aquisition in order to allowfor an aurate reonstrution based on the optial information.Di�erent Vion software pakages are available for proessing, analysing andsummarising the aptured data. In partiular, the pakage Vion Workstationis used to ontrol the Vion system, to alibrate the ameras, and to manage2http://www.vion.om 31



CHAPTER 3. THEORETICAL BACKGROUND

Figure 3.6: The Vion MX motion analysis system at the Hugh Williamson Gait Laboratory,Vitoria, Australia, showing a) the measurement �eld, b) an infrared amera and ) retro-re�etive markers and di�erent devies for attahing them.and reonstrut the data. The pakage Vion Bodybuilder allows for advaneddata editing, for the de�nition of body segments based on a given marker set,and for exporting the marker trajetories in the ASCII �le format for furtherexternal data proessing. The two main �le types whih are handled withinVion Software are .3d �les and .mkr �les. The .3d �le is reated during dataapture and ontains all the raw data and information related to a gait trial.The .mkr �le spei�es the labels to be used for a given marker set in VionWorkstation.Surfae Marker Con�gurationDi�erent marker sets have been deployed in 3D gait analysis depending on theobjetive, the subjets and the external irumstanes of a study. In theory, three32



3.2. DERIVATION OF SEGMENTAL AND JOINT KINEMATICSmarkers are su�ient for deriving the position and orientation of a rigid objetin 3D spae. However, skin markers are not rigidly onneted to the underlyingbones but move with the skin. Hene, more than three markers may be usedon eah segment to improve the approximation of the segment's position andorientation throughout walking.The marker sets an roughly be divided into two groups: standard marker setsand ustomised marker sets. Standard marker sets have been developed forlinial purposes to failitate motion apture in ase of limited assessment time orin the presene of linial gait patterns whih ompliate marker plaement. Thetwo main standard marker sets are the Helen Hayes marker set (Kadaba et al.,1989) and the Cleveland Clini marker set (Sutherland, 2002). The Helen Haysmarker set was developed in the mid eighties at the Helen Hayes Hospital, NewYork, USA, as part of the �rst linial software for gait laboratories.The Cleveland Clini marker set was developed shortly after at the ClevelandClini Foundation, Ohio, USA. The marker set onsists of 15 skin markers onanatomial landmarks of the lower limbs; and an additional 12 markers whih aregrouped in triads on rigid plates and wrapped around shank and thigh, Fig. 3.7a-. Further markers, not shown in Figure 3.7, are plaed on the shoulder, theelbow, the wrist and the head. Less variability in the transversal plane kinematiswas observed for the Cleveland Clini marker set when ompared with the HelenHays marker set (Sutherland, 2002).With tehnologial and methodologial advanements and with inreased aware-ness of the limitations of optial motion apture, the Helen Hays and ClevelandClinial marker sets are nowadays rede�ned and new ustomised marker sets areintrodued into linial settings, Fig. 3.7d-i. Customised marker sets, generallyonsisting of a redundant number of markers, have been developed for researhpurposes. Optimisation algorithms, later disussed in this setion, have thenbeen adopted to determine segmental kinematis.
3.2.2 Spatial and Material Coordinate SystemsDi�erent oordinate systems need to be de�ned in gait analysis to derive segmen-tal and joint kinematis. The oordinate system whih is �xed within the gaitlaboratory is also termed the global, spatial or Eulerian oordinate system. Theinfrared ameras are alibrated with respet to the spatial oordinate system, and33
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Figure 3.7: a) - ) The standard Cleveland Clini marker set, d) - f) a rede�ned marker setdeveloped and used at the Hugh Williamson Gait Laboratory, Vitoria, Australia, g) - h)a ustomised marker set used at the Tamaki Gait Laboratory, University of Aukland, NewZealand, from frontal, lateral and posterior view.
34



3.2. DERIVATION OF SEGMENTAL AND JOINT KINEMATICShene, the marker positions from optial motion apture are given with respetto the spatial frame. The spatial oordinate system is generally a right-handed,orthogonal system with an arbitrary origin. It is ommon in gait analysis that thex-axis oinides with the walking diretion and the z-axis is pointing upwards.In ontrast, any oordinate system whih is �xed to a body is termed material,loal or Lagrangian oordinate system. Material oordinate systems move withthe body and the position of any segmental point with respet to a materialframe remains unhanged during movement. In the ase of a rigid body, aninitial orthogonal material oordinate system remains orthogonal.Two material oordinate systems need to be de�ned in the sope of 3D gaitanalysis in order to relate the marker positions to the underlying anatomialaxes of the bones (Cappozzo et al., 2005): an anatomial oordinate system anda tehnial oordinate system. The anatomial oordinate system is de�ned withrespet to the anatomial axes of eah bone struture and generally standardisedbeyond the sope of gait analysis, while the tehnial oordinate system dependson the adopted marker on�guration.Anatomial Coordinate SystemAnatomial oordinate systems are de�ned with respet to the anatomial axes ofeah bone struture aording to the Standardisation and Terminology Commit-tee of the International Soiety of Biomehanis (ISB) (Wu, 2002). The anatomi-al axes of bones are derived from the loations of so-alled anatomial landmarks.A detailed desription and illustration of all anatomial landmarks in the lowerlimbs are provided in Cappozzo et al. (2005). The anatomial landmarks whihwere used in the sope of the present work for de�ning the anatomial oordi-nate systems of bone strutures in the lower limbs are given in Table 3.1. Theorresponding anatomial oordinate systems are illustrated in Figure 3.8.Most of the anatomial landmarks given in Table 3.1 are de�ned on bonyprominenes whih are palpable through the skin. However, some anatomiallandmarks, in partiular joint entres, an not be externally assessed. Di�er-ent methods have been proposed to derive the positions of internal anatomiallandmarks from the external information (Bell et al., 1989; Besier et al., 2003;Lu & O'Connor, 1999; Shahe et al., 2006). The methods an roughly be di-vided into two groups that are preditive and funtional methods. 35



CHAPTER 3. THEORETICAL BACKGROUNDPreditive methods relate the positions of externally palpable landmarks to in-ternal landmarks based on anatomial measurements in a normal population. Inlinial gait analysis, the hip joint entre has ommonly been derived using thepreditive equations desribed in Bell et al. (1989) who measured the size of 41adult pelvi from frontal and lateral radiographs, and established an empirialrelationship between the externally palpable landmarks of the pelvis and the hipjoint entre. The average position of the hip joint entre amongst the 41 subjetsgiven in % of pelvis width was found to be 14 % medial, 22 % posterior and 30 %distal of the anterior superior ilia spine.However, onerns have been expressed in terms of the auray of preditiveequations for the hip joint entre, espeially when applied to hildren, and fun-tional methods have been introdued into linial gait analysis (Harrington et al.,2007; Stagni et al., 2000). Funtional methods require partiipants to move thelower limbs through a range of movements, and the hip joint enters are thenderived by �tting spheres to the data louds (Besier et al., 2003; Shahe et al.,2006).Given subjet-spei� lower limb models based on MRI, the position of internalanatomial landmarks an aurately be derived and related to external land-marks without the need of preditive or funtional methods (Harrington et al.,2007). Instead, the hip joint entre is determined by �tting a sphere to thefemoral head of the subjet-spei� model, Fig. 3.8b. A review of methods andtehniques for deriving the hip joint entre is provided in Ehrig et al. (2006).Tehnial Coordinate SystemThe tehnial oordinate system refers to the material oordinate system whihis arbitrarily de�ned from the positions of at least three retro-re�etive markers.The determination of its axes during gait is always an estimate due to the non-rigid movement of skin markers. If markers are positioned on externally palpableanatomial landmarks, the axes of the marker-based tehnial oordinate systemapproximately oinide with the anatomial axes of the bones. However, anatom-ial landmarks are not always the ideal hoie for marker plaements due to alimited visibility during gait or due to inreased movement of the skin with re-spet to the underlying bones at these partiular points (Cappozzo et al., 1995).Hene, markers are sometimes positioned arbitrarily with a non-repeatable geo-metri relationship to the relevant bone, see for example the triads on the rigid36



3.2. DERIVATION OF SEGMENTAL AND JOINT KINEMATICS

Table 3.1: Anatomial landmarks for de�ning the anatomial oordinate systems of the pelvis,femur, patella, tibia, �bula and foot (Cappozzo et al., 2005).PelvisASIS anterior superior ilia spinePSIS posterior superior ilia spineFemur & patellaHJC hip joint entreME medial femoral epiondyleLE lateral femoral epiondyleKJC knee joint entreTibia & �bulaKJC knee joint entreMM distal apex of the medial malleolusLM distal apex of the lateral malleolusAJC ankle joint entreFootAJC ankle joint entreCA upper ridge of the alaneus posterior surfaeSM dorsal aspet of the seond metatarsal head

37



CHAPTER 3. THEORETICAL BACKGROUND

Figure 3.8: The anatomial oordinate system for a) and b) femur, ) and d) tibia/�bula, e)pelvis and f) foot.
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3.2. DERIVATION OF SEGMENTAL AND JOINT KINEMATICSplates of the Cleveland Clini marker set in Figure 3.7a-.In the ase of arbitrary marker positioning, the relationship between the tehnialand the anatomial oordinate system is established during a so-alled stati trial.Thereby, additional markers are temporarily positioned on relevant anatomiallandmarks, and their loal positions with respet to the tehnial oordinatesystem is derived. The spatial positions of the additional markers during walkingare reonstruted via oordinate transformations between the tehnial and thespatial oordinate system under the assumption that the loal positions remainonstant during motion.
3.2.3 Segmental KinematicsIn 3D gait analysis, the human skeleton has ommonly been modelled askinemati hain onsisting of rigid segments whih are inter-onneted byjoints (Cappozzo et al., 2005; Nigg & Herzog, 1999). The objetive of segmentalkinematis is the mathematial desription of the motion of the kinemati hainbased on the skin marker oordinates. Kinematis is generally de�ned as thestudy of motion and deformation of an objet without referene to the foresthat ause the motion (Bonet & Wood, 1997).Transformation matries, whih desribe mappings of bone strutures betweenonseutive time frames, are the basis for the desription of segmental kinematis,Fig. 3.9. The transformation matrix T with entries tii whih transforms allpartiles pi of a body from state A to state B is given as
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. (3.14)In the ase of a rigid body, whih does not deform during motion, the transfor-mation matrix T, Eq. 3.14, omprises a rotation followed by a translation. Suha transformation is also alled Eulidean transformation. An Eulidean trans-formation matrix an be expressed in terms of a rotation matrix R with entries
39



CHAPTER 3. THEORETICAL BACKGROUND

rii and a translation vetor t with entries ti in the following form
T =
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. (3.15)The Eulidean transformation matrix T, Eq. 3.15, is generally non-singular andan be inverted. It an be derived in various ways given the positions of at leastthree points of the rigid body in state A and B.The most ommon way in 3D gait analysis is to establish a relationship betweenthe axes of the anatomial oordinate systems in the two positions. Assumingthat the anatomial axes of the rigid body in state A and B are known as [f1 f2 f3]and [f
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 . (3.16)Proof of Equation 3.16 is provided in Bonet & Wood (1997), realling that thedot produt of two vetors equals the osine of the angle between them. Thetranslation vetor t, whih translates the origin p of the anatomial oordinatesystem [f1 f2 f3] to oinide with the origin p
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−R · p . (3.17)A Eulidean transformation not only desribes a mapping of a rigid body betweentwo positions, but generally a oordinate transformation between two orthogonaloordinate systems. Hene, it an also be used to transform the loal oordinatesof anatomial landmarks into the spatial oordinate system or the anatomialaxes of one rigid segment with respet to another.
3.2.4 Joint KinematicsThe Eulidean transformation matrix, Eq. 3.15, provides a desription of theposition of two rigid bodies with respet to eah other, or generally, a desriptionof the relationship between two orthogonal oordinate systems. However, it does40



3.2. DERIVATION OF SEGMENTAL AND JOINT KINEMATICS

Figure 3.9: Segmental kinematis is desribed via Eulidean transformation matries, T, whihare ommonly derived from the axes of anatomial oordinate systems [f1 f2 f3] in onseutivetime frames.not speify the path of motion whih led to a given on�guration. The objetiveof joint kinematis is the desription of joint movement that is the motion of adistal segment relative to a proximal segment.Joint motion is generally onstrained due to the arhiteture of the joining bonesand due to ligaments and musle-tendon strutures that ross the joint. The hipjoint is onsidered the only true ball-and-soket joint in the body, allowing thefemur to rotate within the aetabulum of the pelvis but not to translate (Whittle,2002). The motion in the knee joint is ontrolled by �ve ligaments and is aombination of sliding and rolling of the femur on the tibia. The �exion axis isthereby not �xed but hanges with the angle of �exion. The ankle joint has onlyone signi�ant type of motion and that is dorsi and plantar �exion.The translational DOF in the knee joint are generally too small to be auratelyassessed by means of optial motion apture (Cappozzo et al., 2005). Hene,joint kinematis is mainly onerned with a linial meaningful desription ofthe rotational DOF, referring to the orientation of one rigid body with respetto another. Many paths may be followed by a rigid body moving from oneposition to another; thus di�erent onventions have been proposed to desribe it.In linial gait analysis, the Euler/Cardan onvention and the onvention basedon Grood & Suntay (1983) are most widely used (Robertson et al., 2004). Thereader is referred to the literature for a desription of other onventions suh as41



CHAPTER 3. THEORETICAL BACKGROUNDthe helial or srew axis (Spoor & Veldpaus, 1980), the attitude vetor (Woltring,1994) or the quaternions (Altmann, 1986).Euler/Cardan ConventionAording to Euler's displaement theorem, a rigid body displaement an notonly be desribed as a rotation followed by a translation, but the rotation anfurther be parametrised using three angles. The three angles represent threeplanar rotations around three axes3.Di�erent Euler/Cardan onventions emerge depending on the axes about whihthe rotations are arried out. The onventions whih inlude a repetition ofrotations about one partiular axis, for example a 'z-x-z' order, are also referredto as Eulerian onventions. The orresponding angles are alled Euler angles.In ontrast, the Cardan type of suessive rotations are generally haraterisedby rotations about all three axis. In 3D gait analysis, the Cardan sequene'x-y-z' appears to be used the most (Robertson et al., 2004), Fig. 3.10. Theorresponding rotation matrix R is written as the matrix produt of the threeplanar rotations ψ, θ and φ as given in Equation 3.18.
R =
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 (3.18)Remembering that matrix multipliation is non-ommutative, it beomes learthat a hange of the sequene given the same angles will lead to a di�erent jointon�guration. One must be areful in interpreting the Cardan angles ψ, θ and φin a linial ontext as the seond rotation around an intermediate axis is di�ultto visualise, and employing di�erent sequenes for di�erent segments ompliatesthe analysis (Allard et al., 1995).Grood and Suntay ConventionA sequene independent angle onvention for the linial desription of jointkinematis was proposed by Grood & Suntay (1983). Thereby, a so-alled joint3Weisstein, Eri W. "Euler's Displaement Theorem.", MathWorld, Wolfram Web Resoure(http:mathworld.wolfram.omEulersDisplaementTheorem.html)42



3.2. DERIVATION OF SEGMENTAL AND JOINT KINEMATICS
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Figure 3.10: The Cardan sequene 'x-y-z' desribes a rotation around the x-axis by an angle φ,followed by a rotation around the rotated y-axis denoted y' by an angle θ and a �nal rotationaround the new z-axis denoted z� by an angle ψ..oordinate system is de�ned with respet to the anatomial axes of neighbouringsegments. The joint oordinate system is omposed of the medio-lateral axis ofthe proximal segment, the longitudinal axis of the distal segment, and an inter-mediate or �oating axis whih is de�ned normal to the latter two, Fig. 3.11. Thejoint oordinate system is generally not orthogonal exept for speial segmentalpositions.Given the axes of the proximal and distal anatomial oordinate system as
[f1 f2 f3] and [t1 t2 t3] respetively, the linial rotations �exion-extension,abdution-addution and internal-external rotation an be derived from the fol-lowing angles

α = arcsin(−fl · f3) , β = arcsin(f1 · t3) , γ = arcsin(t1 · fl) (3.19)whereby fl denotes the �oating axis. Note that the linial rotation angles areslightly di�erent from α, β, and γ depending on the joint and the body side. Therelationship between the angles α, β and γ and the rotation matrix R, Eq. 3.16,is provided in Grood & Suntay (1983).The Grood and Suntay onvention failitates the derivation of linially relevantdata and allows for a more standardised omparison of joint kinematis betweensubjets. The Committee on Standardisation of ISB has published a proposalon kinematis standardisation in whih the Grood and Suntay onvention isreommended (Wu, 2002).
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CHAPTER 3. THEORETICAL BACKGROUND

Figure 3.11: The joint oordinate system [j1 j2 j3] for the right knee aordingto Grood & Suntay (1983) with the �oating axis de�ned as j2 = t3 × f1; and the remain-ing two axes as j1 = f1 and j3 = t3 respetively.
3.2.5 Error Sources and Optimisation AlgorithmsUnfortunately, di�erent error soures bias the results from 3D gait analysis.A series of four papers has reently provided a broad review of the problemsassoiated with reonstruting and analysing segmental and joint kinematisfrom optial motion apture data (Cappozzo et al., 2005; Chiari et al., 2005;Della Croe et al., 2005; Leardini et al., 2005). The three main error soures,disussed within the series, are instrumental errors, anatomial landmark dis-plaement and Soft Tissue Artefat(s) (STA).Instrumental errors represent the unertainty of the skin marker reonstrutionwithin the laboratory frame using a partiular motion apture system; anatom-ial landmark displaements emerge if skin markers are not aurately plaedonto externally palpable anatomial landmarks, and STA refer to the motion ofthe skin with respet to the underlying bones. While instrumental errors andanatomial landmark displaements are error soures whih an be redued byproper alibration of the system (Chiari et al., 2005) and areful experimentaldesign (Stagni et al., 2006), the redution of STA is more hallenging.
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3.2. DERIVATION OF SEGMENTAL AND JOINT KINEMATICSStudies quantifying STA through use of intraortial pins (Benoit et al., 2006;Fuller et al., 1997; Reinshmidt et al., 1997), external �xators (Cappozzo et al.,1996) or �uorosopy-based traking (Stagni et al., 2005) have reported STA rang-ing from a few millimetres for shank markers through to 40 mm for femoral epi-ondyle markers in the anterior-posterior diretion during 120 degree knee �ex-ion. Generally, the artefats were found to be greater on thigh than on shank,whereby the magnitude of STA depend on the subjet, the loation of the skinmarkers and the motion being performed (Cappozzo et al., 1996; Fuller et al.,1997; Stagni et al., 2005).Several optimisation algorithms have been developed, aiming to ompen-sate for STA (Andriahi et al., 1998; Arun et al., 1987; Challis, 1995;Soederkvist & Wedin, 1993). Some of them were reently ompared andtheir stabilities were analysed in ase of highly ill-onditioned marker on-�gurations (Carman & Milburn, 2006; Cereatti et al., 2006). Cereatti et al.(2006) showed that the stability of an optimisation algorithm proposed byChallis (1995), whih is based on singular value deomposition, was signi�-antly better when ompared with other tehniques suh as the point lustermethod (Andriahi et al., 1998). The optimisation algorithm based on singularvalue deomposition is outlined in the Appendix C.
3.2.6 Summary

• Optial motion apture systems, suh as the Vion MX motion analysissystem, allow for apturing and simultaneously reonstruting the positionsof skin markers during walking. The Cleveland Clini marker set has beenmost often used in linial gait analysis, while ustomised marker sets witha redundant number of markers have been deployed for researh purposes.The Vion software enables the trajetories of skin markers to be exportedfor further analysis.
• An anatomial oordinate system an be de�ned for eah segment basedon three anatomial landmarks aording to the Standardisation and Ter-minology Committee of ISB. In ontrast, a tehnial oordinate systemis arbitrarily de�ned for eah segment from at least three non-ollinearmarkers. The positions of externally-palpable anatomial landmarks arereorded with respet to the tehnial frame during a stati trial, allowing
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CHAPTER 3. THEORETICAL BACKGROUNDtheir spatial position to be reonstruted during walking. The positionsof anatomial landmarks, whih are not palpable through the skin suh asthe joint entres, are ommonly derived using preditive equations basedon anthropometri measurements.
• The objetive of segmental kinematis is the derivation of rigid bone motionbased on the skin marker positions from optial motion apture. Segmen-tal kinematis is desribed by Eulidean transformation matries whihomprise a rotation followed by a translation. Eulidean transformationmatries an be thought of as mappings of body partiles between twoorthogonal oordinate systems, and an also be used to reonstrut thespatial oordinates of anatomial landmarks during gait.
• Joint kinematis is mainly onerned with the desription of the rotationalDOF of joint motion beause the translational omponents are generallytoo small to be measured by means of optial motion apture. The an-gle onvention proposed by Grood & Suntay (1983) allows for a sequene-independent desription of the orientation of one segment with respet toanother in terms of the linially meaningful angles �exion-extension, ab-addution and internal-external rotation.
• The three main error soures in optial motion apture are instrumentalerrors, anatomial landmark displaements and STA. The redution ofSTA, whih refer to the non-rigid movements of skin markers with respetto the underlying bones, is di�ult. Optimisation algorithms have beendeveloped to minimise STA given a redundant number of markers. Anoptimisation algorithm based on singular value deomposition proposed byChallis (1995) was shown to result in a better approximation of segmentalkinematis when ompared with other tehniques.
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3.3. FINITE DEFORMATION OF ANATOMICALLY-BASED MODELS

3.3 Finite Deformation of Anatomically-Based FE ModelsThe following setion details tehniques for deforming anatomially-basedFE models of skeletal musles based on segmental kinematis from optial motionapture by (i) introduing the term inverse kinematis, (ii) outlining geometri-based and (iii) mehanis-based deformation tehniques, and (iv) disussing theissues of volume onservation and ollision detetion.
3.3.1 Inverse KinematicsIn real life, musle ontrations drive bone motion. Hene, it would be desirableto derive segmental kinematis from the generated musle fores, an approahtermed forward dynamis. Forward dynami methods depend on the prior esti-mation of how muh fore is generated by a single musle at eah instant in timeduring a partiular motor task. This predition is di�ult to make beause itrequires the knowledge of either the neural exitation patterns or the generatedmusle fores themselves (Zaja, 1993).The aurate assessment of exitation patterns or musle fores is hallenginggiven urrent measurement tehniques, in partiular for omplex motion patternssuh as gait. Instead of solving a forward dynamis formulation, the deformationof musles is ommonly derived from the bone position. Thereby, the term inversekinematis refers to the prior derivation of segmental and joint kinematis fromoptial motion apture data desribed in Setion 3.2. The term inverse dynamisrefers to the further derivation of musle fores given the ground reation foresand an appropriate desription of the material properties of musle tissue. Thebasi onepts behind inverse kinematis, inverse dynamis and forward dynamisare shematially outlined in Figure 3.12.The present work is primarily onerned with the predition of musle soft-tissuedeformation based on inverse kinematis. From inverse kinematis, ertain pointsof the musles are given throughout gait. These points generally omprise theattahment points as well as further points along the musle paths whih have agiven kinemati relationship to the bones. Examples of suh additional points arethe via-points illustrated in Figure 2.1. A modelling tehnique is then requiredwhih allows the deformation of the musles based on the limited number ofknown material points. 47
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Figure 3.12: Musle-tendon lengths is ommonly derived from inverse kinematis whih refersto the alulation of joint angles based on the measured skin marker position (green box).Inverse dynamis refers to the derivation of musle fores based on kinemati and kineti datafrom 3D gait analysis, while forward dynamis refers to the alulation of joint angles basedon the measured musle ativation from eletromyography.Three tehniques are outlined in the following for deriving soft-tissue musledeformations for anatomially-based FE models from inverse kinematis. Twotehniques are so-alled geometri-based methods, whih are purely based onthe kinematis of the given material points without paying attention to thefores that have aused the deformation. The third tehnique is the so-alledmehanis-based approah, whih refers to the derivation of musle deformationby solving the governing equations of �nite elastiity on the musle ontinuumusing the known points as boundary ondition. A omparison between the threeapproahes is given in Table 3.3 at the end of this setion.
3.3.2 Geometric-Based Deformation TechniquesFor geometri-based deformation tehniques, a FE musle model is regarded asa geometri objet without intrinsi material properties. Suh a geometri ob-jet an be deformed randomly in any diretion, without taking into aountthe relationship between fores ating on the body and the resulting motion.48



3.3. FINITE DEFORMATION OF ANATOMICALLY-BASED MODELSGeometri-based deformation tehniques are purely based on the theory of kine-matis, whih is the study of motion and deformation without referene to theause (Bonet & Wood, 1997).A mapping of material points between two states an be desribed by a trans-formation matrix as outlined in Setion 3.2, Eq. 3.14. In the ase of a non-rigiddeformation, the transformation matrix omprises rotation, translation, salingand shearing. Suh a transformation is also alled a�ne transformation. Thetwelve entries of the a�ne transformation matrix an be uniquely derived if fourpoints of the body are given in the undeformed and the deformed state. However,the resulting transformation matrix does not ensure the aurate mapping of allbody partiles between the two states. In fat, four di�erent body points wouldprobably lead to a di�erent result.The hallenge of �nding an optimal transformation matrix for eah body par-tile based on a limited number of known points an be approahed in dif-ferent ways. Two tehniques are outlined in the following namely the diretleast-squares method and the HMF tehnique. Further geometri-based mod-elling tehniques have been developed in omputer graphis researh for de-forming 3D musle strutures based on segmental kinematis (Dong et al., 2002;Sheepers et al., 1997). However, these tehniques are generally not useful fordeforming anatomially-based FE models and are not further disussed in thepresent work.The Diret Least-Squares MethodThe aim of the diret least-squares method is the alulation of an optimal trans-formation matrix T for the entire body given four or more material points in thedeformed and undeformed state, Fig. 3.13. The diret least-squares formulationis set up to minimise the objetive funtion D

D =

D
∑
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[(pdef
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d )T (pdef
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d )] , (3.20)with pun
d and pdef

d (d ≥ 4) being the material points in the undeformed anddeformed state (Mithraratne & Hunter, 2006). The diret least-squares solutionis obtained by di�erentiating the objetive funtion, Eq. 3.20, with respet toeah unknown entry of T and setting the expression to zero. 49



CHAPTER 3. THEORETICAL BACKGROUNDThe nodal positions of the FE mesh in deformed state are found by applyingthe resulting transformation matrix to all nodal oordinates in the undeformedstate, Eq. 3.14. If higher order interpolation funtions are used to represent thegeometry, not only the nodal values but also the nodal derivatives need to betransformed. This is done by di�erentiating Equation 3.14 with respet to eahhost mesh loal oordinate, and applying the resulting expression to the nodalderivatives in undeformed state.Using the diret least-squares approah, the same a�ne transformation matrixis applied to all body partiles. As suh, the method is not apable to aptureloal deformations along a single musle struture. For instane, the diret-leastsquares method ould not apture an isolated deformation of the long head ofbieps femoris due to a movement of the pelvis with the short head remainingundeformed.Host-Mesh Fitting (HMF)The HMF tehnique has previously been desribed in Setion 3.1 as a method forustomising a generi FE mesh to a limited number of subjet-spei� data fromMRI. The geometri free-form tehnique an be used to derive soft-tissue mus-le deformation during walking by embedding the omplex anatomially-basedFE musle model into a simple host mesh, and deforming the host mesh basedon the limited number of points on the musle strutures that are given fromsegmental kinematis (Fernandez et al., 2005). The material points in onseu-tive time frames are thereby used as landmark and target points for deformingthe host mesh, Fig. 3.13.Unlike the diret least-squares method, the HMF objetive funtion, Eq. 3.11, isnot solved for the unknown entries of one transformation matrix but for the hostmesh nodal values themselves. As a result, eah node of the host mesh undergoesa di�erent transformation whih is then passed onto the slave mesh. Hene, loaldeformations of musle strutures an be aptured using the HMF tehnique ifthe host mesh is designed wisely.The host mesh nodal DOF determine the number of material points that arerequired for obtaining a reasonable solution. For example, a trilinear one elementhost mesh has 24 DOF, requiring only 8 data points to result in a determinedsystem. In ontrast, a biubi-linear one element host mesh has already 96 DOF,50



3.3. FINITE DEFORMATION OF ANATOMICALLY-BASED MODELS

Figure 3.13: Three di�erent approahes are feasible for deriving soft-tissue musle deformationfrom inverse kinematis: (i) The geometri-based Diret Least-Squares method aims to �nd theoptimal transformation matrix T based on the known material points pi, (ii) the geometri-based HMF method uses the known material points pi and pi

i
as landmark and target pointsfor deforming a simple host mesh; and (iii) the mehanis-based formulation aims to �nd thedisplaement �elds of all material partiles given the displaements ui = p

′

i
− pi of only a fewpoints as boundary ondition.
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CHAPTER 3. THEORETICAL BACKGROUNDrequiring 32 data points to lead in a determined system. Depending on thenumber, as well as the distribution of the landmark and target points, additionalonstraints need to be imposed to avoid any undesirable distortion of the hostmesh. Constraints have been implemented into the HMF formulation withinCMISS in the form of the Sobolev penalty funtion, Eq. 3.11.
3.3.3 Mechanics-Based Deformation TechniquesIn the ase of mehanis-based deformations, a FE mesh is regarded as a on-tinuum body, whih is an assembly of partiles with spei� material properties.A ontinuum body deforms as a response to stress, whereby the degree of thedeformation depends on the mehanial behaviour of the respetive soft tissue.Mehanis-based deformation tehniques draw on the theory of ontinuum me-hanis, whih is the study of motion and deformation of a material that issubjeted to internal and external fores.Musle strutures undergo large deformations during walking, resulting in non-linear relationships between the stresses and the strains. The theory of ontinuummehanis in �nite elastiity omprises three basi topis that are kinematis,balane priniples and onstitutive theory. A brief introdution into eah topiis given in the following. The reader is referred to Bonet & Wood (1997) formore details on the theory of non-linear ontinuum mehanis and to Fernandez(2004) for more details on the mathematial implementation within CMISS.Kinematis of the ContinuumLarge deformations in ontinuum mehanis are generally desribed via trans-formations between the spatial and the material oordinate system. The mostfundamental kinemati quantity in �nite elastiity is then derived as the gradientof the transformation matrix with respet to the material oordinate system, alsoknown as the deformation gradient tensor. The deformation gradient tensor Ftransforms a line element from a material desription dX to a spatial desription
dx as

dx = F · dX , with (3.21)
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3.3. FINITE DEFORMATION OF ANATOMICALLY-BASED MODELS
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 .The deformation gradient tensor an be deomposed into an orthogonal rotationtensor R and a right U or left v symmetri streth tensor as F = RU = vR.Streth tensors are independent of any rigid body motion and only omprisesaling and shearing.Strains are introdued into the theory of �nite elastiity based on a oneptto failitate the analysis of the ontinuum under deformation. Strain quantitiesrelate to the hange in lengths of line elements due to deformation. Strain tensorsare generally de�ned in terms of the streth omponents of the deformationgradient tensor. The right and left Cauhy-Green strain tensors, C and b, aregiven as
C = FT F = UU = CT , (3.22)
b = FFT = vv = bT ,whereby both strain tensors are symmetri and an be deomposed into priniplestrethes and priniple diretions aording to the spetral theorem.The deformation gradient tensor and, hene, the strain tensors an be expressedas funtions of displaement �elds, whih are measurable kinemati quantities.Displaement vetors relate the positions of partiles in the undeformed state totheir positions in deformed state. So-alled boundary value problems in �niteelastiity aim to �nd the displaement �elds of all material partiles given thedisplaements of only a few material partiles as boundary ondition, Fig. 3.13.Balane PriniplesThe governing equations of ontinuum mehanis are derived from four onser-vation priniples that are the priniples of onservation of mass, onservation oflinear momentum, onservation of angular momentum and onservation of en-ergy. The basis for the onservation of linear and angular momentum are theNewton's laws of motion whih desribe the relationship between fores atingon a body and the motion or deformation of the body.
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CHAPTER 3. THEORETICAL BACKGROUNDNewton's laws of motion an be written as funtions of the Cauhy stress tensor,leading in Cauhy's �rst and seond equation of motion. Stress, whih is basedon a onept introdued by Cauhy into the theory of elastiity, relates the foreating on an in�nitesimal small area of the ontinuum body to the outwardnormal of the same area.For the stati equilibrium, Cauhy's �rst equation of motion is given as
∫

v

(div(σ) + b) dv = 0 , (3.23)whereby div(σ) denotes the divergene of the Cauhy stress tensor σ and b are thebody fores per unit volume. It an be shown from Cauhy's seond equationof motion that the Cauhy stress tensor σ is symmetri, allowing a spetraldeomposition into priniple stresses and priniple diretions (Bonet & Wood,1997).The so-alled virtual work equation is obtained from the weak form of the gov-erning equation, Eq. 3.23, as
δω =

∫

v

(div(σ) + b) · δu dv = 0 . (3.24)Equation 3.24 is a fundamental salar equation in �nite elastiity and states thata ontinuum is only in equilibrium if the virtual work δω of all fores ating onthe body is zero in a virtual displaement δu.Constitutive TheoryThe relationships between the stresses and the deformation are known as on-stitutive equations. Constitutive equations desribe the behaviour or intrinsiphysial properties of the ontinuum. Biologial tissues are generally onsideredto be hyperelasti. A material is termed elasti if the work done by the stressesonly depends on the initial state and the urrent state of the ontinuum butnot the path inbetween. A material is termed hyperelasti if a stored strain-energy density funtion or elasti potential an additionally be established. Thestrain-energy density funtion Ψ desribes the work done by the stresses fromthe initial to the urrent on�guration on an unit volume, and hene establishesa relationship between the stresses and the strain.54



3.3. FINITE DEFORMATION OF ANATOMICALLY-BASED MODELSTable 3.2: Mooney-Rivlin material parameters for musle tissue adopted in previous studiesConstant Value Constant Value
c1 0.01 MPa† c2 0.01 MPa†
c1 musle 0.03 MPa‡ c2 0.01 MPa‡
c1 tendon 0.06 MPa‡ c2 0.01 MPa‡

† Anatomially-based FE model of skeletal musles (Meier & Blikhan, 2000; Roehrle & Pullan, 2007)
‡ Upper limb musle model for appliation in omputer graphis and simulation (Teran et al., 2005)Skeletal musle tissue has most ommonly been modelled as an isotropi, in-ompressible Mooney-Rivlin material with sometimes additional terms for a-tive fores in �bre diretions (Meier & Blikhan, 2000; Roehrle & Pullan, 2007;Teran et al., 2005). The response of isotropi materials to deformation is thesame in all diretions, whih simpli�es the analysis to the priniple strethes andpriniple strains. The strain-energy density funtion Ψ of an isotropi Mooney-Rivlin material is given as

Ψ = c1(I1 − 3) + c2(I2 − 3) , (3.25)where c1,2 are the Mooney-Rivlin parameters and I1,2 are the �rst and seondinvariant of the right Cauhy-Green strain tensor C.The derivation of aurate onstitutive parameters from experimental data isruial for obtaining aurate physiologial results for mehanis-based formu-lations. A list of the Mooney-Rivlin onstants, previously adopted for skeletalmusle tissue and passive deformation, is given in Table 3.2.Solution ProedureNumerial methods are required to solve boundary-value problems in �-nite elastiity and the FE method provides the most onvenient frame-work (Nash & Hunter, 2000). The FE loal oordinates, desribed in Setion 3.1,are normalised element oordinates whih deform with the body, and they gen-erally provide the basis for the disretisation.Two solution proedures are feasible to solve the boundary-value problem forthe displaements �elds of the ontinuum using the FE method. One an eitherdisretise the equilibrium equation, Eq. 3.23, using the Galerkin FE method;or one an disretise the virtual work equation, Eq. 3.24, by approximating the55



CHAPTER 3. THEORETICAL BACKGROUNDvirtual displaement using a FE displaement �eld. Both approahes result in thesame set of non-linear equations whih an be solved using the Netwon-Raphsoniterative sheme.The Newton-Raphson method depends on an initial guess of the �nal displae-ment �eld whih is typially hosen to be the undeformed geometry and thepresribed displaement. The likelihood of onvergene is inreased if the initialguess is already lose to the �nal solution. In ase of large deformations betweentwo time steps, ommonly presenting during walking, the Newton-Raphson iter-ative proess is likely to divert to a point that annot be reovered from.
3.3.4 Volume Conservation and Collision DetectionMusle strutures are generally onsidered to be inompressible bodieswhih maintain their volume during deformation (Blemker & Delp, 2006;Roehrle & Pullan, 2007; Teran et al., 2005). Volume onstraints are ommonlyimplemented into mehanis-based and geometri-based approahes based onthe requirement that the Jaobian of an inompressible body has to be one. TheJaobian is de�ned as the determinant of the deformation gradient tensor F,Eq. 3.21, and is a measure of volume hange (Bonet & Wood, 1997).Constitutive laws for inompressible hyperelasti materials in �nite elas-tiity have been implemented into CMISS via the Lagrange multipliermethod (Fernandez et al., 2005; Roehrle & Pullan, 2007). Thereby, an addi-tional term is aided to the strain-energy funtion, Eq. 3.25, leading to

Ψ = c1(I1 − 3) + c2(I2 − 3) − κ(J − 1) , (3.26)where the salar κ serves as a Lagrangian multiplier that an, under ertainirumstanes, be assoiated with the hydrostati pressure. κ is introdued asan additional DOF that needs to be solved for.A volume onstraint has also been implemented into the HMF formulation withinCMISS whih applies to the host mesh deformation (Fernandez et al., 2005).Thereby, the Jaobian at seleted Gauss points of the host mesh is onstrainedby penalising any deviation from the initial volume. This is done by modifyingthe initial system of linear equations, Eq. 3.13, as
[Amn +K(Fv)]un = [Bm − R(Fv)] . (3.27)56



3.3. FINITE DEFORMATION OF ANATOMICALLY-BASED MODELSThe additions to the sti�ness matrix and the residual, K and R, are both de-pendent on a foring funtion Fv

Fv(ξ1, ξ2, ξ3) = kj(Jc − Ji) , (3.28)whih weights any deviation from the initial volume, with kj ∈ [0, 1] being thepenalty sti�ness, and Jc and Ji the initial and urrent Jaobian values respe-tively. However, the volume onstraint of the host mesh does not ensure volumeonservation of the enlosed slave mesh, in partiular if the host mesh is not inlose alignment with the embedded musle struture. Hene, musle inompress-ibility an only be approximated using the HMF tehnique.Apart from volume onstraints, ollision detetion is an important aspet of anymodelling tehnique whih aims to aurately apture the musle deformationsduring walking. Musle-musle ollisions our in areas where neighboring mus-les are in ontat and moving in opposite diretions. They an be deteted byheking the intersetions of one musle model against the surfae area of theneighboring model.Collision detetion algorithms are generally mathematially omplex and lead toa signi�ant inrease in omputation time (Fernandez, 2004). Improved searhtehniques have been developed for speeding up the initial detetion of overlap-ping regions between musles (Dong et al., 2002). However, the adjustment ofthe models in response to ollision remains omplex beause the volume has tobe onserved for every small mesh deformation, leading to potential new olli-sions in di�erent regions of the mesh. The proess of ollision detetion, meshadjustment and volume onservation needs to be repeated in eah time frameuntil there is no detetable interation between musle models.Using the geometri-based HMF tehnique, musle-musle ollision an beavoided by embedding several musles meshes into the same host mesh. Asan analogy for any free-form deformation tehnique, Sederberg & Parry (1986)talks about the deformation of lear, �exible plasti in whih several objets areembedded and deform along with the plasti that sourrounds them. Hene, theHMF tehnique enables the deformation of neighbouring musle strutures with-out the need for omplex ontat onstraints beause the positions of musleswith respet to eah other are maintained as long as their deformation is derivedfrom the same host mesh, Fig. 3.14.
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CHAPTER 3. THEORETICAL BACKGROUND

Figure 3.14: The HMF tehnique enables several musle strutures to be embedded into thesame host mesh, thereby ensuring that their positions with respet to eah other are maintainedduring deformation.
Table 3.3: Comparison between geometri-based deformation tehniques, that are the diretleast-squares method and the HMF tehnique, and mehanis-based tehniques whih are basedon the theory of ontinuum mehanis in �nite elastiity.least-squares HMF �nite elastiitySegmental onstraints boundary boundary boundaryPhysial laws - - fore balaneConstitutive laws - - hyperelastiVolume onservation - host musleCollision detetion non-linear avoided non-linearSolved for overall mesh DOF (host) DOF (musle)

T, Eq. 3.20 u, Eq. 3.11 σ(u), Eq. 3.23System of equations linear linear non-linear
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3.3. FINITE DEFORMATION OF ANATOMICALLY-BASED MODELS

3.3.5 Summary

• Musle soft-tissue deformations during walking are generally derived basedon inverse kinematis. Given the segmental and joint kinematis from op-tial motion apture, ertain points of the musles, suh as the attahmentpoints, are known and are used as boundary ondition to derive the musledeformation. The modelling tehniques for deforming FE musle modelsbased on the kinemati onstraints an be put into two ategories that aregeometri-based or mehanis-based tehniques.
• Geometri-based deformation methods, suh as the least-squares methodor the HMF tehnique, are not based on the physis laws of motion butthe deformation is purely derived based on the kinemati onstraints. Thenumber and distribution of the known points predetermine the suess ofthe diret least-squares method and the HMF tehnique. The diret least-squares method aims to �nd one optimal transformation matrix whih isthen applied to the entire body. In ontrast, the HMF tehnique is apableof apturing spatial variations in the musle deformation, depending on thehost mesh design and the distribution of the known material points.
• Mehanis-based deformation tehniques omply with the theory of on-tinuum mehanis for �nite elastiity. The governing equation of �niteelastiity is derived from the onservation of linear momentum. The rela-tionship between the fores and the deformation depends on the materialproperties and is desribed in the onstitutive equations. Musle tissue hasoften been modelled as inompressible, isotropi Mooney-Rivlin material.The experimental assessment of Mooney-Rivlin parameters for musle tis-sue is ruial for obtaining valid solutions of mehanis-based formulations.
• Non-linearity in mehanis-based formulations derive from the non-linearmaterial properties or from the omplex geometry of the deforming body.The Newton-Raphson iterative sheme an be used to solve the non-linearsystem of equations. However, onvergene of the Newton-Raphson itera-tive proess may not be reahed in the ase of large displaements of thematerial between onseutive time steps. The omputational omplexityhas restrited the appliation of mehanis-based tehniques to only a fewmusles for simple motor tasks (Blemker & Delp, 2005; Roehrle & Pullan,2007; Teran et al., 2005).
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CHAPTER 3. THEORETICAL BACKGROUND

• Volume onservation and ollision detetion are two important aspets ofdeformation tehniques for musuloskeletal models that need to be ad-dressed. The onstitutive equations for �nite elastiity and the HMF ob-jetive funtion have been extended within CMISS to aount for inom-pressibility of musle tissue (Fernandez, 2004). Musle-musle ollisiondetetion is generally mathematially omplex, and signi�antly inreasesthe omputation time for deforming extensive musuloskeletal models suhas the lower limbs during walking. The HMF tehnique enables the defor-mation of several musles without the need for omplex ontat mehanisformulations by embedding several musle strutures into the same hostmesh.
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4
Study I: Muscle Volumes and Lengths in

Children With Cerebral Palsy

The following hapter outlines the �rst study, whih was onduted in orderto develop a library of anatomially-based, subjet-spei� lower limb modelsof hildren with and without CP and investigate the di�erenes in musle vol-umes and musle lengths between the two groups. The study has been sum-marised in a journal artile and submitted to the journal Clinial Biomehan-is (Oberhofer et al., 2009). The hapter is divided into (i) Introdution, (ii)Subjets and Methods, (iii) Results and (iv) Disussion.
4.1 IntroductionAnatomially-based, subjet-spei� models of musle strutures allow for thederivation of musle volumes and musle lengths. Musle volume and mus-le length are two important parameters for improving management strategiesin hildren with CP as they provide more insight into the strutural alter-ations that our seondary to the neurologial disorder. Musle volume is lin-early related to the maximal fore generating apabilities (Fukunaga et al., 2001;Lieber & Friden, 2000) and may further help in better de�ning the dosing stan-dards for Botulinum Toxin A injetions (Bandholm et al., 2007). However, nostudy has yet reported on volumes and lengths in the musles of the shank andthe thigh in hildren with CP ompared to typially developing hildren beauseof the limitations in measuring lower limb musles in vivo.Ultrasound-based imaging tehniques allow the estimation of musle arhite-ture in vivo. However, ultrasound measurements are largely restrited to su-61



CHAPTER 4. STUDY I: MUSCLE VOLUMES AND LENGTHS IN CHILDREN WITH CPper�ial musles in the alf (Bandholm et al., 2007), and have mainly beenadopted to investigate the morphologial alterations of gastronemius in hil-dren with CP (Fry et al., 2007; Malaiya et al., 2007; Mohagheghi et al., 2008;Shortland et al., 2002). Generally, a redued volume and a shorter length of gas-tronemius have been reported in the a�eted limbs of hildren with hemiplegiCP ompared to the non-a�eted limbs (Malaiya et al., 2007; Mohagheghi et al.,2007) and ompared to age-mathed ontrol hildren (Fry et al., 2007). Inter-estingly, Malaiya et al. (2007) found a signi�ant relationship between the nor-malised volume and the normalised length of gastronemius in hildren withCP but not in the ontrol group.In ontrast to ultrasound measurements, MRI provides an attrative imagingtehnique that enables the aurate aquisition of all lower limb musles withoutexposing the subjet to harmful radiation (Elder et al., 2003; Fukunaga et al.,1992, 2001; Lampe et al., 2006). Elder et al. (2003) assessed musle volume inthe shank of �ve hildren with CP and a group of hildren without neurologialimpairment using MRI. Musle volume was alulated as the sum of the anatom-ial ross-setional areas plus the area between the slies. Musle volumes in thea�eted legs of hildren with CP were found to be redued between 25 to 30 %.Lampe et al. (2006) measured musle volume of 13 lower limb musles in 16young adults with hemiplegi CP by interpolating the distanes between 2D-spline ontour lines. All lower limb musles in the a�eted limbs of the subjetswith CP were found to be smaller than in the una�eted limb. The atrophy wasmore signi�ant in the musles of the shank with a redution up to 28 % omparedto the thigh with a redution up to 16 %. The results were not ompared to agroup of typially developing adults, and no study has on�rmed these �ndingsin hildren with CP.
4.1.1 AimThe aim of the present study was to use MRI and anatomially-based, subjet-spei� modelling tehniques to ompare the lengths and volumes of six lower-limb musles between hildren with CP and typially developing hildren. Itwas hypothesised that the overall musle volume in the a�eted leg of hildrenwith CP is signi�antly smaller ompared to the age-mathed ontrol group,with the volume redution being more dominant in the shank than the thigh.
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4.2. SUBJECTS AND METHODMusle lengths of the alf musles in hildren with CP were expeted to beshorter ompared to hildren without CP, whereby the shorter musle lengths inhildren with CP were expeted to be related to the smaller musle volumes.
4.2 Subjects and Method

4.2.1 SubjectsFour hildren with spasti diplegi CP, two hildren with spasti hemiplegiCP and �ve age-mathed hildren without neurologial disorder were reruited.Children with CP were reruited by a linial nurse at the Wilson Centre and theStarship Children's Hospital, Aukland, New Zealand. Children for the ontrolgroup were reruited through advertisements within the ABI and the MedialShool at the University of Aukland.The hildren with CP were all diagnosed with alf tightness in the af-feted leg. Spastiity was measured aording to the modi�ed AshworthSale (Bohannon & Smith, 1987), and ranged between Ashworth grade 1 and2. All hildren, exept one hild with spasti hemiplegia CP, also had spastiityin the hamstrings and retus femoris (Ashworth grades 1 - 2). Their funtionalmotor abilities, lassi�ed by a physiotherapist aording to the Gross Motor Fun-tion Classi�ation (GMFC) system, ranged between I and II, i.e. able to walkwithout ambulatory aides (Rosenbaum et al., 2008). None of the hildren hadprevious orthopaedi surgery to the lower limbs and had not reeived BotulinumToxin A injetion in the six months prior to data aquisition. The harateristisof the partiipants are given in Table 4.1 and Table 4.2.
4.2.2 Data AcquisitionMRI sans of the lower limbs of all subjets were aquired on a Siemens 1.5TMAGNETOM Avanto System at the Centre of Advaned MRI, University ofAukland. After onsultation with a linial radiographer, the san parameterswere set to: TR-3690 ms, TE-67 ms, slie thikness 4 mm, base resolution 320,and gap between slies 10 mm. The hosen values of 4 mm for slie thikness and10 mm gap between slies resulted in the minimum number of images possibleto ensure su�ient data for developing aurate musle models of eah subjet.63



CHAPTER 4. STUDY I: MUSCLE VOLUMES AND LENGTHS IN CHILDREN WITH CPTable 4.1: Subjet harateristis of the hildren without CP.gender age weight height CP GMFC[y℄ [kg℄ [m℄001 m 10.3 36 148 - -002 m 8.6 30 138 - -003 f 11.0 26 135 - -005 f 11.5 44 160 - -006 m 9.4 32 144 - -Avg - 10.2 34 145 - -Std - 1.2 6.8 9.8 - -Table 4.2: Subjet harateristis of the hildren with CP.gender age weight height CP GMFC[y℄ [kg℄ [m℄004 g 9.4 28 129 hem I-II007 g 12.3 36 146 dip II008 g 8.8 21 118 dip II009 m 8.9 29 135 dip I010 m 7.9 27 131 dip II011 m 10.2 31 132 hem IAvg - 9.6 29 132 - -Std - 1.5 4.9 9.1 - -MRI slies were taken from the upper rim of the pelvis to the tip of the toeswith the subjet lying in supine posture with the ankle, knee and hip in neutralrelaxed position. A total of three staks had to be taken to san the entirelower limbs. The san time for one stak was approximately three minutes. Theoverall san time, inluding an initial test trial to set up the san parameters,was approximately 15 minutes.Anatomial oordinate systems were derived from the MRI data as desribed inSetion 3.2, allowing the alulation of joint angles and segmental lengths. Jointangles were alulated aording to Grood & Suntay (1983); thigh and shanklengths were de�ned as the distanes between hip and knee joint enters andknee and ankle joint enters respetively, Table 4.3.
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4.2. SUBJECTS AND METHODTable 4.3: Segmental lengths and joint �exion angles during the MRI san omputed aordingto Grood & Suntay (1983). The values are given for the left legs of the ontrol group (n=5), thehildren with spasti diplegia CP (n=4) and the hildren with spasti hemiplegia CP (n=2).Parameter Unit ontrol CP di CP hemiThigh length † [m℄ 34 (3.0) 32 (2.3) 30 (0.6)Shank length † [m℄ 35 (2.9) 33 (2.8) 31 (1.7)Hip �exion [◦℄ 15 (4.9) 11 (7.2) 18 (2.4)Knee �exion [◦℄ 8 (3.7) 7 (14.1) 2 (3.1)Ankle plantar�exion [◦℄ 26 (5.5) 22 (3.3) 26 (2.5)
† Signi�ant di�erene between the hildren with and without CP (unpaired Student's t-Test, p<0.05).
4.2.3 Data ProcessingThe development of subjet-spei�, anatomially-based models based onMRI data has previously been desribed in Setion 3.1, and is only brie�y ad-dressed in this hapter. The soft tissue ontrast of the images allowed for identi�-ation and manual digitisation of the musle boundaries of soleus, gastronemiusmedialis and lateralis, semimembranosus, semitendinosus, retus femoris, vastuslateralis, vastus medialis, vastus intermedius and the long head of bieps femoris,Fig. 4.1. Semimembranosus and semitendinosus as well as the vasti group wererepresented as one musle. Note that only the musle bellies were aptured inthe present study and the tendon parts were exluded from the analysis.The FF tehnique was adopted to develop subjet-spei�, anatomially-basedmodels of eah musle struture. A new FE mesh was developed for eah stru-ture, and twie �tted to the subjet-spei� data from MRI. The geometrioordinates of all FE meshes were interpolated using biubi-linear interpolationfuntions. The Sobolev penalty parameters, Eq. 3.7, were set to 0.01 in the �rst�t and 0.001 in the seond �t respetively. The auraies in the representationof the musle geometries were assessed by omputing the RMS error between thedigitised data points and their projetion points onto the external faes of the�nal mesh. The �nal subjet-spei� models of one representative hild of eahgroup are shown in Figure 4.2 (supplementary movie, Appendix F.1).The volume V of eah subjet-spei� musle model was numerially evaluated
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CHAPTER 4. STUDY I: MUSCLE VOLUMES AND LENGTHS IN CHILDREN WITH CP

Figure 4.1: MRI slies of a) the thigh and b) the shank in a typially developing hild (subjet005, Table 4.1), and b) the thigh and ) the shank in a hild with hemiplegi CP (subjet 004,Table 4.2). The musles are oloured as follows: retus femoris in gold, vasti in silver, biepsfemoris in red, semimembranosus in blue, soleus in green and gastronemius in white.

66



4.2. SUBJECTS AND METHODusing Gaussian quadrature
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3) theorresponding Jaobian respetively. Ng is the total number of Gauss points.Musle volumes were normalised with respet to body mass.Musle length was de�ned as the average ar length between the most distal andmost proximal end of the musle model, whih ould be derived from the knownnodal parameters of the FE mesh. Musle lengths were normalised with respetto segmental lengths. Segmental length was de�ned as the distane between theankle and the knee joint entre for the alf musles and the distane between theknee and the hip joint entre for the thigh musles. The joint entres were derivedfrom the MRI images with the knee joint entre de�ned as the mid point betweenthe femoral epiondyles, and the ankle joint entre as the midpoint between thelateral and medial malleolus respetively.

4.2.4 Data AnalysisAll parameters were tested for a normal distribution prior to data omparisonusing the Kolmogorov and Smirnov method. Di�erenes between the left andright leg in eah hild were examined using paired Student's t-test for muslelengths (normally distributed) and Wiloxon mathed-pairs, signed-ranks testfor musle volumes (not normally distributed).The normalised data from the left leg of the hildren with diplegia CP wereombined with the data from the a�eted leg of the hildren with left hemiplegiaCP to allow for statistial analyses of the di�erenes between the CP groupand the left legs of the ontrol group. The relationships between (i) muslevolumes and body mass, (ii) musle lengths and segmental lengths, and (iii)normalised musle volumes and normalised musle lengths were determined forthe two groups by omputing the oe�ient of determination (R2) from linearregression analysis. The di�erenes in musle volumes and musle lengths in theleft legs of the two groups were ompared using unpaired Student's t-test.Statistial analysis was done using the statistial software GraphPad IntStat.The level of signi�ane was set at p < 0.05 for all statistial test. 67



CHAPTER 4. STUDY I: MUSCLE VOLUMES AND LENGTHS IN CHILDREN WITH CP

Figure 4.2: Subjet-spei� anatomially-based model from anterior and posterior view of a) atypially developing hild (subjet 005, Table 4.1) and b) a hild with hemiplegi CP (subjet004, Table 4.2). The musles are oloured as follows: retus femoris in gold, vasti in silver,bieps femoris in red, semimembranosus in blue, soleus in green and gastronemius also in red(supplementary movie, Appendix F.1). Note that only the musle bellies were aptured in thepresent study and the tendon parts were exluded from the analysis.
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4.3. RESULTS

4.3 ResultsThe two groups did not signi�antly di�er in age, weight and height. However,the hildren with CP had signi�antly shorter shank lengths (p = 0.001) andthigh lengths (p = 0.02) than the hildren without CP. No statistially signi�-ant di�erenes were found in the hip, knee and ankle �exion angles whih wereadopted during MRI data aquisition, Table 4.3. An average number of 686 datapoints per musle struture were digitised based on the image data. A total of120 subjet-spei� musle strutures were developed with an average RMS errorof 0.7 ± 0.24 mm.
4.3.1 Regression AnalysisA signi�ant relationship was found between body mass and the volumes of gas-tronemius, bieps, vasti, semimembranosus and semitendinosus in both groups,and soleus in the hildren without CP. There was a trend towards a linear re-lationship between soleus volumes and body mass in the hildren with CP with
R2 = 0.440 (p = 0.073), and between retus volumes and body mass in bothgroups with R2 = 0.453 (p = 0.068) in the hildren with CP and R2 = 0.559(p = 0.053) in the typially developing hildren.A signi�ant relationship was found between segmental lengths and the lengthsof retus, vasti, semimembranosus and semitendinosus. The relationship betweenbieps lengths and thigh lengths was not statistially signi�ant in both groupswith R2 = 0.042 (p = 0.626) in the hildren with CP and R2 = 0.533 (p =

0.062) in the typially developing hildren. No signi�ant relationship was foundbetween soleus lengths and shank lengths in the hildren with CP (R2 = 0.375,
p = 0.106) and between gastronemius lengths and shank lengths in the typiallydeveloping hildren (R2 = 0.443, p = 0.103), Fig. 4.3.No signi�ant relationship was found between normalised musle volumes andnormalised musle lengths for all musles in both groups, Fig. 4.3.
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CHAPTER 4. STUDY I: MUSCLE VOLUMES AND LENGTHS IN CHILDREN WITH CP

Figure 4.3: Results from linear regression analysis for soleus and gastronemius inludingoe�ient of determination R2 between musle lengths and segmental lengths (top), muslevolume and body mass (middle), and normalised musle volume and normalised musle length(bottom).
† A linear relationship was found between the two variables (p < 0.05).
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4.4. DISCUSSIONTable 4.4: Mean normalised musle volume and normalised musle length (SD) in the left legsof the ontrol group (n=5) and the hildren with CP (n=6).musle volume [ cm3

kg
℄ musle length [%℄ontrol CP p-value ontrol CP p-valuesoleus 5.5 (0.84) 4.5 (1.56) 0.270 71 (5.1) 66 (4.7) 0.157gastro 4.4 (1.01) 3.1 (1.26) 0.099 58 (5.8) 49 (3.9) 0.018 †bieps 2.3 (0.44) 1.6 (0.41) 0.028 † 58 (4.6) 54 (3.7) 0.285semi 5.1 (0.91) 3.9 (0.88) 0.051 82 (3.3) 76 (7.2) 0.008 †retus 3.6 (0.69) 2.6 (0.63) 0.032 † 76 (1.3) 68 ( 3.1) < 0.001 †vasti 20.3 (2.80) 15.9 (3.20) 0.043 † 90 (4.8) 82 (3.0) 0.004 †

† The di�erene between the two groups is statistially signi�ant (unpaired Student's t-test, p < 0.05).
4.3.2 Muscle Volumes and Muscle LengthsThe mean normalised volumes and lengths of all musles in the hildren withdiplegia CP and hemiplegia CP were smaller ompared to the typially developinghildren, Fig. 4.4. Overall, the lower limb musles in the hildren with hemiplegiaCP showed a trend towards being smaller but longer when ompared to thehildren with diplegia CP, exept retus femoris whih was smaller and shorter.The mean normalised musle volume in the left legs of all hildren with CP was77 (18) % of the mean volume in the typially developing hildren, whih wasstatistially signi�ant (p = 0.049). The mean volume of the alf musles inthe hildren with CP was 78 (27) %, the volume of the hamstrings 74 (17) %and the volume of the quadrieps 78 (16) % of the orresponding mean volumesin the typially developing hildren. Only the di�erenes in the volumes of thehamstrings and the quadrieps were statistially signi�ant (p = 0.036, p =

0.038). Neither gastronemius nor soleus were found to be signi�antly smallerin the hildren with CP when ompared to the typially developing hildren,Table 4.4.
4.4 DiscussionSubjet-spei�, anatomially-based models of musle strutures were shown toprovide useful insights into the strutural alterations of spasti musles in hil-dren with CP. Biubi-linear FE models were �tted to the MRI data using theFF tehnique, resulting in an average �tting error of less than 1 mm for 12071



CHAPTER 4. STUDY I: MUSCLE VOLUMES AND LENGTHS IN CHILDREN WITH CP

Figure 4.4: Mean normalised musle volumes and lengths (SD) in the left legs of the ontrolgroup (n=6), the hildren with diplegia CP (n=4) and the hildren with hemiplegia CP (n=2).
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4.4. DISCUSSIONmusle strutures. The hypothesis that the lower limb musles in hildren withCP are generally smaller when ompared to typially developing hildren wasorroborated. We found an overall musle volume redution of 22 % in the alfmusles, 26 % in the hamstrings and 22 % in the quadrieps respetively. Onlythe di�erenes in the hamstrings and the quadrieps were statistially signi�ant(p = 0.036, p = 0.038). Normalised musle lengths in the hildren with CP weresigni�antly shorter (p < 0.05), exept for soleus and bieps femoris.Our �ndings extend the results of Lampe et al. (2006) and show that the thighand shank musles are not only smaller in the a�eted legs of young adults withspasti hemiplegi CP but also in hildren with CP ompared to typially devel-oping hildren. The small di�erenes in the lengths and volumes of soleus betweenthe two groups may have been due to the high funtional level of the hildrenwith CP (GMFCS I - II), i.e. able to walk independently without ambulatoryaids. In normal gait, a large proportion of power is generated by the plantar�ex-ors during terminal stane and push o� (Gage, 2004). Interestingly, the muslesin the pareti legs of the hildren with hemiplegia CP showed overall a trend tobe smaller but longer than in the hildren with diplegia CP, Fig. 4.4. The smallervolume might be explained by a ompensation mehanism of the non-pareti legto aount for the redued funtional level of the pareti leg (Malaiya et al., 2007;Mohagheghi et al., 2007).Most of the musles were found to be signi�antly shorter in the hildren withCP when normalised to segmental lengths. The normalisation of musle lengthsto segmental lengths has been assumed to minimise the non-linial variation ofthese parameters (Fry et al., 2007; Malaiya et al., 2007; Shortland et al., 2002);though, no signi�ant relationship was found for soleus and bieps femoris. Thesmall number of subjets in eah group ould explain some of these results.However, it may also be possible that the relationship between segmental lengthsand musle lengths in the hildren with CP is altered due to abnormal muslefuntioning. This assumption would be supported by the signi�antly smallershank and thigh lengths found in the hildren with CP ompared to the typiallydeveloping hildren even though there was no di�erene in overall height betweenthe two groups.The small �tting error between the image data and the subjet-spei� modelssupports previous studies and highlights the value of MRI and high-order �niteelement models in apturing the arhiteture of skeletal musles in the lower
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CHAPTER 4. STUDY I: MUSCLE VOLUMES AND LENGTHS IN CHILDREN WITH CPlimbs (Bradley et al., 1997; Fernandez et al., 2004). However, taking MRI ofthe entire lower limbs in hildren with CP poses several hallenges. A longaquisition time inreases the risk of voluntary physial movement, leading toa loss in image larity, while a short aquisition time requires the number ofimages to be redued, leading to a loss of information beause of the wider gapbetween slies. The san parameters in the present study were hosen to ensuresu�ient data for developing subjet-spei� anatomially-based models usingthe FF tehnique. However, the auray in the anatomial representation ofthe musle strutures is limited both by the gap size and by motion artefatswhih ould not entirely be avoided.The mehanial performanes of skeletal musles are largely determined by thematerial properties of musle tissue and the arhitetural design of the musle-tendon unit (Fukunaga et al., 2001; Lieber & Friden, 2000; Wikiewiz et al.,1983). Our results suggest that the volumes and lengths of lower limb mus-les in hildren with CP are signi�antly altered ompared to typially develop-ing hildren. The generally shorter musle lengths suggest that the tendonsin hildren with CP are longer, resulting in an overall sti�er musle-tendonunit (Nigg & Herzog, 1999). Reent studies suggest that the mehanial prop-erties of musles in hildren with CP are also altered at the ellular level; thesti�ness of individual musle ells from the upper limb in hildren with CP werefound to be nearly double the sti�ness of normal musle ells (Friden & Lieber,2003). Hene, both strutural and ellular alterations may a�et the mehanialperformane of skeletal musles in hildren with CP and impat on the abilityto perform daily ativities suh as walking.The extend of the funtional weakness and the details of the altered mehanialproperties in spasti musles of hildren with CP are poorly understood, andtheir in�uenes on motion patterns suh as walking remains unlear. Futurework in MRI imaging and musuloskeletal modelling should aim to apture themaro- and mirosopi arhiteture of lower limb musles in a larger group ofhildren with CP, and link the resulting insights with dynami simulations ofwalking. Extensive investigations of lower limb musles in hildren with CP maynot only provide new insights into the strutural alterations that our seondaryto the neurologial disorder but may also help for better evaluating treatmentoutomes from serial astings or soft-tissue musle surgeries.
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5
Study II: Prediction and Validation of

Muscle Deformation in the Low Limbs

During Gait

The following hapter outlines a study for the development of an anatomially-based lower limb model that allows the aurate predition of musle soft-tissuedeformation during walking. A summary of the study has been suessfullypublished in The Visual Computer (Oberhofer et al., 2009a). The hapter isdivided into (i) Introdution, (ii) Subjets and Methods, (iii) Results and (iv)Disussion.
5.1 IntroductionMusle funtioning during walking is of great interest in the linial assessmentof hildren with CP. However, measuring musle funtioning in vivo is di�ult,and musuloskeletal models are needed for providing more insight into under-lying musle strutures. To date, linial gait analysis has relied on simpli�ed1D musle models for the derivation of physiologial parameters suh as mus-le lengths and musle fores (Arnold et al., 2005, 2006b,a; Jonkers et al., 2006;Wren et al., 2004). However, experimental and omputational results on themusle strutures suggest that musle funtioning is predetermined by materialproperties and by anatomial features suh as ross-setional area, �bre angleand �bre length (Blemker et al., 2005; Blemker & Delp, 2006; Lieber & Friden,2000; Roehrle & Pullan, 2007).Anatomially-based FE models in biomehanial researh allow for investiga-75



CHAPTER 5. STUDY II: PREDICTION OF MUSCLE DEFORMATION DURING GAITtions of the mehanial behaviour of musles under loading (Blemker et al., 2005;Blemker & Delp, 2006; Roehrle & Pullan, 2007). However, solving the govern-ing equations of �nite elastiity for several musles over multiple time steps isomputationally expensive; even more so when ontat between bodies beomesan issue. Hene, mehanis-based deformation tehniques have largely been on-�ned to small movements and are onsidered too mathematially involved forgait analysis (Blemker et al., 2005; Roehrle & Pullan, 2007; Teran et al., 2005).Geometri-based deformation methods, in partiular free-form deforma-tion tehniques, have extensively been used in omputer graphis re-searh for obtaining visually realisti deformations of omplex stru-tures (Magnenat-Thalmann & Thalmann, 2005). However, the free-form de-formation methodology, espeially the HMF tehnique, has only reentlybeen introdued in biomehanial modelling of the musuloskeletal sys-tem (Fernandez et al., 2004, 2005). The HMF tehnique has never been appliedto more than two musles, and its validity remains unlear.The validation of a omputational model is ruial if the model is to beused for wider appliations. Musuloskeletal models have previously been val-idated by omparing predited deformations with MRI data (Blemker & Delp,2005; Vasavada et al., 2008), or by omparing output parameters with measure-ments on adaveri speimens (Arnold et al., 2000). MRI provides an attra-tive methodology for validating omputational models of the musuloskeletalsystem (Blemker & Delp, 2005; Vasavada et al., 2008); though, imaging underphysiologial loading is hallenging. Dynami and real-time MRI tehniqueshave previously allowed for investigations of musle deformation during mo-tion (Asakawa et al., 2002, 2003). Furthermore, Gold et al. (2004) introdueda ustom-designed open MRI sanner for aurately imaging patellofemoral ar-tilage under physiologial weight-bearing onditions. However, di�ulties haveremained with image quality, the spatial boundaries of the sanner, and theimage segmentation (Blemker et al., 2007).
5.1.1 AimThe aims of the present study were to develop an anatomially-based, subjet-spei� model of the lower limbs, to adopt the geometri-based HMF tehniquefor prediting musle deformations during walking and to validate the model
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5.2. SUBJECTS AND METHODSpredition. The HMF solution was to be validated using MRI data in twodi�erent lower limb positions. Based on the preliminary results reported inFernandez et al. (2005), it was expeted that the HMF tehnique provides a use-ful methodology for aurately deriving the deformations of lower limb muslesfrom inverse kinematis.
5.2 Subjects and Methods

5.2.1 The Lower Limb ModelA subjet-spei�, anatomially-based FE model of the lower limbs of an adultfemale subjet (age 29 y, height 165 m, weight 63 kg) was developed fromMRI as desribed in Setion 3.1. The MRI san was obtained using the samefaility and san parameters as for the study on hildren with CP outlined inChapter 4 (Siemens 1.5T MAGNETOM Avanto System, san parameters TR-3690 ms, TE-67 ms, slie thikness 4 mm, base resolution 320, gap betweenslies 10 mm). Image segmentation was done manually, whereby the soft tissueontrast of the images allowed for identi�ation of skin, bone, tendon as well asmusle boundaries.Subjet-spei� bone models were developed by ustomising a generi modelfrom the ABI model library to the MRI data using the HMF tehnique. Subjet-spei� musle models were developed using the FF tehnique. The geometrioordinates of the bone and musle models were interpolated using biubi-linearinterpolation funtions. The FE mesh details of the bone and musle stru-tures, inluding the number of landmark and target points that were used forthe HMF ustomisation of the generi bone models from the ABI library, aregiven in the Appendix D in Table D.1 and Table D.2.The MRI san was taken with the subjet lying in supine position; hene, themusle shapes of the subjet-spei� lower limb model did not resemble the nat-ural shapes in standing position. In order to more aurately apture the musleshapes in standing position, in partiular for gluteus maximus and medius, asurfae san of the lower limbs was taken at Industrial Researh Limited, Auk-land, New Zealand, using a ustom-designed, purpose-built laser sanner. Thedata loud from the surfae san was imported into CMISS and manually trans-formed to line up with the lower limb model. The shapes of gluteus maximus77



CHAPTER 5. STUDY II: PREDICTION OF MUSCLE DEFORMATION DURING GAIT

Figure 5.1: Re�tting of gluteus maximus and medius to the data loud from the surfae sanwith the model shown in a) initial position, b) with the initial skin-based mesh, ) with thedeformed skin-based mesh and d) in the deformed position.and medius in standing position were then derived by �tting a skin-based meshto the data loud using the FF tehnique, and updating the enlosed muslestrutures aordingly, Fig. 5.1. The �nal anatomially-based model of the lowerlimbs in neutral standing position, omprising all lower limb bones and 20 mus-le strutures in eah leg, is illustrated in Figure 5.2 (supplementary movie,Appendix F.2).
5.2.2 Kinematic DataKinemati data were aquired on the same subjet at the Gait Laboratory,Tamaki Campus, University of Aukland, using an 8-amera VICON Worksta-tion Version 5.0 (Oxford Metris Ltd., Oxford, England) at 100 Hz. The subjetwalked barefoot at a self-seleted speed on a 10 m walkway. The Cleveland Clinimarker set was adopted, Fig. 3.7a-.Segmental kinematis was derived from the skin marker positions as desribedin Setion 3.2 using the mathematial omputing environment and programminglanguage MATLAB (The MathWorks In., Massahusetts, USA). The alulatedEulidean transformation matries for eah segment throughout gait were appliedto every node of the FE bone models within CMISS by writing orrespondingsoftware using the sripting language perl. All joints were modelled as ball-and-soket joints with three rotational DOF only.
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5.2. SUBJECTS AND METHODS

Figure 5.2: Subjet-spei�, anatomially-based model of the lower limbs inluding 20 mus-les in eah leg from anterior (top) and posterior (bottom) view (supplementary movie, Ap-pendix F.2).
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CHAPTER 5. STUDY II: PREDICTION OF MUSCLE DEFORMATION DURING GAIT

5.2.3 Modelling Soft-Tissue Muscle DeformationThe geometri-based HMF tehnique, introdued in Setion 3.3, was adoptedfor prediting musle soft-tissue deformation during walking based on segmentalkinematis. All lower limb musles were embedded into the same skin-based hostmesh instead of de�ning an individual host mesh for eah musle struture asdesribed in Fernandez et al. (2005). The skin-based host mesh was deformedaording to the known position of so-alled ontrol points; and the geometriesof the enlosed musles were updated based on the HMF solution. A �owhartof the entire modelling proess from the kinemati data to musle soft-tissuedeformations is given in Figure 5.3. The modelling proess was made automatiby writing extensive software using the sripting language perl in order to linkthe individual alulations within CMISS.Kinemati ConstraintsSegmental kinematis provided the kinemati onstraints for deriving soft-tissuemusle deformations during walking. In addition to the attahment points, fur-ther points along the entre lines of the FE musle meshes were de�ned in theinitial undeformed state, and were assumed to be rigidly onneted to one par-tiular bone, Fig. 5.4a. The additional points were based on the onept ofvia-points, Fig. 2.1, aimed at onstraining the musle paths around joints. Theattahment points and the via-points ombined were named ontrol points. Thenumber of ontrol points for eah musle struture are given in the Appendix Din Table D.2. A total number of 272 ontrol points were de�ned per limb.The Skin-Based Host MeshAs desribed in Setion 3.3, free-form deformation tehniques allow for deformingseveral strutures in aordane with the deformation of a surrounding simplemesh. We took advantage of this speial feature of the HMF tehnique by embed-ding all lower limb musles of one leg into a skin-based host mesh. The skin-basedhost mesh was then deformed based on the positions of the ontrol points duringwalking, and the enlosed musle strutures were updated aordingly.Initially, a very simple linear host mesh was developed for eah leg based on thedigitised skin boundary from MRI. The simple host mesh was then iteratively re-80
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Calculation of muscle mesh position
with respect to host mesh in initial state

Definition of control points and host mesh

Anatomically−based FE model

Calculation of control point positions
with respect to host mesh in initial state

(landmarks)

undeformed state

bone motion

muscle deformation

Skeletal articulation from
optical motion capture

Transformation of control points
according to bone positions

(targets)

Deformation of skin−based 
host mesh by minimizing distance between 

landmarks and targets in least−square sense

Updating enclosed muscle structures
according to host mesh deformation

Figure 5.3: Flowhart of the modelling approah for deriving the musle deformations in theanatomially-based model of the lower limbs from segmental kinematis.
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CHAPTER 5. STUDY II: PREDICTION OF MUSCLE DEFORMATION DURING GAIT

Figure 5.4: a) The ontrol points and b) the skin-based host mesh with the enlosed muslestrutures for the lower limb model (supplementary movie, Appendix F.2).
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5.2. SUBJECTS AND METHODS�ned, and musle deformations during walking were alulated for eah iterationusing the HMF tehnique. The resulting deformations were qualitatively om-pared, fousing on the wrapping of musles around joints in ase of high �exionangles. The best solution was found for a 12 element biubi-linear host meshwith the Sobolev weights set to 0.01, Eq. 3.11. The orresponding skin-basedhost mesh for the right leg is shown in Figure 5.4b.
5.2.4 ValidationThe predited musle deformations from the HMF solution were validated byomparing the shape hanges with subjet-spei� MRI data. During a vali-dation trial, MRI sans of the same female subjet were taken in two di�erentlimb positions (position A and position B). Two foam wedges of di�erent heightswere positioned underneath the knee to support and elevate the leg in the twopositions. Position B was onstrained to the maximal knee �exion angle per-mitted within the sanner's dimension (diameter of the tube 60 m). The knee�exion-extension angles were approximately 15◦ in position A and 45◦ in positionB respetively, Fig. 5.5.The bones were registered in both positions by transforming the subjet-spei�skeletal model aording to the image data, Fig. 5.5. New subjet-spei�FE meshes were developed for the musle strutures in the two positions us-ing the FF tehnique. The development of subjet-spei� musle strutures is atime-onsuming proedure. For this reason, the analysis was onstrained to one�exor and one extensor musle for eah joint. The seleted musles omprisediliaus, semimembranosus, retus femoris, tibialis anterior and gastronemius.The deformations of the musles moving from position A to B were omputedusing the HMF tehnique, and the predited shape hanges were ompared withthe MRI data in position B. As error estimate, the image data in position Bwas projeted onto the external surfaes of the deformed FE meshes, and theRMS error was omputed between the data and the projetion points. Exeptfor iliaus, the RMS error was omputed for the musle and tendon parts of theFE mesh separately. Iliaus was onsidered to omprise only musle tissue.
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CHAPTER 5. STUDY II: PREDICTION OF MUSCLE DEFORMATION DURING GAIT

Figure 5.5: Bone strutures were registered in position A and B based on the MRI data.The knee �exion-extension angles were approximately 15◦ in position A and 45◦ in position Brespetively.
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5.3. RESULTS

Figure 5.6: Resulting deformation of the skin-based host mesh of the right leg (supplementarymovie, Appendix F.3).
5.3 Results

5.3.1 Walking SimulationThe results of the walking simulation for the subjet-spei� lower limb modelare shown in Figure 5.6 and Figure 5.7 (supplementary movies, Appendix F.3 -F.5). The solution time for deforming the host mesh of one leg over 100 timesteps, that orresponded to one gait yle, was 63 se on a desktop with anIntel Pentium 4 proessor (3.4 GHz). Updating the geometry of one muslethroughout gait aording to the host deformation took 53 se. There were noobvious penetrations of musles into bones throughout gait. The wrapping ofmusles around joints was maintained, exept for the knee extensors in the aseof high knee �exion angles. Musle-musle penetration was avoided by embeddingall musle strutures into the same skin-based host.
5.3.2 ValidationThe initial musle-tendon strutures in position A were registered with averageRMS errors of 0.7 mm for the tendon parts and 0.9 mm for the musle partsrespetively. There was generally good agreement between the predited shapehanges from the HMF solution moving from position A (15◦ knee �exion) to85
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Figure 5.7: Gait simulation from anterior (top row), lateral (middle row) and from posteriorview (bottom row) (supplementary movie, Appendix F.4).
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5.3. RESULTS

Figure 5.8: Comparison between the HMF solution and image data in position B for tibialisanterior, gastronemius, semimembranosus, retus femoris and iliaus (from left to right).

Figure 5.9: Comparison between the HMF solution (red) and the subjet-spei� FE meshesbased on the MRI data in position B (gold) with the model shown from lateral, anterior andposterior.position B (45◦ knee �exion) and the MRI data in position B as illustrated inFigure 5.8 and Figure 5.9.The RMS errors between the image data in position B and the projetion ofthe data onto the deformed musle meshes are given in Table 5.1. The mostaurate deformation was predited for the tibialis anterior with an RMS errorof 0.9 mm for the tendon and 2.4 mm for the musle belly respetively. Thehighest RMS error between the predited deformation and the image data wasfound for semimembranosus with an RMS error of 2.2 mm for the tendon and8.2 mm for the musle belly respetively. The shape hanges of the tendons wereoverall better predited than the deformations of the musle bellies, Table 5.1.87



CHAPTER 5. STUDY II: PREDICTION OF MUSCLE DEFORMATION DURING GAITTable 5.1: RMS error of the predited musle-tendon deformation ompared with the MRIdata for the musle belly and the tendon part.RMS error [mm℄ data pointsmusle tendon musle tendoniliaus 3.9 - 474 -retus femoris 4.3 1.7 494 164semimembranosus 8.2 2.2 493 93gastronemius 4.3 1.5 649 80tibialis anterior 2.4 0.9 449 46
5.4 DiscussionThe geometri-based HMF tehnique enabled the e�ient and realisti preditionof soft-tissue musle deformations in the lower limbs during walking. The solutiontime for deforming 20 musle strutures in eah leg throughout one gait yle wasless than 20 minutes. The validity of the proposed approah was demonstratedby moving �ve musles over a range of 30◦ knee �exion angle with an averageRMS error of 3.7 mm between the predited shape hanges and the MRI data.The introdution of a skin-based host mesh had the advantage that the muslepositions with respet to eah other were maintained and the implementation of aomplex ontat mehanis formulation ould be avoided. However, the proposedapproah does not allow for apturing the e�ets of ative musle ontration,musle-musle interation or external fores on the musle shape. This ould beone of the reasons why the predited deformation of the �eshy semimembranosuswas less aurate than of the slender tibialis anterior, and why the tendon pathswere generally better predited than the deformations of the musle bellies.The anatomially-based model of the lower limb only aptured the geomet-ri boundary surfaes of musle strutures. However, previous studies demon-strated that �bre lengths and penation angles hange spatially within a mus-le (Blemker & Delp, 2005; Roehrle & Pullan, 2007; Teran et al., 2005), as wellas temporarily during motion (Lieber & Friden, 2000). The exlusion of maro-sopi anatomial properties ould explain some of the di�erenes found betweenthe model predition and the image data, espeially for iliaus whih is known tohave large intermusular variations in �bre lengths (Klein Horsman et al., 2007).88



5.4. DISCUSSIONFurthermore, the aessability to a sanner that allowed imaging under physi-ologial weight-bearing onditions, suh as desribed in Gold et al. (2004), wasnot provided in the present work, and the model predition had to be validatedusing a typial horizontal MRI unit.The suess of the HMF tehnique depends on the number and distribution ofthe ontrol points, the geometry of the host and the magnitudes of the Sobolevsmoothing onstraints (Fernandez et al., 2004). Exept for the musle attah-ment points, these variables ould not be linked to physiologial properties andwere de�ned aording to subjetive riteria. Even though we obtained a reason-able solution for modelling musle deformation during walking, the appliationof the HMF tehnique to di�erent motion patterns or other parts of the humanbody has to be further assessed and validated.The de�nition of ontrol points is not only ruial for deriving musle-softtissue deformation using the HMF tehnique but also for alulating muslemoment arms and musle shortening veloities based on the musle-tendonpaths (Delp & Loan, 1995, 2000). Future work should aim to de�ne standardisedproedures for seleting ontrol points based on objetive riteria. An attempt fordeveloping objetive methods to selet the shape, orientation, size and loation ofwrapping surfaes for the spinal musle paths has been made by Vasavada et al.(2008). This work ould provide a basis for better de�ning ontrol points in thelower limbs.The geometri-based HMF solution may be used in future work as displaementboundary ondition for solving the governing equations of �nite elastiity. Thesuessful onvergene of nonlinear boundary-value problems in ontinuum me-hanis is more likely to be ahieved if the initial guess is already lose to the �naldisplaement (Fernandez, 2004). Suh a hybrid approah would allow for inves-tigations of stresses and strains within musles during walking, and would makea signi�ant ontribution in better understanding the biomehanis of muslefuntioning during walking.
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6
Study III: Accuracy in Modelled

Muscle-Tendon Lengths During Gait

The following hapter outlines a study to assess the auray in modelled musle-tendon lengths during walking. The error propagation from skin marker o-ordinates to musle-tendon lengths was analytially desribed and applied tokinemati data of two subjets. A summary of the study has been suessfullypublished in the Journal of Biomehanis (Oberhofer et al., 2009b). The hapteris divided into (i) Introdution, (ii) Subjets and Methods, (iii) Results and (iv)Disussion.
6.1 IntroductionMusle-tendon length during walking is an important parameter in the assess-ment of hildren with CP, ommonly derived using kinemati data from optialmotion apture as input into musuloskeletal models (Arnold et al., 2005, 2006b;Delp et al., 1996; Sheepers et al., 1997; Wren et al., 2004). The validity of thegeometri representation of musuloskeletal models has been demonstrated byomparing musle lengths or musle shapes for ertain body positions againstmedial image data (Oberhofer et al., 2009a; Vasavada et al., 2008) or adaveriexperiments (Arnold et al., 2000).However, the auray of musuloskeletal models in prediting parameters suhas musle-tendon lengths does not only depend on the aurate representationof the musuloskeletal geometry but also on the auray of the kinemati datawhih are used to drive the inverse kinematis simulation. One of the main error
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CHAPTER 6. STUDY III: ACCURACY IN MODELLED MUSCLE-TENDON LENGTHSsoures of optial motion apture are STA whih refer to movements of skinmarkers with respet to the underlying bones, Se. 3.2.STA have been shown to signi�antly a�et the omputation of joint kine-matis, partiularly in the frontal and transversal plane (Cappozzo et al.,1996; Cheze, 2000; Ramakrishnan & Kadaba, 1991; Reinshmidt et al., 1997).Thereby, various tehniques of error propagation analysis have been deployed.Ramakrishnan & Kadaba (1991) as well as Cheze (2000) adopted a numerialapproah and ompared the di�erenes in joint angle outputs from numeriallyperturbed kinemati data. The drawbak of numerial tehniques is that a greatnumber of perturbation steps are needed to draw valid onlusions.In ontrast, Woltring et al. (1985) performed an analytial error analysis to de-termine the error propagation from noisy landmark measurements to joint angles.A zero-mean, isotropi, unorrelated measurement error with a onstant Stan-dard Deviation (SD) was adopted for eah skin marker oordinate to derive ananalytially tratable formulae. Even though the error funtions were onsideredmuh more ompliated in reality, it was postulated that the general onlusionsstill hold.Generally, it was found that �exion-extension angles an be reliably determined;however, for internal-external rotation and abdution-addution angles, the er-rors introdued by STA were almost as high in magnitudes as the orrespondingjoint motion. Although the e�et of STA on joint angles has extensively beendesribed, the error propagation from STA to modelled musle-tendon lengthshas not been previously analysed.
6.1.1 AimThe aims of the present study were to introdue an analytial method for alu-lating the error propagation from STA to modelled musle-tendon lengths andto provide a �rst estimate of the auray of modelled musle-tendon lengths de-rived from inverse kinematis for linial gait analysis. Based on previous �ndingsby Lu & O'Connor (1999), it was hypothesized that joint onstraints would leadto error redutions in musle-tendon lengths. To orroborate this hypothesis,two di�erent musuloskeletal models were spei�ed; one with the joints movingfreely in all diretions, and one with the joints onstrained to rotation but notranslation. In order to evaluate the validity of the analytial formulation, the92



6.2. SUBJECTS AND METHODSerror propagation from STA to the knee joint angles was additionally omputedand ompared with previously published error magnitudes.
6.2 Subjects and Methods

6.2.1 Reference Kinematic DataKinemati data were aquired for two typially developing hildren (subjet 001and 002, Table 4.1) at the Gait Laboratory, Tamaki Campus, University of Auk-land, using an 8-amera VICON Workstation Version 5.0 (Oxford Metris Ltd.,Oxford, England) at 100 Hz. Both subjets walked barefoot at a self-seletedspeed on a 10 m walkway.A ustomised marker set was used for the data aquisition onsisting of 41 re-�etive skin markers on the lower limbs, Fig. 3.7g-i. The segmental kinematisof the thigh and shank were derived from the orresponding marker lusters us-ing the optimisation algorithm based on singular value deomposition proposedby Challis (1995). The algorithm is outlined in the Appendix C.
6.2.2 Musculoskeletal ModelAnatomial oordinate systems for bone strutures were derived from the posi-tions of anatomial landmarks as desribed in Setion 3.2, Fig. 3.8. Initially, thesegments were allowed to move freely in all diretions. Treating segments inde-pendently an lead to apparent joint disloation due to STA and onsequently, toaltered musle lever arms and musle paths. Lu & O'Connor (1999) showed thatjoint onstraints onsiderably improved the estimation of segmental kinematis,and were as suh expeted to redue the errors in musle-tendon lengths. Hene,a seond model was spei�ed with the hip, knee and ankle joints onstrained torotation but no translation.The musle-tendon lengths of semimembranosus, gastronemius and soleus werederived from segmental kinematis, and used as referene data for the errorpropagation analysis. These three lower limb musles were hosen as they areoften shortened in hildren with CP, and have been modelled in previous stud-ies (Arnold et al., 2006b; Delp et al., 1996; Sheepers et al., 1997; Wren et al.,93



CHAPTER 6. STUDY III: ACCURACY IN MODELLED MUSCLE-TENDON LENGTHS

Figure 6.1: Anatomial oordinate systems (yellow) for eah bone struture were derived fromthe kinemati data. Musle-tendon lengths were approximated using straight-line segments(red) to allow for an analytial formulation.2004). The musle paths were approximated using straight-line segments to al-low for an analytial formulation, Fig. 6.1. The loal oordinates of the musleattahment points were given with respet to the anatomial oordinate systems,Fig. 6.1. The global oordinates of the attahment points during walking werederived via oordinate transformations between the anatomial and the labora-tory oordinate system. Musle-tendon lengths were de�ned as absolute lengthsbetween attahment points and were normalised with respet to the mean lengthsduring gait.
6.2.3 Soft Tissue ArtifactsUnorrelated normal error funtions were assigned to eah skin marker oordi-nate, aounting for STA. Two distint SD were adopted for eah error funtionrelating to di�erent STA magnitudes: a) SD 4 mm for skin markers on thighand SD 3 mm for all other markers; b) SD 9 mm for thigh and SD 6 mm for allother skin markers respetively. The SD of 4 mm led to a maximum deviationfrom the referene skin marker position of about ± 10 mm for thigh markers,whih orresponded to STA magnitudes quanti�ed by Cappozzo et al. (1996).The SD of 9 mm for thigh and 6 mm for all other markers were similar to thevalues previously reported in Stagni et al. (2005).
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6.2. SUBJECTS AND METHODS

6.2.4 Error Propagation AnalysisIn 3D gait analysis, numerial methods using a Monte-Carlo type approah havemost often been used to analyse the error propagation from kinemati data tosegmental and joint kinematis. Thereby, multiple random sets of input datahave been generated, and the distribution of the resulting outputs have beenanalysed (Cheze, 2000; Ramakrishnan & Kadaba, 1991). However, an analytialerror analysis an be performed if a di�erentiable funtion is de�ned whih de-sribes the output variable with respet to the input parameters. The advantageof an analytial approah is that the error propagation is not omputed for a�nite number of perturbed input data but for any value of error.In the present study, the error propagation analysis was divided into several stepsto allow for an analytially tratable formulation. A �owhart of the individualsteps is given in Figure 6.2. For eah step, a di�erentiable funtion was de�ned
f(x1,x2, ..,xN). Assuming independent and normally distributed input variables
x1,x2, ..,xN with given SD of ∆x1,∆x2, ..,∆xN around the referene values, theerror ∆f in the dependent variable was derived from the Addition in Quadraturethat is

∆f =

√

√

√

√

N
∑

i=1

(
∂f

∂xi

∆xi)2 , (6.1)whereby the partial derivatives were evaluated at the referene values (Taylor,1982).Aording to Equation 6.1, the errors ∆fi in the unit vetors fi of an anatomialoordinate system derived from the position data of skin markers pi as
f1 =
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∆f1 =

√

(
∂f1

∂p1

∆p1)2 + (
∂f1

∂p2

∆p2)2 (6.3)
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Figure 6.2: Flowhart of the individual steps for the analytial alulation of error propagationfrom skin marker oordinates to musle-tendon lengths. The errors in the knee joint angles wereadditionally omputed and ompared with the literature to evaluate the analytial formulation.
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∆f2)2whereby ∆pi aounts for STA.Given Equation 6.3, the errors ∆R and ∆t that propagated from an anatomialoordinate system F : [f1 f2 f3] to the rotation matrixR, Eq. 3.16, and translationvetor t, Eq. 3.17, were derived as
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2 . (6.7)In order to evaluate the theoretial formulation, error propagation from STA tothe knee joint angles was additionally omputed and ompared with previ-ously published error magnitudes. The joint angles were de�ned aordingto Grood & Suntay (1983) as previously desribed in Setion 3.2, Eq. 3.19. Asan example, the error ∆β of angle β derived from
cosβ = f1 · t3 , (6.8)97



CHAPTER 6. STUDY III: ACCURACY IN MODELLED MUSCLE-TENDON LENGTHSwas given as
∆β =

√

(
∂β

∂f1
∆f1)2 + (

∂β

∂t3

∆t3)2 . (6.9)The error analysis was performed using the mathematial omputing envi-ronment and programming language MATLAB (The MathWorks In., Mas-sahusetts, USA).
6.3 ResultsBoth the knee joint angles and the modelled musle-tendon lengths alulatedfrom the referene kinemati data onform with the literature, Fig. 6.3. Theanalytial formulation led to estimated errors in the knee joint angles that weresimilar to those previously published, Table 6.1.The higher STA magnitudes (SD 9 mm for thigh; SD 6 mm for shank) resultedin signi�antly higher errors in musle-tendon lengths with gastronemius andsoleus lengths generally more a�eted by STA than semimembranous lengths,Fig. 6.4. Constraining joint motion to rotation but no translation led to signif-iantly smaller errors in musle-tendon lengths for all musles of both subjetswith an error redution of approximately one third of the initial magnitudes forunonstrained joint motion, Table 6.2. The error �utuations throughout gaitwere generally low with the SD smaller than 10 % of the mean errors for allmusles. Only the propagated errors to gastronemius lengths were signi�antlydi�erent between the two subjets; however, the di�erenes were small.Table 6.1: Mean range of motion (ROM) [◦℄ of the knee joint angles and average SD error [◦℄during gait propagated from STA a) SD 4 mm thigh, SD 3 mm other segments; b) SD 9 mmthigh, SD 6 mm other segments. ROM STA (a) STA (b) literature�exion-extension 68 1.1 2.0 8 † / 7.9 ∗ / 2.5 ⋄abdution-addution 10 6.8 14.5 4 † / 6.6 ∗ / 3.6 ⋄int-ext rotation 17 2.9 6.5 12 † / 9.0 ∗ / 2.9 ⋄

† Cappozzo et al. (1996), max absolute errors during gait (external �xators, N=7, mean age 23.3 y)
∗ Reinshmidt et al. (1997), max absolute error during running (bone pins, N=3, mean age 25.7 y)
⋄ Benoit et al. (2006), average SD during gait (bone pins, N=8, mean age 26 y)
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Table 6.2: Average SD % errors of the normalised musle-tendon lengths during gait propagatedfrom STA a) SD 4 mm thigh, SD 3 mm other segments; b) SD 9 mm thigh, SD 6 mm othersegments. unonstrained model onstrained modelSTA (a) STA (b) STA (a) STA (b)semimem subjet #1 9 18 † 6 ∗ 12 ∗,†subjet #2 9 19 † 6 ∗ 12 ∗,†gastronemius subjet #1 17 34 † 12 ∗ 25 ∗,†subjet #2 21 ⋄ 43 ⋄,† 15 ∗ 31 ⋄,∗,†soleus subjet #1 21 41 † 15 ∗ 29 ∗,†subjet #2 25 50 † 18 ∗ 35 ∗,†

† Signi�ant di�erene between (a) and (b) (paired Student's t-Test, p<0.0001)
∗ Signi�ant di�erene between onstrained and unonstrained model (paired Student's t-Test, p<0.0001)
⋄ Signi�ant di�erene between subjets (unpaired Student's t-Test, p<0.05)
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Figure 6.4: Propagated SD % errors to the normalised musle-tendon lengths during gait forthe onstrained model. The errors in musle-tendon lengths for STA a) SD 4 mm thigh, SD3 mm other segments are plotted in blak line and for b) SD 9 mm thigh, SD 6 mm othersegments in dashed line respetively. The grey line depits the normalised lengths.
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6.4. DISCUSSION

6.4 DiscussionThe present study introdued an analytial formulation that allowed the anal-ysis of error propagation from STA to modelled musle-tendon lengths. Theerrors in the lengths of semimembranosus, gastronemius, and soleus were quan-ti�ed for two subjets with resulting average SD errors during gait ranging from6 % to 50 % of normalised musle-tendon lengths depending on the musle, theSTA magnitudes and the joint onstraints. The error magnitudes in musle-tendon lengths were onsidered reasonable theoretial estimates based on therealisti error values obtained for the knee joint angles.Musle-tendon lengths during walking have often been ompared between hil-dren with CP and typially developing hildren, with the hanges in gastro-nemius and soleus lengths throughout gait found to be between 5 % and 15 %(Wren et al., 2004; Arnold et al., 2005). Thereby, short has been de�ned as apeak normalised musle length shorter than 2 SD of normal gait (Arnold et al.,2005; Shutte et al., 1997; Wren et al., 2004). The term short may need to bereonsidered given the estimated error values in normalised musle-tendon lengthof the present study.STA were assumed to be normally distributed around the referene skin markeroordinates as previously proposed to analytially estimate errors in joint kine-matis (Woltring et al., 1985; Woltring, 1994). The same SD errors were assignedto the skin marker oordinates in the three spatial diretions for both hildrensubjets throughout gait. Previous studies have shown that STA vary betweenadult subjets, as well as during walking, with di�erent magnitudes in the threediretions (Cappozzo et al., 1996; Fuller et al., 1997; Stagni et al., 2005). Theassessment of STA in hildren has so far been limited; thus there is the possibil-ity of variability ompared to adults due to di�erenes in skeletal alignment andsoft tissue distribution. Consequently, the small di�erenes in error magnitudesfound aross the gait yle, and between the two subjets, should be interpretedwith aution.In order to estimate the error propagation to musle-tendon lengths, the mus-les were simpli�ed modelled as straight-line segments. Most studies in lin-ial gait researh have used similar models to represent the musle-tendonpaths (Arnold et al., 2005, 2006b; Sheepers et al., 1997; Wren et al., 2004). Amore realisti, urved path might have led to di�erent values for absolute musle-101



CHAPTER 6. STUDY III: ACCURACY IN MODELLED MUSCLE-TENDON LENGTHStendon lengths. However, the propagated errors are unlikely to hange as longas musle-tendon lengths is derived from inverse kinematis. The substantiallysmaller error magnitudes obtained for the onstrained musuloskeletal modelsuggest that additional optimisation methods suh as the interval deformationtehnique, whih has been reported to redue errors in segmental kinematisby up to 33 % (Alexander & Andriahi, 2001), may further derease errors inmusle-tendon lengths.Despite limitations, the results of the present study suggest that musle-tendonlengths derived from kinemati data should be interpreted with aution, espe-ially if used in the treatment deision proess of hildren with CP. The proposedanalytial method does allow the assignation of a wider range of SD to eah er-ror funtion, aounting for the variable error harateristis of STA in the threeplanes of motion aross the gait yle. Future error analysis studies should bedireted towards more spei�ally de�ning STA magnitudes in eah diretionfor hildren with and without CP. Furthermore, improved marker systems andnew algorithms for onstrained musuloskeletal models need to be developed inorder to improve the auray of musle-tendon lengths alulations for linialinterpretations.
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7
Study IV: Interactive Visualisation of

Muscle Activation During Gait

The following hapter outlines the last study, whih was onduted in thesope of the present work, aiming for the interative, web-based visualisationof the anatomially-based model of the lower limbs during walking, introduedin Chapter 5, to failitate the teahing of gait. A prototype of the teahingtool is urrently being evaluated in ollaboration with the Aukland Shool ofPhysiotherapy, Aukland University of Tehnology, New Zealand. The resultsare aimed to be summarised and submitted to the journal Human MovementSiene. The hapter is divided into (i) Introdution, (ii) Methods, (iii) Resultsand (iv) Disussion.
7.1 IntroductionGait analysis is a highly visual siene that requires a mastery of struture, fun-tion and spatial relationships (Sinav & Ambron, 2004). However, getting a goodunderstanding of gait is di�ult beause of the omplexity of human walkingand beause of the limited information gained from external observations. Fail-itating the understanding of gait is a demanding teahing issue. Traditionally,drawings of the musuloskeletal system at di�erent stages of the gait yle havebeen used to visually assist students in the learning proess; though, providingonly information in two dimensions.For the last few years, virtual reality appliations, whih deploy advaned 3Dvisualisation of medial data, have shown to be bene�ial in medial eduationand training, in partiular for teahing anatomy and physiology (Silen et al.,103



CHAPTER 7. STUDY IV: VISUALISATION OF MUSCLE ACTIVATION DURING GAIT2008; Sinav & Ambron, 2004). Virtual representations of internal strutures andomplex physiologial phenomena o�er new perspetives of mediine well beyondanything that an be read from books or even from disseting adavers, partiu-larly in the ase of dynami proesses. The Visible Human Projet has therebyprovided a atalyst for using anatomially-based models as basis for medialteahing (Spitzer & Whitlok, 1998a). Spitzer & Whitlok (1998a) envisionedthe ideal subjet for teahing human anatomy would be a omputer databasethat appears, feels, smells, sounds, and ages like a living person.Web-based appliations o�er many advantages for eduation purposes, inludingthe ability to bypass physial and temporal barriers, the possibility to onveymultimedia information rapidly to multiple users, the interative user experieneand the ease of information update (Chu & Chan, 1998; Sinav & Ambron, 2004).File format standards suh as DICOM and X3D have supported the developmentof web-based tools for medial visualisation and teahing (John & Lim, 2007).The e�etiveness and the pedagogial use of web-based appliations for medialeduation and training has been evaluated in previous studies (Silen et al., 2008;Storey et al., 2001). Questionnaires have shown that students favour web-basedlearning beause it is onvenient, aessible any time from anywhere, and sup-portive of learning if well designed (Storey et al., 2001). As predited by Satava(1995), interative, web-based teahing tools showasing virtual representationsof the human body have signi�antly ontributed to medial eduation. How-ever, the promising new media has not yet been deployed in gait analysis ourses,even though it may provide a valuable addition to traditional teahing methods.
7.1.1 AimThe aim of the present study was to develop a prototype of a web-based GraphialUser Interfae (GUI) for failitating the teahing of gait to students in areassuh as physiotherapy and human movement sienes. In partiular, the spei�musle ativation patterns at di�erent gait events were aimed to be interativelyvisualised by embedding the anatomially-based model of the lower limbs duringwalking, introdued in Chapter 5, into a web page. The spei�ation of theinformation ontent was done after onsultation with the Aukland Shool ofPhysiotherapy, Aukland University of Tehnology, Aukland, New Zealand.
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7.2. METHOD

7.2 Method

7.2.1 Musculoskeletal ModelThe gait simulation of the anatomially-based lower limb model, Fig. 5.7, builtthe ore omponent of the web-based teahing tool for visualising musle ativa-tion during walking. However, the entire simulation of one gait yle onsisted ofseveral thousand �les, whih spei�ed the on�gurations of the FE meshes of thebones and musles during walking. Rendering suh an extensive model withinCMGUI is very time onsuming, and was onsidered to be too slow to result inan attrative teahing tool.Instead of embedding the entire simulation into the GUI, only the lower limbpositions at eight spei� events of the gait yle were extrated. The positionsomprised foot strike, loading response, mid stane, terminal stane, pre swing,toe o�, mid swing, and terminal swing of the right leg. All these gait eventsfeature unique joint motion and musle ativity patterns (Gage, 2004). Themusle strutures in the right leg were oloured in eah position aording totheir state of ativation, Fig. 7.1 (supplementary movie, Appendix F.6).
7.2.2 Graphical User InterfaceThe purpose of any GUI is to provide a display for humans to interat withomputers. As suh, it should be relevant to the target user, easy to navigate,onsistent in design, transparent in its funtionalities, and ompatible with var-ious platforms. The present GUI was written in the interfae markup languageHTML, allowing for ustom formatting and displaying information using thestylesheet language CSS.The implementation of the anatomially-based model into the web-basedGUI was made possible through Zin1. Zin is a omplex browser extensionfor the Mozilla platform whih allows the advaned 3D visualisation modules ofCMGUI to be embedded into a web page. Zin has been released under the opensoure liene for the bene�t of the IUPS Physiome Projet. The urrent version1http://www.miss.org/mgui/zin
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CHAPTER 7. STUDY IV: VISUALISATION OF MUSCLE ACTIVATION DURING GAIT

Figure 7.1: Visualisation of the musle ativity in the right leg at a) foot strike, b) loadingresponse, ) mid stane, d) terminal stane, e) pre swing, f) toe o�, g) mid swing, h) terminalswing and i) foot strike. The olour gold orresponds to onentri ontration, orange toisometri ontration, and purple to exentri ontration respetively (supplementary movie,Appendix F.6).
106



7.2. METHODZin 0.6.3.4 is running on Linux and Windows, is supported for the Firefox 3.0release and an be downloaded from the CMISS release entre2 (4MB).
7.2.3 FunctionalitiesWhile the GUI design relates to the visual graphial elements on the page,interativity design represents the funtions that are alled upon user input.Interativity is a very important omponent of learning beause it requiresthe ative partiipation of users and onsequently results in a deeper impres-sion (Sinav & Ambron, 2004).JavaSript was used for de�ning funtions whih ould be alled from the browserwindow to exeute ommands in the CMGUI window, and to aess furtherbakground information related to individual musle strutures and gait events.The following key funtions were implemented into the GUI:

• Loading the model at seven gait events with the musles oloured aordingto their ativity state and simultaneously providing information related toeah phase.
• Highlighting individual musles by turning o� the surfaes of all other mus-le strutures and simultaneously providing information in terms of thespei� musle arhiteture, its funtionality and its ation during gait.
• Displaying di�erent joint �exion-extension angles in the form of imagemapsfor loading the model at partiular positions during walking.
• Choosing the general point of view between frontal and lateral. Note thatmodel rotation, translation and resizing is always possible using the mousewithin the embedded CMGUI window.
• Resetting the status of the interfae to the initial state with the modelshown from frontal in neutral standing position.Spei� buttons, imagemaps and links were designed and embedded into the webpage, whih allowed users to interatively exeute eah funtion via the mouse.Sreenshots of the partiular elements are given in Figure 7.2.2http://www.miss.org/ReleaseCenter/zin
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Table 7.1: Musle ativation patterns during gait with the type of musle ontration indiatedas I for isometri, C for onentri and E for exentri. The spei� gait events are approxi-mately given in % of the gait yle in the following order: heel strike (0 %), loading response(10 %), mid stane (30 %), terminal stane (50 %), pre swing (55 %), toe o� (60 %), mid swing(80 %) and terminal swing (100 %).0 % 10 % 30 % 50 % 55 % 60 % 80 % 100 %Hip �exor/extensoriliaus - - - - - C I -psoas - - - - I C - -gluteus maximus C C - - - - - Igluteus medius I E I I I - - Iaddutor magnus - - - - I C - -sartorius - - - - - C C -Quadriepsretus femoris - I - - I C - -vastus lateralis - E - - - - - -vastus medialis - E - - - - - -vastus intermedius - E - - - - - -Hamstringsbieps femoris C - - - - - - Isemimembranosus C - - - - - - Isemitendinosus C - - - - - - IAnkle plantar �exorsgastronemius - - I E C - - -soleus - - I E C - - -peroneus longus - I I I C - - -tibialis posterior I I I I C - - -Ankle dorsi �exorstibialis anterior I E - - - C I Iextensor digi long I E - - - C I Iextensor hall long I E - - - C I I
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7.3. RESULTS

7.2.4 ValidationThe evaluation by feedbak from students and experiened sta� is essential fordeveloping useful and e�ient tools for medial eduation. A questionnaire wasdeveloped to assess the usefulness and eduational value of the present teahingtool in the student's learning proess. The questions addressed three aspets ofthe GUI inluding its general design, the information ontent and the pedagog-ial usability. Eah question ould be answered on a �ve-graded sale with oneorresponding to poor and �ve to exellent. Two open questions were inluded,asking whether the student would onsider downloading Zin for viewing themodel, and whether there are any additional remarks or omments. The detailsof the questionnaire are given in the Appendix E.
7.3 ResultsA prototype of an interative, web-based teahing tool for gait ourses was devel-oped and will soon be introdued into a ourse at the Shool of Physiotherapy,Aukland University of Tehnology, New Zealand, in order to evaluate its peda-gogial use to students. The GUI has been put onto the ABI main server and anbe aessed online from http://www.bioeng.aukland.a.nz/gait. The browserextension Zin for the Mozilla platform needs to be downloaded to suessfullyload the anatomially-based lower limb model into the web page.The prototype fouses on enhaning student's understanding of musle ativationduring walking by interatively visualising the anatomially-based model of thelower limbs at eight partiular gait events. The GUI was designed aording tothe ABI template with the elements learly separated and aessible from onesingle page. Detailed explanations of the funtionalities and further bakgroundinformation an be aessed in a speial window via the help button.A link to the online questionnaire is provided on the main page. The question-naire an be �lled out anonymously, asking only for age, gender, degree andprevious experienes with omputers. The feedbak of users is forwarded to theauthors for further analysis. Sreenshots of the main page are given in Figure 7.3.
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CHAPTER 7. STUDY IV: VISUALISATION OF MUSCLE ACTIVATION DURING GAIT

Figure 7.2: Funtions are exeuted using the mouse on spei� elements suh as a) on-and-o�buttons for hanging the displayed joint angles, b) hanging the point of view, ) resetting thestatus of the interfae, and d) opening a help window; e) an imagemap for loading the modelat di�erent stages of the gait yle and f) links for fousing on individual musles.
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7.4. DISCUSSION

7.4 DiscussionThe anatomially-based model of the lower limbs, developed in Chapter 5, wasembedded into a web page and visualised at eight spei� gait events using theextension Zin for the Mozilla platform. The interfae markup language HTMLwas used to design a web-based GUI whih allows students, teahers and thegeneral publi to load the teahing tool via the ABI web page and aess infor-mation related to the musle ativation patterns during walking. Interativitybetween the browser window and the CMGUI window was enabled by designingspei� funtions using JavaSript.Interative visualisation of anatomially-based models has been a promisingresoure in medial eduation (Sinav & Ambron, 2004; Spitzer & Whitlok,1998a). However, Silen et al. (2008) showed that students did not use onlineteahing tools to the extend that was possible. The reasons given by studentswas mainly lak of time. Continuing evaluation by feedbak from students andteahers is essential for suessfully using the new media in medial eduation.At this stage, feedbak from users is still olleted, and no onlusions an bedrawn in terms of the pedagogial usefullness of the present teahing tool.Web-based appliations an not only be aessed at any time from anywherebut they an also foster interation between users. User-user interation wasfound to be one of the most atively used features of a web site for medialeduation alled MedWorld (Chu & Chan, 1998). Interation between di�erentusers an be failitated through online disussion forums and message boards.The implementation of a ommuniation platform into the present web-basedGUI would provide means to evaluate, adapt, and update the information ontentaording to the users' demands.The present web-based eduation tool is a prototype, fousing only on musle a-tivation during gait. Gait analysis, however, is a vast area omprising the studyof anatomy, physiology, kinematis, kinetis, and di�erent measurement teh-niques to name only a few. Hene, the ideal teahing tool would be a web-basedplatform, whih failitates further aspets of gait analysis through interative 3Dvisualisation of musuloskeletal models. A rolemodel for suh an online enylo-pedia ould be MathWorld3, whih has beome the most widely aessed onlinemathematis resoure.3http://mathworld.wolfram.om 111



CHAPTER 7. STUDY IV: VISUALISATION OF MUSCLE ACTIVATION DURING GAIT

Figure 7.3: Sreenshots of the web-based interfae with the lower limb model shown at loadingresponse from lateral (top), and with retus femoris highlighted at toe o� from frontal (bottom).
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7.4. DISCUSSIONThe urrent projet is still at an early stage, and the usefullness of anatomially-based musuloskeletal modelling for gait ourses requires further validation.Upon the results of ongoing evaluation, future work aims to extend the presentprototype to inlude more aspets of gait and more features for failitating learn-ing. A well-strutured, up-to-date, interative interfae, whih displays essentialontent in an e�etive way through advaned 3D visualisation of the musu-loskeletal system, may signi�antly ontribute to the demanding task of teahinggait.
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8
Conclusion

8.1 SummaryThe objetive of the present work was to explore the potential use ofanatomially-based musuloskeletal models in linial researh related to CP.In partiular, anatomially-based, subjet-spei� modelling of lower limb mo-tion during walking was aimed to be introdued into linial gait analysis. Three�elds had to be merged in order to reah this goal that are subjet-spei� mod-elling of the musuloskeletal system, linial gait analysis and �nite deformationof musle strutures based on inverse kinematis. The theoretial bakgroundrelated to these three areas was outlined in Chapter 3.The outome of the present work was summarised in four studies in the Chap-ters 4 - 7. In the �rst study, Chap. 4, anatomially-based, subjet-spei� mod-elling tehniques were adopted to investigate the volumes and lengths of lowerlimb musles in hildren with CP (Oberhofer et al., 2009). Subjet-spei� mus-le models were developed based on MRI data of four hildren with spasti diple-gia CP, two hildren with spasti hemiplegia CP and �ve age-mathed hildrenwithout musuloskeletal impairments. The average �tting error between thesubjet-spei� image data and the �nal FE models was less than 1 mm for 120musle strutures. Musle lengths and musle volumes were found to be signi�-antly redued in the shank and the thigh of hildren with CP when omparedto typially developing hildren.In the seond study, Chap. 5, the geometri-based HMF tehnique was115



CHAPTER 8. CONCLUSIONadopted and validated for prediting soft-tissue musle deformations in thelower limbs during walking based on kinemati data from optial motion ap-ture (Oberhofer et al., 2009a). An anatomially-based, subjet-spei� lowerlimb model was simulated during gait by deforming 20 musles in eah leg a-ording to the deformation of a simple skin-based host mesh. The simulationof one gait yle was obtained in less than 20 min on a desktop with an IntelPentium 4 proessor (3.4 GHz). The validity of the HMF tehnique in predit-ing musle deformation was demonstrated by omparing the HMF solution withMRI data in two di�erent lower limb positions.The third study, Chap. 6, introdued an analytial error analysis for estimatingthe error propagation from kinemati data to modelled musle-tendon lengthsduring walking (Oberhofer et al., 2009b). Skin marker oordinates from optialmotion apture were assumed to be a�eted by normally distributed errors whihaounted for STA. Musle-tendon lengths were simpli�ed modelled as straight-line segments to allow for an analytially tratable formulation. The errors inmodelled musle-tendon lengths for the referene kinemati data of two subjetsranged from 6 % up to 50 % depending on the musle, the STA magnitudes andthe joint onstraints adopted.In the last study, Chap. 7, a prototype of a web-based, interative teahingtool for gait ourses was developed, partiularly fousing on the visualisation ofmusle ativation patterns during walking. The anatomially-based model of thelower limbs during walking was embedded into a web-based GUI using the ZINCextension for the Mozilla platform. JavaSript funtions were spei�ed to loadthe model at ertain gait events or to fous on individual musle strutures. Theweb page was put online onto the ABI server1. A link to an online questionnaireis urrently provided on site and will help for evaluating the usefullness of theinterfae to students.
8.2 ImpactGeometri features suh as the physiologial ross-setional area, the penna-tion angle and the �bre length explain the great variation in musle max-imal fores and veloities observed within the human musuloskeletal sys-1http://www.bioeng.aukland.a.nz/gait
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8.2. IMPACTtem (Lieber & Friden, 2000; Wikiewiz et al., 1983). However, measuring mus-le morphology and musle funtioning in vivo is fundamentally limited. Thepreditions from straight-line models, used in linial gait analysis, are notsu�ient to identify the biomehanial soures of abnormal gait or to preditthe onsequenes of treatment regimes. As a onsequene, there is no agree-ment on the strutural hanges that our in spasti musles in hildren withCP (Lieber et al., 2004), and a sienti� basis for determining how neuromusu-loskeletal impairments ontribute to abnormal gait is laking (Gage, 2004).Using MRI and anatomially-based modelling tehniques, we demonstrated thatthe volumes and lengths in the thigh and the alf musles in hildren withCP are signi�antly altered when ompared to typially developing hildren.Our results extend previous �ndings whih have largely been onstrained tothe super�ial alf musles due to limitations in ultrasound-based measure-ment tehniques (Fry et al., 2007; Malaiya et al., 2007; Mohagheghi et al., 2008;Shortland et al., 2002). The presenting musle atrophies suggest an overall me-hanial de�it whih may be related to the impaired gait patterns observed inhildren with CP. The library of high-order FE musle models of hildren pro-vides a signi�ant ontribution for future investigations of spasti musles. Inpartiular, its implementation within the mathematial modelling environmentCMISS is onsidered a solid basis for further analysing the relationship betweenmusle arhiteture and funtioning during walking.Prediting musle soft-tissue deformations during walking using anatomially-based musuloskeletal models is a hallenging task, whih has been takled inmany ways by researhers from di�erent areas. To-date, musuloskeletal sim-ulations have typially fallen into two ategories: simulations of highly sim-pli�ed models for many musles (Chao et al., 2007; Damsgaard et al., 2006;Delp & Loan, 1995) or highly detailed models for only a few musles and simplemotor tasks (Blemker et al., 2005; Blemker & Delp, 2005; Lemos et al., 2005).To our knowledge, the anatomially-based model of the lower limbs during walk-ing, detailed in Oberhofer et al. (2009a), is the �rst of its kind, allowing therealisti deformation of several musles throughout gait with reasonable om-putational osts. Even though the geometri-based HMF tehnique does notomply with the governing equations of �nite elastiity, the present frameworkis onsidered the �rst step towards introduing anatomially-based modellingtehniques into linial gait analysis.
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CHAPTER 8. CONCLUSIONUnfortunately, the auray in prediting physiologial gait parameters doesnot only depend on aurate musuloskeletal models but also on error freeinput data. STA are onsidered a major error soure in optial motion ap-ture (Leardini et al., 2005), and have been shown to signi�antly a�et the om-putation of segmental and joint kinematis (Cappozzo et al., 1996; Cheze, 2000;Ramakrishnan & Kadaba, 1991; Reinshmidt et al., 1997). The analytial er-ror analysis, presented in Oberhofer et al. (2009b), demonstrated that STA alsohave an e�et on modelled musle-tendon lengths. Our results highlight thepotential impat STA have on the biomehanial analysis of modelled musle-tendon lengths during walking, and suggest the need for aution in the linialinterpretation of musle-tendon lengths derived from inverse kinematis.Anatomially-based models of the musuloskeletal system may urrently not bemore aurate in prediting musle-tendon lengths during walking than simpli-�ed straight-line models, in partiular if both models depend on input data fromoptial motion apture. However, anatomially-based models provide some sig-ni�ant visual insights into the spatial relationships of individual musles duringwalking. Interative visualisation of omplex physiologial proesses has been abene�ial resoure in medial eduation (Satava, 1995; Sinav & Ambron, 2004;Spitzer & Whitlok, 1998a). The present implementation of the anatomially-based model during walking into a web-based GUI may introdue this exitingnew media to gait ourses. The urrent teahing tool is still at an early stage, andfurther evaluation is required to assess its usefullness to students. However, theresults of Blyth et al. (2007) have shown that anatomially-based musuloskele-tal models, developed within the modelling platform CMISS, an be suessfullyimplemented into virtual reality appliations for medial eduation.
8.3 LimitationsThe present work is a step towards applying anatomially-based, subjet-spei�modelling tehniques to the linial assessment of hildren with CP. However, a-urately predit musle funtioning during walking for anatomially-based mod-els remains a major hallenge beause of the non-linear material properties ofmusle tissue, the high number of musles involved in gait, the omplex pathsof musles aross several joints, the large deformations during gait, the intera-tion of individual musles with surrounding tissue, and the limitations in urrent118



8.3. LIMITATIONSmeasurement tehniques for providing aurate input data. Furthermore, theappliation of anatomially-based models to linial settings remains limited dueto the tedious development of subjet-spei� models, the omplexity of the re-sulting gait simulations, and the expertise whih is required to run and analysethe models.The development of subjet-spei� FE models from MRI was a very time on-suming proedure beause the strutures of interest had to be manually digitised.Automati image segmentation algorithms for musle strutures, suh as the onesdesribed for femur and pelvis in Shim et al. (2007), would be neessary for anextension of the urrent model library and more detailed investigations of spas-ti musles in hildren with CP. Furthermore, the FE models only apturedthe geometri boundary surfaes. Hene, these models do not allow for study-ing mirosopi alterations or mirosopi deformations during walking. Forinstane, a �xed musle shortening in hildren with CP an either result froma derease in �bre lengths or from a derease in �bre diameter (Lieber et al.,2004; Shortland et al., 2002); and the �bre lengths and penation angles hangespatially within a musle (Blemker & Delp, 2005; Teran et al., 2005) as well astemporarily during motion (Blemker & Delp, 2006; Lieber & Friden, 2000).The inverse kinematis simulation of the lower limbmodel required extensive soft-ware to be written for the alulation of segmental kinematis, the transformationof the bones within CMISS, the derivation of the ontrol points throughout gait,the exeution of the HMF subroutines and the visualisation of the resulting walk-ing simulation. The anatomially-based model of the lower limbs during walkinghas a highly omplex struture omprising several hundred �les that speify themodel in stati position, numerous variables that need to be properly de�nedand di�erent sripts that have to be exeuted in the right order. The omplexityof the present lower limb model signi�antly limits its usefulness to other re-searh groups or linial settings. In addition, it was demonstrated that inversekinematis simulation are signi�antly a�eted by errors in kinemati data fromoptial motion apture (Oberhofer et al., 2009b). The introdued errors intomusuloskeletal models are onsidered a major limitation in their appliation tolinial gait researh.The musle soft-tissue deformations during walking were purely derived from seg-mental kinematis without taking the fores into aount that have aused themotion. However, suessful walking is predetermined by the anisotropi, a-
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CHAPTER 8. CONCLUSIONtive and passive mehanial properties of musle tissue (Blemker & Delp, 2006;Roehrle & Pullan, 2007). A hybrid approah, whih ouples the HMF solutionwith a onstitutive model of musle tissue suh as desribed in Fernandez et al.(2005), would enable investigations of stresses and strains within musles dur-ing walking. Challenges in the development of suh a model would inlude theaurate desription of the onstitutive behaviour of musle tissue and the han-dling of ontat between musle strutures. The modelling environment CMISSwould ertainly provide an extremely powerful tool, allowing for the FE analy-sis of the musle ontinuum under loading, and for the inorporation of on-stitutive laws that bridge spatial sales from ellular levels up to whole or-gans (Roehrle & Pullan, 2007).The validity of the HMF tehnique for prediting musle deformation duringwalking was assessed using stati MRI data in two di�erent positions using atypial horizontal MRI unit. However, musle deformation during walking isa�eted by ative musle ontration, musle-musle and musle-bone intera-tions (Blemker & Delp, 2005). Additional external fores suh as gravity furtheralter the musle-tendon shape. A MRI unit, suh as desribed in Gold et al.(2004), would be required to apture the musle deformation under physiologialweight-bearing onditions. Unfortunately, the aessability to suh a sanner wasnot provided in the sope of the present study. Hene, additional validation maybe neessary if the anatomially-based model of the lower limbs during walkingis to be used in the linial assessment of hildren with CP.
8.4 OutlookOne day, subjet-spei�, anatomially-based models of hildren with CP mightbe developed routinely during a linial assessment and used to identify the in-dividual musles whih are ausing the musuloskeletal impairments observed.Future models might even allow for prediting the onsequenes of di�erent treat-ment regimes, and hene, assist in omprehensive surgial planning. Finally, theroutine development of subjet-spei� musuloskeletal models in linial gaitanalysis would lead to extensive model libraries whih ould be used for medialvisualisation and eduation.At this stage, however, the appliation of anatomially-based modelling teh-niques to linial gait analysis is still onsidered visionary, requiring major re-120



8.4. OUTLOOKsearh outputs and advanements in modelling soft-tissue musle deformation inthe lower limbs during walking. Despite urrent limitations, the present work hasdemonstrated that anatomially-based musuloskeletal modelling provides signif-iant new insight into spasti musles of hildren with CP and o�ers a promisingtool for more detailed investigations of musle funtioning during both normaland pathologial gait.Future work should aim to extend the library of anatomially-based lower limbmodels of hildren by improving the development of subjet-spei� models fromMRI and further apturing mirosopi features suh as musle �bre lengthsand penation angles. Previous studies have introdued �tting algorithms, whihfailitate the automati development of high-order FE models from sparse med-ial datasets (Shim et al., 2007), and have demonstrated that the inorporationof �bre lengths and penation angles is feasible within the modelling softwareCMISS (Nash & Hunter, 2000; Roehrle & Pullan, 2007). Extensive investiga-tions of lower limb musles in hildren with CP may not only provide new in-sights into the strutural alterations that our seondary to the neurologialdisorder, but may also help for the evaluation of treatment outomes from serialastings or soft-tissue musle surgeries. Depending on the strutural alterationsthat present, strength training or eletrial stimulation might be more valuable inpreventing �xed ontrature than strething or asting (Shortland et al., 2002).The gained insight from detailed anatomial studies of spasti musles in hildrenwith CP may be linked to alulations of musles fores from inverse dynamis.Musle fores in gait analysis are ommonly derived from the net joint momentand fores based on inverse dynamis using stati optimisation and generi phys-iologial musle models (Gage, 2004; Zaja et al., 2002). However, the muslearhiteture predetermines musle funtioning (Lieber & Friden, 2000). In par-tiular, the physiologial ross setional area is related to the maximal fore gen-erating apabilities, and the �bre penation angle is related to the maximal short-ening veloities of the musle-tendon unit. Analysing the in�uene of subjet-spei� musle arhiteture on musle fores may lead to improved optimisationalgorithms, and onsequently, help for better identifying the auses of abnormalgait. Previous work has further demonstrated the value of using musle foresfrom inverse dynamis as boundary onditions into subjet-spei� FE models ofthe skeletal system for analysing stress magnitudes and distributions in the kneejoint during walking (Fernandez et al., 2007).
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CHAPTER 8. CONCLUSIONAn extension of the web-based teahing tool for medial eduation may beomea bene�ial addition to the traditional teahing of gait. It has been demon-strated in the literature that the FE models within CMISS an be exportedinto omputer animation software suh as blender2 (Blyth et al., 2007). Usingblender, realisti virtual environments an be reated and onverted into theVirtual Reality Modeling Language (VRML) or X3D �les, whih are standardXML-based formats for representing 3D omputer graphis interatively on theweb (John & Lim, 2007). A platform-independent, freely-aessible, interativevisualisation of anatomially-based musuloskeletal models during walking ouldprovide a valuable resoure not only for gait ourses, but also for patient edua-tion and the general publi.In onlusion, the �eld of anatomially-based modelling of the musuloskele-tal system during walking is an exiting researh area, with many more re-searh questions to be answered in future work. Advanements in the �eld ru-ially depend on the ollaboration between di�erent researh groups, espeiallyif anatomially-based, subjet-spei� models are aimed to be applied to linialgait analysis. For instane, improvements need to be made in medial imaging ofmusles during walking, aurately deriving segmental kinematis from optialmotion apture and desribing the mehanial behaviour of musle tissue. Uponsuessful ollaboration, however, we are on�dent that musuloskeletal modelswill eventually beome virtual representations of the human anatomy and physi-ology that not only appear, feel, smell, sound and age like humans, as envisionedby Spitzer & Whitlok (1998a), but also walk like us.

2http://www.blender.org122



A
Ethical Approval Letter

Figure A.1: Approval letter from the NZ Northern Y Regional Ethis Committee, page 1a.123



APPENDIX A. ETHICAL APPROVAL LETTER

Figure A.2: Approval letter from the NZ Northern Y Regional Ethis Committee, page 1b.

Figure A.3: Approval letter from the NZ Northern Y Regional Ethis Committee, page 2a.
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Figure A.4: Approval letter from the NZ Northern Y Regional Ethis Committee, page 2b.
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B
Updating Nodal Derivatives after HMF

If a biubi-linear FE mesh (slave mesh) is ustomised to subjet-spei� datausing the HMF tehnique, not only the position u of every node but also thenodal derivatives with respet to the slave mesh element oordinates η ∈ [0, 1]need to be updated aording to the deformed host mesh on�guration.As the slave mesh is ompletely embedded into the host, its nodal derivativesan be written as funtions of host mesh element oordinates ξ ∈ [0, 1] that is
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. (B.2)The seond term on the left hand side in Equation B.2 remains onstant duringthe HMF proedure. Hene, the nodal derivatives in deformed state an bederived from Equation B.3.
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APPENDIX B. UPDATING NODAL DERIVATIVESwith respet to η2 gives
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(B.5)whih is solved for the seond term on the left hand side. To do so, the mixedderivatives on the right hand side need further manipulation using the hain rule
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. (B.8)The �rst term in Equation B.7, whih is the Jaobian matrix of the undeformedhost, is invertible, and allows the expression to be solved for the ross derivatives.128



C
Singular Value Decomposition

Challis (1995) demonstrated that a least-squares formulation for minimisingSTA from optial motion apture an be reformulated into a maximisation prob-lem and solved using singular value deomposition. The orresponding numerialmethod to determine the best approximation of segmental kinematis based ona redundant number of skin markers is outlined below.Initially, the a�ne transformation matrix T, inluding rotation, shearing andsaling is omputed by minimising the objetive funtion S

Smin =
D

∑

d=1

[(pd,t+1 − Tpd,t)
T (pd,t+1 −Tpd,t)] , (C.1)where p is the 3D position of skin marker d of the luster D in time frame tand t + 1 respetively. The best Eulidean transformation for the luster ofmarkers is then determined by minimising the di�erene between the unknownrotation matrix R with entries rij and the upper left 3×3 entries tij of the a�netransformation matrix T as

Smin =

3
∑

i=1

3
∑

j=1

(tij − rij)
2 . (C.2)Equation C.2 an be reformulated in

Smin = tr(RTR) − 2tr(RTT) , (C.3)where tr(X) is the trae of a given matrix X.
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APPENDIX C. SINGULAR VALUE DECOMPOSITIONThe rotation matrix R has to omply with the properties of an orthogonal matrixthat is
RRT = RTR = R−1R = I , det(R) = 1 (C.4)With R subjet to Equation C.4, the minimising problem in Equation C.3 anbe written as a maximising problem as

Smax = tr(RTT) . (C.5)Equation C.5 an be solved by performing a singular value deomposition on T.Singular value deomposition is based on the theorem that every real matrix Aan be fatorised suh that A = USVT , where U and V are orthogonal matriesand S is a diagonal matrix with non-negative entries si, whih are known assingular values (Nipp & Sto�er, 2002).The singular value deomposition on T gives
T = USVT . (C.6)Substituting Equation C.6 into Equation C.5 and reformulating the expressionleads in
Smax = tr(WS) (C.7)with W = VTRTU. Sine V, R and U are orthogonal, W must also be orthog-onal, and is therefore subjet to |W| ≤ 1 as implied in Equation C.4.Thus, Equation C.7 is maximised if W = I, and therefore
R = UVT . (C.8)For ertain ases, however, Equation C.8 does lead in a re�etion matrix(det(R) = −1) rather than a rotation matrix. A modi�ation, given in Equa-tion C.9, was further proposed by Challis (1995) to aount for these ases.

R = U





1 0 0
0 1 0
0 0 det(UVT )



VT (C.9)
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D
Lower Limb Mesh Parameters

Table D.1: Bone mesh parameters of the lower limb model desribed in Chapter 5, inludingthe number of landmark and target points used for the HMF ustomisation of the generimodel from the ABI library to the subjet-spei� data from MRI.Nodes Elements landmark/targetship 224 84 40femur 829 832 60patella † 47 48 8tibia 178 170 42�bula 122 112 32foot † 1705 1567 12
† The subjet-spei� mesh was developed using the Diret Least-Squares Method, desribed in Setion 3.3,instead of the HMF tehnique.
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APPENDIX D. LOWER LIMB MESH PARAMETERSTable D.2: Musle mesh parameters of the lower limb model desribed in Chapter 5, inlud-ing the number of ontrol points whih were used as kinemati onstraints for the walkingsimulation. Mesh Control PointsNodes Elements Foot Shank Thigh Hipaddutor magnus 56 24 - - 8 4bieps femoris 72 32 - 5 5 4extensor digi long 32 14 5 7 - -extensor hall long 32 14 5 7 - -gastronemius 63 26 5 5 9 -gluteus maximus 56 24 - - 6 6gluteus medius 48 20 - - 6 6iliaus 28 12 - - 6 6peroneus longus 40 18 5 7 - -psoas 24 10 - - 6 6retus femoris 36 16 - 6 9 5sartorius 40 18 - 5 3 6semimembranosus 28 12 - 5 5 4semitendinosus 32 14 - 5 5 4soleus 56 24 5 7 - -tibialis anterior 28 12 5 7 - -tibialis posterior 32 14 5 7 - -vastus lateralis 64 28 - 6 9 -vastus medialis 32 14 - 6 9 -vastus intermedius 28 12 - 6 9 -Total 943 358 35 91 95 51
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E
Questionnaire Graphical User Interface

A questionnaire was developed to assess the usefulness and eduational valueof the web-based teahing tool, desribed in Chapter 7. A link to the onlinequestionnaire is provided on the main page of the GUI.The following questions are inluded in the questionnaire:Table E.1: General layout with one the poorest and �ve the best grade.General 1 2 3 4 5Design ◦ ◦ ◦ ◦ ◦Organisation of ontent ◦ ◦ ◦ ◦ ◦Transpareny of funtionalities ◦ ◦ ◦ ◦ ◦Other: ◦ ◦ ◦ ◦ ◦Table E.2: Content of information with one the poorest and �ve the best grade.Informational ontent 1 2 3 4 5Relevant ◦ ◦ ◦ ◦ ◦Aurate ◦ ◦ ◦ ◦ ◦Coverage ◦ ◦ ◦ ◦ ◦Other: ◦ ◦ ◦ ◦ ◦
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APPENDIX E. QUESTIONNAIRE GUITable E.3: Pedagogial usability with one the poorest and �ve the best grade.Pedagogial usability 1 2 3 4 5Enhaned your learning ◦ ◦ ◦ ◦ ◦Added value to the ourse ◦ ◦ ◦ ◦ ◦Would reommend to others ◦ ◦ ◦ ◦ ◦Other: ◦ ◦ ◦ ◦ ◦The following open questions are further asked:
• Would you onsider downloading and installing the ZINC plugin (4MB)whih is required to view the 3D model? If no, please give a reason whynot.
• Do you have additional remarks or omments related to the interfae?
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F
Supplementary Movies

The following movies an be viewed either on the supplementaryCD, whih is attahed to the bak of this thesis, or online athttp://www.bioeng.aukland.a.nz/gait. All the movies were developed basedon a series of stati images from the dynami simulations of the musuloskeletalmodels within CMGUI.
Figure F.1: StatiChildrenModel.wmv showing the subjet-spei�, anatomially-based modelsof one hild without CP (subjet 005, Table 4.1) and one hild with CP (subjet 006, Table 4.2)outlined in Chapter 4.
Figure F.2: StatiLowerLimbs.wmv showing the stati model of the lower limbs, presented inChapter 5, inluding the ontrol points and the skin-based host mesh.
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APPENDIX F. SUPPLEMENTARY MOVIES

Figure F.3: GaitHost.wmv showing the gait simulation of the anatomially-based lower limbmodel, outlined in Chapter 5, inluding the resulting deformation of the skin-based host mesh.
Figure F.4: Gait.wmv showing the gait simulation of the anatomially-based lower limb model,desribed in Chapter 5.
Figure F.5: GaitPelvis.wmv showing a lose-up view of the pelvis of the anatomially-basedlower limb model during gait, presented in Chapter 5
Figure F.6: GaitMusleAtivation.wmv showing the visualisation of the musle ativation dur-ing walking for the web-based teahing tool introdued in Chapter 7. The olour gold or-responds to onentri ontration, orange to isometri ontration, and purple to exentriontration respetively.
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