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Abstract

Musculoskeletal models provide insights into muscle structures, and allow for in-
vestigations of muscle function during walking based on data from gait analysis.
The function of muscles during walking is of special interest in a clinical con-
text if musculoskeletal impairments result in pathological gait. Skeletal muscles
in clinical gait analysis have commonly been modelled as series of straight-line
segments with no consideration for their 3D architecture. However, experimen-
tal and computational results suggest that muscle function is predetermined by
anatomical features such as cross-sectional areas and fibre lengths. The validity
of straight-line models in gait analysis has been disputed, especially for mus-
cles with complex geometries and broad areas of attachment. The present PhD
study has built on a combined effort between the Auckland Bioengineering In-
stitute and the Department of Surgery, University of Auckland, for introducing
anatomically-based, subject-specific modelling techniques into clinical gait anal-
ysis. In particular, the potential use of anatomically-based models in research
related to Cerebral Palsy (CP) was explored. Theoretical background knowledge
needed to be acquired in three areas in order to reach this goal: (i) anatomically-
based, subject-specific modelling, (ii) clinical gait analysis and (iii) finite de-
formation of soft-tissue muscle models. The outcome of the present work has
demonstrated that muscle volumes and muscle lengths in the lower limbs of chil-
dren with CP are significantly altered compared to typically developing children,
that the Host Mesh Fitting technique provides a valid and efficient method for
deriving muscle soft-tissue deformations based on kinematic data from gait anal-
ysis, that the calculation of muscle-tendon lengths during walking is significantly
affected by errors from optical motion capture and that interactive, web-based
visualisation of musculoskeletal models could become a beneficial resource in the
teaching of gait. At this stage, the application of anatomically-based, subject-
specific models to clinical gait analysis is still considered visionary, requiring an
interdisciplinary research effort for further advancing modelling and measure-
ment techniques. Despite remaining challenges, the present work has highlighted
the potential of anatomically-based, subject-specific modelling for assisting in
the assessment and management of children with CP, and is considered the first
step towards the next generation of musculoskeletal models in gait research.
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Introduction

1.1 Motivation

The analysis of human walking has a long history, probably starting in ancient
Greece 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 described by the
shadow of his head would not be straight but zigzag.” However, the study of
human walking remained an observational one until the invention of moving
images as important new scientific tools in the late 19th century (m, ).
The explosion of experimental methods for quantifying walking and the devel-
opment of computers in the 20th century allowed results to be produced in
minutes rather than days and gait analysis to be introduced into clinical set-

tings (Andriacchi & Alexander, 2000).

m (@) gives a basic definition of walking as “a method of locomotion
involving the use of the two legs, alternately, to provide support and propul-

sion”. However, successful walking is not as simple as it sounds and depends
on a coordinated interplay of numerous muscles crossing several joints. The
hierarchical system of motor controls begins in the cerebral cortex and ends
at the motor neuron. The mechanical performance of each muscle actuator is
predetermined by its geometric and material properties, and alterations in the
musculoskeletal system affect the resulting motion pattern upon active muscle

contraction (II_d_e_b_e_r_&_Er_i_d_ed, |20_0_d) To date, physiological measurements of

muscle structures in vivo have been fundamentally limited, and detailed analyses

of the musculoskeletal system during walking crucially depend on computational
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modelling. Investigations of muscle functioning are of special importance in a
medical context if musculoskeletal impairments result in pathological gait.

Skeletal muscle structures in gait analysis have commonly been modelled as a se-
ries of points connected by straight-line segments with no consideration for the 3D

architecture (lA.nd.e.ns.o.n_&_Ea.nd.;J, |20.0JJ; ‘Dam&ga.ar_d_et_aﬂ, |20£).d; |Delp_&_[41a.ﬂ,

). Investigations of muscle-tendon lengths during walking using straight-

line models based on adult male dimensions have been performed numerously in
children with Cerebral Palsy (EIEI)EL aimed at improving treatment decision mak-
ing and better evaluating surgical procedures (IMQ_Leua.ﬂs_et_a.]_], |21)_0d) However,

concerns have been expressed in terms of the accuracy of straight-line models,
and caution is suggested when interpreting the results, especially for muscles
with complex geometries and broad areas of attachment , |21)_Oj'i;

Eﬁhﬂepm_et_aﬂ, |].9.&ﬂ; h&ne.n_el_aﬂ, |20_0A|).

More accurate anatomically-based models of the muscle continuum have

been developed in biomechanics, orthopaedics and computer graphics re-
search. Thereby, significant work has been done to derive the deformation
of the muscle continuum based on kinematic data using the Finite Element
method (Blemker & Deltd, 2006; [Roehrle & Pullan, 2007; [Teran et al,
). Results from [FE analyses suggest that the complex architectures and
anisotropic material properties of skeletal muscles significantly affect the direc-

tions of muscle forces acting on the muscle-bone boundary (IBp_eh_LLL&_ELﬂlaﬂ,

). However, the non-linear relationship between the muscle deformation

and the internal stresses have led to computationally very expensive models;
even more so if contact between muscle structures is needed to be taken into
account. Hence, studies, which have deployed the [FE] method in finite elastic-
ity, have generally been confined to simple motor tasks or only a few muscle

structures (IB.I.&m.ke.r_&_Deld, IZ0.0.d; IB.Q.&h.r_Le_&_E.ﬂlaﬂ, |20.01|)

Subject-specific, anatomically-based modelling techniques have not yet been suc-

cessfully applied to children, and the prediction of muscle soft-tissue deformation
during walking using anatomically-based models remains a major challenge de-
spite efforts in many research areas. The modelling techniques for investigating
muscle functioning during walking have either only captured the muscle-tendon
paths without taking the 3D muscle architectures into account, or have been

'A heterogeneous collection of clinical syndromes caused by a non-progressive lesion in
the immature brain and characterised by progressive abnormal motor patterns and pos-

tures (Graham & Selber, 2003).
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computationally too complex to be applied to gait analysis. To date, no mod-
elling approach has been shown to efficiently and accurately help surgeons coping
with the diversity of musculoskeletal impairments observed in children with

1.2 Aim

The present PhD study has built on a combined effort between the Auckland Bio-
engineering Institute ([ABI)) and the Department of Surgery, University of Auck-
land, for introducing anatomically-based, subject-specific modelling techniques
into clinical gait analysis. In particular, the potential use of anatomically-based
models in medical research related to was explored. The present study ex-
tends the work of [Fernandez (|21)_0_4|) which was also performed at the [ABI. In
a preliminary study, [Fernandez et al) (IZ0.0E) successfully predicted the lengths

in two lower limb muscles during walking using anatomically-based modelling
techniques in combination with kinematic data from gait analysis.

Research at the [ABI] has strongly focused on the International Union of Physio-
logical Sciencies ([IIPS) Physiome Projectﬁ, which has promoted the development
of anatomically-based models for analysing the human physiology from cell level
up to whole organs. As part of the Physiome Project, the present study
aimed at deploying the capabilities of the modelling environment CMIS@ for
modelling lower limb motion during gait. The modelling software CMISS has
been a major component of the [ABTs effort within the Physiome Project,
allowing the development and visualisation of anatomically-based models, the
customisation of the models to subject-specific data, and the analysis of finite
deformations. CMISS consists of a number of modules including a graphical
frontend called CMGUI, which is a 3D visualisation software package with ad-
vanced modelling capabilities, and a computational backend called CM, which
can remotely run on powerful workstations or supercomputers.

Ethical approval was obtained from the New Zealand Northern Y Regional Ethics
Committee on the 8th of September 2006, reference number NTY /06/07/064, in
order to acquire data of children with and a group of typically-developing
children. A copy of the ethical approval letter is provided in the Appendix [Al

2http://www.physiome.org.nz
3An interactive computer program for Continuum Mechanics, Image analysis, Signal pro-
cessing and System identification developed at the [ABI (http://www.cmiss.org/).
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Data acquisition included a Magnetic Resonance Imaging (MEI]) scan of the lower
limbs at the Centre for Advanced [MRIl University of Auckland, and gait analysis
at the Biomechanics and Gait Laboratory, Department of Sport and Exercise
Science, University of Auckland. More insights into clinical gait analysis were
gained during a one-month visit at the Hugh William Gait Laboratory, Murdoch
Children’s Research Institute, Victoria, Australia, held in February 2008.

1.3 Thesis Overview

In order to reach the objective of the present work, interdisciplinary skills had
to be acquired in (i) anatomically-based, subject-specific modelling, (ii) clinical
gait analysis and (iii) finite deformation techniques for soft-tissue muscle models.
The Theoretical Background related to these three areas is established in Chap-
ter Bl subsequent to the Introduction in Chapter [l and the Literature Review in
Chapter 21

Chapter [l outlines the motivation behind the present work, specifies the main
objectives, gives a thesis overview and lists the thesis contributions.

Chapter B provides a general literature review of the current state of knowledge
in the research areas of clinical gait analysis, anatomically-based, subject-
specific modelling and [CPL

Chapter B is divided into three sections describing the theoretical background
in (i) developing anatomically-based, subject-specific models from medical
images, (ii) deriving segmental and joint kinematics from optical motion
capture data and (iii) deforming anatomically-based [EE] models based on
segmental kinematics. Each section concludes with a short summary.

The acquired skills, outlined in Chapter B, are applied to four different studies
in the Chapters @l - [ with the overall goal of introducing anatomically-based,
subject-specific modelling of lower limb motion during gait into clinical research
related to

Chapter H outlines a study for the development of a library of anatomically-
based, subject-specific models of children with and without [CPl and the
investigation of the differences in lower limb muscle volumes and muscle
lengths between the two groups.
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Chapter B depicts a study for the prediction and validation of soft-tissue muscle
deformation in the lower limbs during walking by combining anatomically-
based, subject-specific modelling techniques with data from optical motion
capture.

Chapter [@ details a study for the introduction of an analytical approach to
estimate the error propagation from kinematic data to modelled muscle-
tendon lengths during walking.

Chapter [ describes a study for the development of an interactive, web-based
teaching tool for gait courses. In particular, the muscle activation patterns
during walking were aimed to be visualised using the anatomically-based
model of the lower limbs described in Chapter Bl

The Chapters H - [ are each divided into Introduction, Method, Results and
Discussion. The Introduction includes a specific literature review related to the
particular study. The Method provides more information to the subjects, refers
to relevant techniques introduced in Chapter Bl and outlines new methods which
have been developed in the specific context.

A Conclusion is given in Chapter Bl which is the last chapter of the present work.

Chapter B provides a summary of the four studies, analyses their impact in the
context of clinical research related to[CPl, outlines limitations and addresses
future investigations that may emerge.

1.4 Thesis Contributions

The following papers have been successfully published as research articles in
scientific journals or conference proceedings:

e Oberhofer, K., Mithraratne, K., Stott, S., and Anderson, I. A.; 2009.
Anatomically-based musculoskeletal modelling: prediction and validation of
muscle deformation during walking. The Visual Computer, 2009, p. 1-11,
published online first

e Oberhofer, K., Mithraratne, K., Stott, S., and Anderson, 1. A., 2009. Error
propagation from kinematic data to modelled muscle-tendon lengths during
walking. Journal of Biomechanics, 5;42(1), p. 77-81
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e Oberhofer, K., Mithraratne, K., Walt, S., Stott, S., and Anderson, 1. A.,
2007. A novel approach to compute muscle length during walking using
subject-specific musculoskeletal models. TASTED Proceedings Applied Sim-
ulation and Modelling, p. 451-456

The following papers have been submitted to be published as research articles in
scientific journals:

e Oberhofer, K., Mithraratne, K., Stott, S., and Anderson, I. A., 2009.
Subject-Specific Modelling of Lower Limb Muscles in Children with Cerebral
Palsy. Clinical Biomechanics, submitted

The following oral presentations have been given at international conferences:

e 4th Asian Pacific Conference on Biomechanics, Comparison Between Two
Modelling Techniques in Predicting Muscle-Tendon Lengths Changes Dur-
ing Walking. Christchurch, New Zealand, 14-17 April, 2009

e Workshop on 3D Physiological Human, Anatomically-based musculoskeletal
modelling: prediction and validation of muscle deformation during walking.
Zermatt, Switzerland, 1-4 Dec, 2008

e 10th Symposium on 3D Analysis of Human Movement. Anatomically-based
finite element modelling of muscle structures during walking. Santpoort-
Amsterdam, Holland, 29-31 Oct, 2008

e 13th Annual Scientific Meeting of the Australian and New Zealand Or-
thopaedic Research Society. Musculoskeletal modelling of the lower limbs
to investigate gait of children with cerebral palsy. Auckland, New Zealand,
17-18 Oct, 2007

e 6th Annual Meeting of the European Society of Movement Analysis for
Adults and Children. Subject-specific musculoskeletal models for compu-
tation of muscle lengths during walking in children with cerebral palsy.
Athens, Greece, 27-29 Sep, 2007

e 16th International Conference on Applied Simulation and Modelling. A
novel approach to compute muscle length during walking using subject-
specific musculoskeletal models. Palma de Mallorca, Spain, 29-31 Aug,
2007




Literature Review

The following literature review provides a general introduction into previous re-

search in (i) clinical gait analysis, (ii) anatomically-based, subject-specific mod-
elling and (iii) More specific literature reviews are given in the first sec-
tions of Chapters Hl - [ in the context of the four studies which have emerged
from the present work. Keywords which were used for searching the literature
included Lower Limbs, Skeletal Muscle, Walking, Human Locomotion, Optical
Motion Capture, Gait Analysis, Muscle-Tendon Length, Musculoskeletal Mod-
elling, Anatomically-Based, Finite Element Method, Soft-Tissue Deformation,
Subject-Specific, Magnetic Resonance Imaging, Cerebral Palsy, Spasticity.

2.1 Clinical Gait Analysis

Clinical gait analysis aims to quantitatively assess the degree of impairment in
patients with gait disorders and compare the results with normal ganﬂ Clinical
gait analysis comprises the acquisition of kinematic data from optical motion cap-
ture, kinetic data from dynamometers such as force plates, muscle activity from
electromyography, and in recent times, measures of metabolic expenditure from

indirect calorimetry (IS.u.tb.ed.a.nd IZOD_]] |21)_0_ﬂ IZOD;" The introduction of clinical
gait analysis in the assessment of children with [CP has led to changes in sur-

ical recommendations and postoperative treatments (I.And_ua.mh_l_&_A_]mga.nd_ed
E()!!(]); a reduction in the number of surgical procedures (INLQ.Le.n.a.e.ts_&La.]J |20.0.d

), and hence, a reduction in the total medical costs.

L Gait is generally used to describe a particular manner or style of walking; the term normal
gait refers those qualitative and quantitative parameters that have been generalised across sex,
age and anthropometric variables by means of gait analysis (Im, |ﬁ[)—_]l)
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Kinematics, or the study of motion, has always been central to clinical gait anal-
ysis, and has evolved around the measurement of segmental displacements based
on externally trackable body points (ISJ.Lth.&LI.&Dd, |20.0j) Joint angles have been
derived from kinematic measurements by representing the human body as system

of rigid segments connected by idealised joints (IN_i,gg_&_H_etzp_d, I]_Qﬁd) The com-
parison of clinically meaningful joint angles during walking in healthy subjects
and patients with walking disorders has set the standards for the categorisation

of walking into normal and pathological gait (IS.u.tb.eda.n.d, |20_0j)

The extension of rigid body models to include muscle structures has been a

relevant objective in gait analysis for many years, targeting at the derivation of
physiological parameters such as muscle-tendon lengths and muscle forces during

walking (IQa.p_pgzz@_eLa.]_J, IZOD;"; |Nj_gg_&_H_etz@_d, I]_Qﬁd) The quantification of

muscle functioning has been of particular importance in the clinical analysis of

pathological gait that is caused by neuromuscular disorders. However, in order
for computational models to be useful in clinical settings, output measures have
to be received in a timely efficient and understandable manner without the need
for high expertise in computational modellin (Im, M) It was not until the
introduction of the modelling software SIMMH that musculoskeletal models found

more widespread use in clinical gait analysis (IA_nd_Li_a.mhi_&_A]_exa.nd_ed, IZOD_d)

SIMM is a graphics-based software system which was developed by m
) to facilitate the development and analysis of musculoskeletal models in

motion. The software can nowadays be coupled with commercially available
optical motion capture systems, and part of its functionalities have been released
open source under the name OpenSIMMH. The geometry of each muscle-tendon
structure in SIMM is defined by a series of points which are connected by straight-
line segments. The muscle-tendon path around joints can be further prescribed
using so-called wrapping surfaces, Fig.[ZIl Joint kinematics from optical motion
capture are commonly used as input data to quantify the effects of skeletal motion
on the muscle-tendon geometry and function during walking.

Several studies have used SIMM for investigations of muscle-tendon lengths and
lengthening velocities during walking in children with (IALD_Q_]d_Qt_a.]_J, |20_0_d,
|21).05HH; Delp et all, 1996; Lonkers et all, 2006; Wren et all, |21)1)_4). Most stud-

ies have relied on a generic musculoskeletal model based on adult male dimen-

2Software for Interactive Musculoskeletal Modelling
(MusculoGraphics Inc., http://www.musculographics.com)
3http://simtk.org
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sions and have only crudely scaled the model to subject-specific data from gait
analysis. Two studies assessed the influence of variations in musculoskeletal ge-
ometry on psoas and hamstring lengths. Psoas lengths during walking were
found to be sensitive to an altered femoral architecture due to age or bone de-

formities (IAmQ_]d_eLa.]_J, IZOD_]]; ISgh_eepets_eLa.]_J, I]_%Lﬂ) For three of four subjects,

the generic model underestimated the normalised lengths of psoas throughout

gait and scaling of the model along the anatomical axes did not improve the
results (IALD.O.]d_QLalJ, IZ0.0J]) No study has been done to determine if skeletal
deformities affect the lengths of muscles other than psoas and hamstrings.

Further attempts have been made to introduce musculoskeletal models into clin-

ical gait analysis (IQh.a.o_et_a.].], 2007; Damsga.a.ni_et_alj, 2006; [Fernandez et all,

). However, the development of musculoskeletal models which enable the

analysis of muscle functioning during walking in clinical settings poses several
challenges including accurate representation of the musculoskeletal system, ef-
ficient algorithms, convenient graphical user interfaces, and compatibility with
output data from optical motion capture. The generic musculoskeletal model
within SIMM has remained the leading approach in clinical gait analysis, even
though it holds several limitations: the muscle-tendon geometry is represented
as a series of 1D straight-line segments, the generic musculoskeletal model is gen-
erally crudely scaled to subject-specific geometries and the estimation of muscle-
tendon lengths depends on the prior calculation of joint kinematics from optical
motion capture data.

2.2 Anatomically-Based, Subject-Specific Modelling

More realistic anatomically-based models of the musculoskeletal system have
been developed in biomechanics, orthopaedics and computer graphics research
to predict muscle soft-tissue deformations during different motor tasks. The
computer graphics community has often adopted triangular surface meshes with
a linear interpolation scheme, and the deformation has been derived based on
kinematic constraints without complying to the balance principles of physics. In
contrast, the [FEl method has been the common approach in biomechanical studies

involving large deformations of soft-tissue (IN_a.sh_&_HJ.m_md, IZOD_d) Thereby, the
local coordinates of the discretised continuum have generally provided the basis
for the discretisation of the governing equations of finite elasticity.
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Figure 2.1: Series-of-line-segments simplification generally used in musculoskeletal modelling.
The psoas muscle (A) has a complex path that bends, or wraps, around the pelvic brim, hip joint
capsule and the femoral neck. With the 1D techniques, via-points (blue) and wrapping surfaces
(wireframe) are used to prevent the muscles from penetrating these structures. However, it
is difficult to define via points and wrapping surfaces that work robustly for multiple degrees
of freedom. The gluteus maximus muscle (B) is also difficult to model because it has broad
areas of attachment and the fibres have a complex geometric arrangement. Reprinted with
kind permission from Springer Science + Business Media: Annals of Biomedical Engineering,
Three-Dimensional Representation of Complex Muscle Architecture and Geometries, 33(5),
2005, 661-673, S. S. Blemker and S. L. Delp, Fig. 1.
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The development of realistic 3D muscle models in computer graphics has
been promoted by the growing interest in anatomically-based models in med-

ical research and visualisation (lAlLb_al_&lhaLmanﬂ, |20_0J.|; |D_Q_n.g_et_al], |20_0_ﬂ;
|Sgh_eep_ets_et_a.]_], I]_M) Thereby, muscles have commonly been modelled in two

layers, i.e. an underlying line to define the path of action and a surrounding sur-

face mesh to capture the geometry. The deformation of the muscle mesh has then
been derived from the deformation of the action line, either purely based on geo-

metric considerations (ISQh.&&pﬂs_at_al], I].M) or by assigning lumped-parameter

material properties to the action lines , |21)_0_1|) However,

none of the two-layered models could address muscle-muscle penetration satis-
factorily due to computational complexity involved in collision detection. Fur-
thermore, triangular surface meshes have been limited in their use for any further
biomechanical analyses.

Using the [EEl method, biomechanical studies on the muscle continuum have been
performed for a few muscles and simple motor tasks including biceps brachii
during elbow flexion-extension (IB_Lem_keLeLa.]_J, |21)_Oj'i), tibialis anterior during
ankle plantar and dorsi flexion (ILe_m_Qs_eLa.]_J, |20_05), rectus femoris and vas-
tus intermedius during knee flexion-extension (IB]emker & Delrl, |20_0_d) and the

masseter muscles during mastication (IBp_eh_LLL&_ELﬂlaﬂ, IZOD_ﬂ) Muscle tissue

has commonly been modelled as an incompressible, transversely isotropic, hy-

perelastic material. The transversely isotropic properties have been obtained
by modifying the stress components in the fibre direction of an isotropic mate-

rial (IB.L&m.keLeLa.].], |2D.Od; |l&mas_et_a.l], IZODE"; |BQ.QhI.L(L&_Equa.IJ, |21)_01|) Studies

on individual muscles in continuum mechanics have shown that the muscle ar-

chitecture has a significant influence on the stress and strain distributions, and
consequently, on the muscle’s capacity to generate force.

Traditionally, linear functions have been used to interpolate the outer surfaces

of musculoskeletal structures (IA_mg_]d_eLa.]_J, |20Qd; lA.ub.eL&ﬂlh.a.].manﬂ, |21)_0_1|;
|B_Lem.ke.r_&Lal], |20_05; hﬁmgs_ei_a.]], |20_05) A high number of elements is re-

quired to accurately capture the architecture of biological structures using lin-

ear elements, which leads to very large computational problems. In contrast,

IBLadle;uiLa.lJ (I]_ELCLﬂ) demonstrated that the use of high-order, cubic interpola-

tion functions had a number of advantages including a significant reduction in
the total Degree(s) of Freedom (DOE]) of the mesh without losing geometric ac-
curacy. The resulting [FE] formulations for finite elasticity were shown to be less

complex and solutions were obtained in a more efficient manner.

11



CHAPTER 2. LITERATURE REVIEW

High-order [FElmodels can be handled within the modelling software CMISS at all
levels of the modelling process from fitting and customisation to mechanical simu-

lations, post-processing and visualisation (IBra.dleLeLa.lJ, I].9.&ﬂ; IE&ma.D.d.ez_eLa.lJ,

; |BQ_Qh.d_(L&_Bquaﬂ, |21)_Oj|) (|21)_0_4|) presented a collection
of anatomically-based, high-order [EE] geometries of the musculoskeletal system

based on the widely used Visible Human data set (ISMZ&L&MM, ILQQ&A),

Fig. ZA The hierarchical modelling ontologies were aimed at contributing to the
[TPS Physiome Project as part the[ABIlmodel library to facilitate data exchange
among scientists.

Subject-specific, anatomically-based models have been developed from medical

image data such as Computer Tomograph or [MREIl using mesh generation
algorithms for triangular surface meshes m I:Ile_l:a.n_et_a.]_] IZOD;")

or fitting techniques for 3D [EE]l models (IB_ta.dle;L&La.].] |]_99_7| |Eama.n_d_ez_e1_a.l]

). In particular, a fitting technique called the Host Mesh Fitting (HME]) tech-
nique allowed for customising an already existing generic [FE] model to a limited
number of subject-specific data (IEema.nd_ez_et_a.]_], IZODA) The [HME] methodol-
ogy drew on the free-form idea of deriving the deformation of a complex mesh

from the deformation of a surrounding simple mesh (IS_ed_eLbﬂ;g_&_Ean_;zI, h_&&d)

However, the development of subject-specific models from medical images has

often remained a time-consuming procedure because of the manual identifica-
tion of muscle boundaries in each image slice. Most studies have either kept the
number of subjects small (IA_r_n_o_ld_eLa.lJ, |20_0_d, |20_0J.|) or have introduced a generic

musculoskeletal model based on the Visible Human data set (IEema.nd_ez_et_a.]_J,

2004; Roehrle & Pullan, 2007; [Teran et all, 2003).
[Fernandez et all (IZODE!) adopted the [HME] technique to predict muscle-tendon

lengths of gastrocnemius and semimembranosus during walking in three subjects

with using anatomically-based models and kinematic data from optical mo-
tion capture. Muscle soft-tissue deformation was derived from the deformation of
a simple surrounding host mesh, and muscle-tendon length was calculated as av-
erage arc-length in longitudinal direction of the deformed muscle mesh. Despite
promising results, the validity of the [HME technique for gait analysis has never
been assessed, and its applicability to an entire model of the lower limbs has
remained unclear. In particular, multi-body contact constraints were required
to avoid penetration of structures into each other, thus, leading to a significant
increase in model complexity upon addition of further muscle structures.

12
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Undoubtedly, anatomically-based, subject-specific models of the musculoskele-
tal system offer many advantages over straight-line, generic models in provid-
ing new insights into the 3D architectures of skeletal muscles and their func-
tion during walking. However, the non-linear material properties of muscle tis-
sue, the complex paths of muscles across several joints, the large deformations
that occur during gait, and the interaction of individual muscle structures with
surrounding tissue pose major challenges. Musculoskeletal models, which are
meant to be useful in clinical gait analysis, need to consider all muscles which
could contribute to pathological gait. To date, none of the proposed modelling
methods for anatomically-based [EE] models has enabled the accurate deforma-
tion of more than two muscles throughout gait. Furthermore, the development
of anatomically-based, subject-specific musculoskeletal models of children with
has been very limited and most studies have adopted generic models based
on the Visible Human data set for their analyses.

2.3 Cerebral Palsy

results from a non-progressive lesion in the developing brain, which often
leads to spasticity in skeletal muscles, Fig. Spasticity is associated with a
hyperexcitability of the stretch reflex, resulting in a velocity-dependent increase

in muscle tone, stiffness, and eventually fixed contractures (I]:l)_na.n_et_a.]_], |21)_Oj'i;

|Sghp_]_t_es_aLaJ_J, ZO_O_d) The progressive musculoskeletal impairments often lead to
impaired gait and contribute to a decline in mobility in most affected patients.

Despite medical advances, the incidence of has remained unchanged or has
even increased in recent decades (@, ) Higher survival rates due to better
medical health care or increased usage of artificial fertilisation techniques may
be reasons for this tendency.

One of the most striking features of is the diversity of gait deviations ob-

served (IB.Q.d.d.a._&ﬁLa.h.a.Id, IZ0.0JJ) Depending on the location of the brain injury,

different muscles are affected and spasticity may occur on one side of the body, a

condition termed hemiplegic[CH, or on both sides of the body, a condition termed
diplegic[CA. According to Rodda & Graham (IZ0.0JJ), the basis of most patholog-

ical gait patterns is toe walking or equinus gait, resulting from a contracture of

gastrocnemius and soleus. The transition from equinus gait to crouch gait is seen
in many children with severe spastic diplegia [CPl whereby crouch gait is associ-

13
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Figure 2.2: A collection of anatomically-based models based on the Visible Human data set
including the lower limb bones and skeletal muscles crossing the knee joint shown from anterior,
lateral, posterior and medial views (a-d). The knee joint showing the menisci, the cruciate
ligaments, the tibial ligament and the fibular ligament (e-h), the skeleton frame (i), muscles
of the left forearm (j) and the muscles of the neck, shoulder and back from the anterior and
posterior view (k-1). Reprinted with kind permission from Springer Science + Business Media:
Biomechanics and Modeling in Mechanobiology, Anatomically based geometric modelling of the
musculo-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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ated with a contraction of the hamstrings and psoas. However, a categorisation
of the gait deviations in children with [CPlinto specific patterns is difficult, which
complicates the treatment decision making process (ID_Q.bSQ.D_aLa.lJ, IZ0.0j)

The primary aim in the management of the musculoskeletal impairments in
children with is to prevent the development of contractures and fixed de-

formities (IGLa.h.a.m_&_S.&Lbﬂ], IZO.Qd) Common methods to assess the degree of

dynamic and fixed contractures include physical examination, observational anal-
ysis of walking, and clinical gait analysis. In a review study by Schaltes et all
), thirteen clinical instruments were identified to assess spasticity in children

with by passively stretch the muscles of interest during physical examina-
tion. However, most methods did not comply with the concept of spasticity
as a velocity-dependent increase in muscle tone, and the testing posture of the
patients was seldom standardised.

The most widely used treatment methods are Botulinum Toxin Type A in-
jections for dynamic contractures, and orthopaedic surgery involving muscle-

tendon lengthening for fixed contractures , IZOD_]]) Thereby,
children with distal involvements, such as equinus gait, are most often treated
by lengthening of gastrocnemius and soleus, whereas children with proximal in-
volvements, such as crouch gait, most often undergo more extensive multilevel

surgeries (IG.ta.h.a.m_&hS.eLbﬂ], |20_02i) Non-operative treatments such as physical

therapy, mobility adds or orthotics usually precede and accompany the more

invasive procedures.

Spastic muscles in children with present structural alterations which are in-
consistent with the changes that occur due to chronic increased or decreased
stimulation (IFQ_La.n_eLa.]_J, IZOD;"; |I_j_eb_eLeLa.]_], |21)_0_4|), but there is no agreement
on the details of the structural changes that occur secondary to the neurologi-
cal disorder (II_J_eb_ar_eLa.]_J, |20_0AI) Furthermore, the single muscle’s contribution
to the movement abnormality is not well understood, and the degree of length-

ening and the impact a surgery has on gait are still poorly evaluated. Even
though orthopaedic surgery undoubtedly improves function and quality of most
patients’ lives, evidence for the efficacy of most orthopaedic operations is still

lacking (kira ham &Ls_el.b_ed, IZODj) .

The main difficulty in the assessment and management of children with arises

from the limitations in measuring muscle functioning in vivo. Computational
models of the musculoskeletal system have the potential to help identify spastic
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Figure 2.3: Diagram showing the neuromusculoskeletal pathology in CP. In motor terms, CP
results in an Upper Motor Neurone (UMN) lesion which in this diagram is considered to have
a series of positive and negative features that interact to produce the familiar musculoskeletal
pathology. Historically, clinicians have concentrated on the positive features and the negative
features have been relatively ignored. It is probable that the optimum management of children
with CP will require integrated management of both the positive features and the negative
features. Reproduced with permission and copyright (©) of the British Editorial Society of

Bone and Joint Surgery (Graham & Selbei, 2003).

muscles in children with [CPl, and define the correct surgical procedure based
on data from clinical gait analysis. However, commonly used musculoskeletal
models in gait analysis have not allowed for detailed studies of the muscle ar-
chitecture and function during walking, and their clinical use has been limited.
Advancements in the assessment and management of children with crucially
depend on the improvement and the successful application of anatomically-based,
subject-specific modelling techniques to clinical settings.
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Theoretical Background

The following chapter provides the theoretical background for (i) developing
anatomically-based, subject-specific models of the lower limbs from medical im-
ages, (ii) deriving segmental and joint kinematics from optical motion capture
data, and (iii) deforming anatomically-based [EElmodels based on segmental kine-
matics. Each section concludes with a short summary which emphasises the most
important aspects of the outlined techniques. The theoretical framework is later
applied to four different studies in the Chapters @l - [ aiming to explore the po-
tential use of anatomically-based modelling in clinical gait analysis and medical
research related to [CPl

3.1 Development of Anatomically-Based, Subject-Specific
Models of the Lower Limbs

The development of anatomically-based, subject-specific models of the lower
limbs comprises four steps: (i) the acquisition of medical images such as [MRI]
(ii) the digitisation of the structures of interest, (iii) the discretisation of the
geometry into a finite number of elements and (iv) the fitting of the initial mesh
to the subject-specific image data.

3.1.1 Magnetic Resonance Imaging (MRI)

[MRI is a medical imaging technique that enables the non-invasive acquisi-
tion of internal structures in vivo without exposing the subject to harmful
radiation. [MRIl provides good contrast between the different soft-tissues of

17
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the body, and consequently, allows for accurately assessing muscle and bone

geometries at the same time (IMp_mi)_ka._eLa.]_], |21)_Oj|) Previous studies have

used [MREI for the development of subject-specific models of the lower limbs

of adults and children (IA.mg_ld_eLa.lJ, |201)_d; |B_Lem.keL&_[leLd, |21).0j'i; |Edd.er_et_a.l],
|21).02i; Ea.m.uteLa.l], Izooﬁ).

The standard [MREI unit comes as a large cylinder-shaped tube with a moveable

examination table that slides into its centre, Fig. Bl The scanned subject
can either lie in prone or supine posture with the body part of interest in the
centre of the tube. Straps and cushions may be used to help maintain the correct
position during imaging. If large areas of the body are scanned, such as the lower
limbs, the table needs to be repositioned during the scan, resulting in multiple
image stacks. The stacks are assembled after the scan using the spatial position
information of each image with respect to the [MREIl scanner.

The scanner consists of three major components: a magnet, a radio fre-
quency transmission system and gradient coils. The magnet is the largest and
most expensive component of the scanner, and the remainder of the scanner is
built around it. The radio frequency transmission system is usually built into the
body of the scanner and consists of a synthesiser, power amplifier and transmit-
ter coils. A variety of coils, including transmitter and gradient coils, are availabe
to be fitted around smaller parts of the body such as the knee.

[MRI is based on the principle of nuclear magnetic resonance in particular of
hydrogen atoms (mﬁ, Iﬁé) In brief, nuclear magnetic fields align with an
externally applied magnetic field which creates a magnetic vector. Radio fre-
quency pulses are then used to deflect the magnetic vector. When the pulses are
switched off, the magnetic vector returns to its resting state thereby emitting
a radio frequency signal that can be detected by the gradient coils and used to
create a diagnostic image (IM, M) Different tissues relax at different rates
when the transmitted radio frequency pulse is switched off. Depending on the
medical context, different sequence parameters (TR, TE, flip angle, field of view
matrix) are chosen to optimise contrast and spatial resolution of the images.

Artefacts impair image quality, lead to a loss of diagnostic information and can
make it difficult to recognise the boundaries of internal structures. One of the
main causes of artefacts is physiological movement such as respiratory motion or
physical movement of subjects. Motion artefacts can be prevented by restricting
acquisition time or restricting the movement of the subject using cushions and
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Figure 3.1: MRI data acquisition using a Siemens MAGNETOM Avanto System at the Centre
for Advanced MRI, Faculty of Medical and Health Sciences, University of Auckland, New
Zealand.

straps. Prevention of motion artefacts, without using chemical sedation, requires
the active cooperation of the subject.

In general, [MRIl examination poses almost no health risks when appropriate
safety guidelines are followed. Medical implants such as pacemakers, insulin
pumps or metallic implants pose potential risks and safety aspects need to be
considered on an individual basis. Due to the construction of the scanner, peo-
ple with claustrophobia are sometimes unable to tolerate an [MRIl scan. Some
management strategies for claustrophobic subjects include closing eyes, listening
to music or chemical sedation. Each person has to fill in an MRI screening form
and sign a consent form prior a scan.

3.1.2 Data Digitisation

[MEI images are generally stored in the Digital Imaging and Communications in
Medicine ([DICOM)) standard. [DICOM] facilitates access to medical images by
ensuring interoperatability between all medical imaging devices and electronic
health record systems (IJQ_h_n_&_[j_[ﬂ, |21)_Oj|) [DICOM] files contain metadata such
as image size, image dimension and equipment settings. The numerical comput-
ing environment MATLAB (The MathWorks Inc.) is capable to handle DICOM
files and access the stored information. The Java-based image processing and
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analysis software ImageJEI can compress a series of DICOM images and supports
standard image processing functions for smoothing, edge detection and contrast
manipulation.

Multiple image stacks from [MRIl can be reconstructed and segmented within
the modelling software CMISS given the compressed images and their spatial
positions with respect to the scanner, Fig. B2 The reconstruction involves the
definition of a corresponding stack of 2D linear elements using the images
for texturing. Image segmentation refers to the process of defining discrete points
on the boundaries of anatomical structures and extracting their 3D coordinates
with respect to a given coordinate system. Image segmentation results in clouds
of data points which serve as basis for the development of subject-specific, pa-
rameterised (FE) models.

Image segmentation can either be done automatically or manually. Automatic
image segmentation is only feasible if high contrast is provided between the struc-
ture of interest and the surrounding tissue. The boundaries between individual
skeletal muscles are often difficult to identify because they are tightly packed
within the human body. At the time of the model development, no automatic
segmentation algorithm was available that enabled the robust and accurate seg-
mentation of lower limb muscles from MRI. The manual identification of individ-
ual muscles is generally supported by cross-sectional photographs from medical
textbooks, such as the Atlas of the Visible Human Male from the Visible Human

Project (Spitzer & WhitlocK, [1998H).

3.1.3 Finite Element Representation of the Geometry

The [EE]l method provides a tool to mathematically approximate the geometry of
a continuum by a finite number of elements (Zienkiewi , |21)_0d) The
discretisation of the continuum into finite elements is accomplished by specifying
the location of certain material points (nodes) in space and then connecting the
nodes to form elements. The variations in the spatial geometric coordinates are
described as functions of element local coordinates with the local coordinates
generally normalised to range from 0 to 1. The interpolation functions, also
known as basis or shape functions, consist of polynomials of different degrees,
depending on the desired accuracy of the approximation.

"http://rsbweb.nih.gov /ij/
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a) b) c)

Figure 3.2: [MRIl image segmentation within CMISS is done by a) creating a stack of cor-
responding 2D linear elements, and b) manually digitising the structures of interest; c) the
data clouds from image segmentation serve as basis for the development of subject-specific
[FE] models.

The geometries of biological tissue can be accurately captured using bicubic-
linear interpolation functions. In particular, the bicubic-linear interpolation
scheme has been adopted for the [ABIl library of bone and muscle models based
on the Visible Human data set (Bradley et all, [1997; [Fernandez et all, 2004;
Roehrle & Pullan, 2007). The cubic Hermite interpolation function has thereby
been used to smoothly approximate the curved surfaces of biological structures;
and the linear Lagrange interpolation function has been adopted in the trans-
mural direction in order to keep the mesh low without loosing accuracy of
the geometric representation.

Linear Lagrange Basis Function

Given the geometric position u; of local node ¢, the linear approximation of the
geometric coordinates u along the 1D element connecting two nodes (i = 1,2) is
defined as

u(é) = &1(HHuy + P(§Huy (3.1)

where ®; and ®, are known as the linear Lagrange interpolation functions of the
element coordinate £ € [0, 1] given by

Q) =1-¢ ., D) =¢ . (3.2)
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Linear or 1st order polynomials require one nodal parameter (DOH) to be defined,
which is generally the nodal value u;, thus preserving continuity of the geometric
coordinates (Cy continuity) across element boundaries.

Cubic Hermite Basis Function

Given the same 1D element, the cubic interpolation of the geometric coordinates
u is defined as

u(€) = V(E)u; + wi@?—'gh WYy + wé@?—'gb L (33

where U0, Wl U9 and Wl are known as the four cubic Hermite interpolation
functions of the element coordinate £ € [0, 1] given by

W) = 1-3¢+2¢8 () =& -1)7 (3.4)
) = £B-2) Ty(6) =€~ 1)

Subscript 1 and 2 refer to node numbers and superscripts 0 and 1 are the zeroth
and first derivatives, respectively.

In contrast to a linear interpolation, cubic or 3rd order polynomials also pre-
serve continuity of the first derivatives of the geometric coordinates with respect
to element local coordinates (C; continuity). C; continuity offers many advan-
tages in constructing FE geometries of biological tissue because it allows the
realistic representation of complex geometries with a minimum number of ele-

ments dEﬁ:nihxxJﬂ;iﬂJ,hiﬂlﬂy

However, preserving C; continuity does not ensure continuity of the derivatives

in the spatial domain. In particular, discontinuity will arise when two adjacent
elements are of unequal physical lengths. Hence, continuity is in practice pre-
served with respect to a physically more meaningful parameter such as arc-length
(Gi-continuity). The {-derivatives, Eq. B3, are then rewritten as

ou ou ds

8_£|n = %‘A(n,e) : d_§|e ) (35)

where A(n, e) is the global node number of node 7 in element e, and Z—z | is termed
an element scale factor which scales the arc-length derivative to the ¢-derivative.
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C; continuity is achieved by defining the scale factors to be the same for neigh-
bouring elements. In theory, the scale factor can have any value as long
as it is nodally based. However, average arc-length scaling across two ele-
ments is often chosen to achieve a uniform spacing of ¢ with respect to arc-

length (IB_tad.Le;LQLa.lJ, I]_El&ﬂ)

Interpolation in Higher Dimensions

The bicubic Hermite interpolation function for a 2D element is formed from the
tensor product of two 1D cubic Hermite basis functions, Eq. B3 The bicu-
bic Hermite interpolation of the geometric coordinates u within a 2D element
connecting four nodes (1,2, 3,4) is then given as

u(é,&) = V(&)Y (E)ur + W5(&)TY(&)u, (3.6)
+ WY& WY (E)us + WH(&) WD (Er)uy

v \v1<§1>\v?<£2>§§\1 UL H(E)
1

(fl)‘l’o(&) \3 + W5 (6) W5 (&)

Ju

Eg)
du
ag‘

+ \11(1)(51)‘1’%(52)8—&|1+‘1’g(§1) (52)8 |2

|2

+

6

- UETG) e b+ ) TE) o

82 0%*u
+ ‘I’i(fl)‘l’%(&)a&ag L+ U5(6) 0 (§2)3§ 06, E
0*u 0%*u

+ W) UN(&) mm— s + V() V(&) s

96108 96108,

The bicubic-linear interpolation function for a 3D element is formed from the
tensor product of two 1D cubic Hermite, Eq. B8, and one 1D linear interpolation
function, Eq. Bl A bicubic-linear element has four nodal [DOH in each spatial
direction that are the spatial position, the first-order derivatives in & and &
direction, and a cross derivative.
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3.1.4 Fitting Techniques

Two different fitting techniques are feasible within the modelling environment
CMISS for developing subject-specific, anatomically-based models of muscle and
bone structures based on data from [MRIL The methods are called Face Fitting
([EH) and HMH respectively, and are outlined in the following.

Face Fitting (FF)

The [EH technique entails the development of an initial [EE] mesh and the sub-
sequent fitting of the initial mesh to the subject-specific data from [MRIl The
design of the initial mesh, that is the nodal and the connectivity of ele-
ments, predetermines the success of the [EF] method. Hence, the development of
an initial mesh is a crucial step which requires time and expertise.

The [EH formulation is set up to find the optimum set of nodal [DOE of the
generic mesh so that the distances between the subject-specific data points and
their projection points onto the external faces of the mesh are minimised in a

least-squares sense, Fig. (IEem_a.nd_ez_eLa.]_J, IZODA) The [EH objective function

F of an element face with a vector of nodal mesh parameters u,, is of the form

Mu

u(&q) — z4)" (u(éa) — 2a)] + Gop (Un, i) (3.7)

d=1

where z, are the global coordinates of data point d, u(§,) are the coordinates of its
projection point expressed as functions of local face coordinates; and Gop(w,, ;)
is a 2D Sobolev smoothing constraint which imposes penalty parameters ; €
[0,1] to the arc-lengths (i = 1,2), the arc-curvatures (i = 3,4) and the face area

(i = 5).

The best fit is found by differentiating the [FF objective function, Eq. B, with
respect to each nodal face parameter u,, and setting the resulting expression to
7ero

8un =D DD [(Waléa)un — 2a) - V()] + aggDiu(:") —0 . (38

d=1 m=1 n=1
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Figure 3.3: Projection of data point z; onto an element face with the element coordinates
& € [0,1] and resulting closest point u(¢y) for the FF technique.

Equation is reformulated into a linear system of equations of the form
Apna, = B, (m = n) where

A = DD D Uy(&a) Ualla) (3.9)

NE

d=1 m=1 n=1
D M
8QQD(Un)
Bu = 32 Unléa) - 2at —5 =
d=1 m=1 n

The second term on the left-hand side of B,,, Eq. B9, which is the contribution
of the Sobolev smoothing term, is numerically evaluated over the face using a
scheme such as Gaussian quadrature. The face equations for all external faces of
the generic mesh are assembled to form the global set of equations. Assemblage
is carried out to satisfy continuity of the nodal parameters across faces.

In the case of cubic Hermite interpolation, the resulting expression is non-linear
in u,, because of the scale factors (arc lengths), which are non-linear functions
of nodal face parameters. Solving a large number of non-linear equations is
computationally expensive. It can be avoided by fixing the scale factors and
iteratively solving the resulting linear equations until the Root Mean Squared
(BMY) between the data and the projection points reaches a certain value,
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Fig. Thereby, scale factors are updated after each iteration, and the nodal
parameters are modified accordingly. The modification of the mesh geometry
results in a new optimum of the [EF] objective function for the next iteration.

The [EH technique enables the generation of highly accurate subject-specific mod-
els if a large number of data points over the entire volume are given and if the
data points are already closely aligned with the initial mesh. However, the ini-
tial projection of the data points onto the external faces is prone to errors if the
data points are not in line with the initial mesh, and scarce data may result in
physically unrealistic distortion of individual faces or whole regions of the mesh.

Host Mesh Fitting (HMF)

The [HMH technique is a free-form deformation method that was introduced
into the modelling software CMISS to customise an already existing, generic

[EE] mesh to a limited number of subject-specific data (IE&ma.n.d.ez_eLa.lJ, |20.0£1|)
The anatomically-based models based on the Visible Human data set, Fig. 22
have commonly served as generic meshes for the development of subject-specific
models. The concept behind any free-form deformation technique is the deforma-
tion of a complex mesh according to the fitting solution of a surrounding simple

mesh (IS_ed_eLhang_&_Ean_yI, h_%d) As the surrounding mesh generally constitutes

less nodal [DOH than the enclosed mesh, a limited number of subject-specific

points are sufficient for obtaining a realistic solution. In the [HME, the enclosed
[EE] mesh is termed slave mesh and the surrounding mesh is termed host mesh.

The [HME technique depends on the definition of so-called landmark and tar-
get points on the generic mesh and the subject-specific data respectively. The
objective function is then set up to minimise the distances between the
landmark and target points in a least-squares sense, Fig. Each pair of land-
mark and target point is preferably chosen as a unique feature of the biological
structure, such as the prominence of the greater trochanter on femur. Between
30 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 completely enclosed inside
the host mesh. The nodal parameters of the slave mesh and the positions of the
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landmark points can then be recorded as functions of local host mesh coordinates
u@) =y Vu(Ou, (3.10)

whereby u,, is a vector of N host mesh nodal parameters associated with the
interpolation functions ¥,. The [HME] objective function H is set to minimise
the distances between landmarks and targets in a least-square sense as

N

Hu,) =Y > [(Wah)u, — P (Val€)un — pY)] + Gan(wa) ,  (3.11)

d=1 n=1

where £, denotes the local coordinates of the landmarks with respect to the host
mesh and p; are the global coordinates of the targets. The second term in the
objective function Gsp(u,) is the 3D Sobolev smoothing constraint which imposes
preassigned penalty parameters ; € [0, 1] to the arc-lengths (i = 1,..,3), the
curvatures in element coordinate directions (i = 4, ..,6), the surfaces area terms
(i =17,..,9) and the volume (i = 10) of the host.

The deformed host mesh configuration is found by differentiating Equation BTT]
with respect to each host mesh nodal parameter u, and setting the expression
to zero

N

OH(u,) _ D2 D (Wal€mn — ) - Wi (€] + i) _ o (3.19)

du, d=1 m=1 n=1 du,

Equation BI2 is reformulated into a linear system of equations of the form
Apnty, = By, (m = n) where

D M N
d=1 m=1 n=1
D M
9 n
B = Y03 Wl v+ TR

1

i

1

3
Il

Since local coordinates do not change during deformation, the nodal coordinates
of the slave mesh in deformed state can readily be determined by substituting
the deformed host mesh nodal parameters back into Equation B0, Fig.
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Host Deformed host

Slave .o
°
.\ ‘ Deformed slave
| Target
—| Landmark
a) b)

Figure 3.4: a) The FE model of the femur (slave mesh) based on the Visible Human data
set embedded into a host mesh with landmark and target points defined on the slave mesh
and on the subject-specific data respectively. b) The deformed host mesh and deformed femur
according to the HMF solution.

Given the bicubic-linear interpolation scheme, not only nodal coordinates but
also nodal derivatives and nodal cross derivatives of the slave mesh have to be
updated. The calculation of the nodal derivatives is outlined in the Appendix

The success of the HMF technique largely depends on the design of the host
mesh and the location and distribution of the landmark and target points. A
high number of host mesh [DOF] will allow for capturing more details of the
subject-specific geometries, provided that a sufficient number of landmark and
target points are given. The development of the host mesh and the definition
of the landmark and target points largely depend on experience and can only
partly be based on objective criteria.

3.1.5 Summary

e [MRI is an attractive method for obtaining subject-specific image data of
bone and muscle structures without exposing the subject to harmful radi-
ation. The choice of sequence parameters predetermines the quality of the
images and should be done after consultation with experienced people in
the field. Long image acquisition times should be avoided as they increase
the risk of voluntary physical movement, leading to a loss in image clarity.
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e The image information from MRI, stored in the DICOM file format, can be
converted and reconstructed within the modelling software CMISS. Bone
and muscle structures can subsequently be digitised by manually defining
the structures’ boundaries. The resulting data clouds are used for the
development of anatomically-based, parameterised ([EE]) models.

e The bicubic-linear interpolation scheme allows for approximating the ge-
ometries of bones and muscles by a finite number of elements. Cubic Her-
mite basis functions not only preserve continuity of the geometric coor-
dinates across element boundaries but also of the first derivatives of the
geometric coordinates with respect to the local element coordinates. As
such, they allow for smoothly approximating a curved surface with a small
number of elements.

e The[FHand the technique provide two fitting methods for developing
subject-specific models based on the image data from The [EH tech-
nique depends on the development of an initial mesh and on a high number
of well-distributed data points from [MRIl In contrast, the [HME] technique
makes use of an already existing generic mesh, and requires significantly
fewer subject-specific data than the [EE] technique to lead in a reasonable
fit. However, the [HME method is not capable to capture all subject-specific
features in detail. Hence, the [EH technique results in a more accurate so-
lution than the [HMH technique, provided that a sufficient number of data
points are given and that they are already closely in line with the initial
mesh.
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Figure 3.5: Flowchart of a) Face Fitting (FF) and b) Host Mesh Fitting (HMF).
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3.2 Derivation of Segmental and Joint Kinematics During

Walking

Bone structures are assumed to be rigid objects and their movement during walk-
ing can be approximated using kinematic data from optical motion capture. The
following section details (i) the optical motion capture system, (ii) the defini-
tion of spatial and material coordinate systems, (iii) the derivation of segmental
kinematics, (iv) the calculation of joint kinematics, and (v) the error sources of
optical motion capture and optimisation strategies.

3.2.1 Optical Motion Capture System

Optical motion capture has found widespread use in 3D gait analysis, aiming the
derivation of segmental and joint kinematics based on the positions of so-called
markers which are attached to the skin. While a participant is walking, the
marker positions are recorded in 3D space using several optical cameras which
are distributed around the measurement field. The skeletal movement is then
approximated from the marker positions under the assumption that the markers
are rigidly attached to the underlying bones.

One of the main providers of optical motion capture systems is Vicon Motion
Systemﬂ. The Vicon MX motion analysis system consists of 8 - 12 infrared
cameras which are synchronised and linked to a a control unit and then to a PC,
Fig. The Vicon retro-reflective markers come in various sizes from 25 mm
spheres down to 3 mm hemispheres for capturing small objects. The markers can
either be placed directly on the skin or mounted on fixatures which are attached
to the body using, for instance, an elastic band, Fig. Bl Reflective markers
should be visible to at least two cameras throughout the gait trial to allow for
a reconstruction of the marker positions in 3D space. The cameras need to be
calibrated to the measurement field prior to data acquisition in order to allow
for an accurate reconstruction based on the optical information.

Different Vicon software packages are available for processing, analysing and
summarising the captured data. In particular, the package Vicon Workstation
is used to control the Vicon system, to calibrate the cameras, and to manage

http://www.vicon.com
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Figure 3.6: The Vicon MX motion analysis system at the Hugh Williamson Gait Laboratory,
Victoria, Australia, showing a) the measurement field, b) an infrared camera and c) retro-
reflective markers and different devices for attaching them.

and reconstruct the data. The package Vicon Bodybuilder allows for advanced
data editing, for the definition of body segments based on a given marker set,
and for exporting the marker trajectories in the ASCII file format for further
external data processing. The two main file types which are handled within
Vicon Software are .c3d files and .mkr files. The .c3d file is created during data
capture and contains all the raw data and information related to a gait trial.
The .mkr file specifies the labels to be used for a given marker set in Vicon
Workstation.

Surface Marker Configuration

Different marker sets have been deployed in 3D gait analysis depending on the
objective, the subjects and the external circumstances of a study. In theory, three
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markers are sufficient for deriving the position and orientation of a rigid object
in 3D space. However, skin markers are not rigidly connected to the underlying
bones but move with the skin. Hence, more than three markers may be used
on each segment to improve the approximation of the segment’s position and
orientation throughout walking.

The marker sets can roughly be divided into two groups: standard marker sets
and customised marker sets. Standard marker sets have been developed for
clinical purposes to facilitate motion capture in case of limited assessment time or
in the presence of clinical gait patterns which complicate marker placement. The
two main standard marker sets are the Helen Hayes marker set ,
@) and the Cleveland Clinic marker set (IS;ﬁh_eda.nd, IZOQﬂ) The Helen Hays
marker set was developed in the mid eighties at the Helen Hayes Hospital, New

York, USA, as part of the first clinical software for gait laboratories.

The Cleveland Clinic marker set was developed shortly after at the Cleveland
Clinic Foundation, Ohio, USA. The marker set consists of 15 skin markers on
anatomical landmarks of the lower limbs; and an additional 12 markers which are
grouped in triads on rigid plates and wrapped around shank and thigh, Fig. Bh-
c. Further markers, not shown in Figure B are placed on the shoulder, the
elbow, the wrist and the head. Less variability in the transversal plane kinematics
was observed for the Cleveland Clinic marker set when compared with the Helen

Hays marker set (IS.u.tb.Qd.ﬂ.nd, |2D.Qj)

With technological and methodological advancements and with increased aware-

ness of the limitations of optical motion capture, the Helen Hays and Cleveland
Clinical marker sets are nowadays redefined and new customised marker sets are
introduced into clinical settings, Fig. BZd-i. Customised marker sets, generally
consisting of a redundant number of markers, have been developed for research
purposes. Optimisation algorithms, later discussed in this section, have then
been adopted to determine segmental kinematics.

3.2.2 Spatial and Material Coordinate Systems

Different coordinate systems need to be defined in gait analysis to derive segmen-
tal and joint kinematics. The coordinate system which is fixed within the gait
laboratory is also termed the global, spatial or Eulerian coordinate system. The
infrared cameras are calibrated with respect to the spatial coordinate system, and
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Figure 3.7: a) - ¢) The standard Cleveland Clinic marker set, d) - f) a redefined marker set
developed and used at the Hugh Williamson Gait Laboratory, Victoria, Australia, g) - h)
a customised marker set used at the Tamaki Gait Laboratory, University of Auckland, New
Zealand, from frontal, lateral and posterior view.

34



3.2. DERIVATION OF SEGMENTAL AND JOINT KINEMATICS

hence, the marker positions from optical motion capture are given with respect
to the spatial frame. The spatial coordinate system is generally a right-handed,
orthogonal system with an arbitrary origin. It is common in gait analysis that the
x-axis coincides with the walking direction and the z-axis is pointing upwards.

In contrast, any coordinate system which is fixed to a body is termed material,
local or Lagrangian coordinate system. Material coordinate systems move with
the body and the position of any segmental point with respect to a material
frame remains unchanged during movement. In the case of a rigid body, an
initial orthogonal material coordinate system remains orthogonal.

Two material coordinate systems need to be defined in the scope of 3D gait
analysis in order to relate the marker positions to the underlying anatomical
axes of the bones (IQa.p_szzQ_at_a.]J, |20_05) an anatomical coordinate system and
a technical coordinate system. The anatomical coordinate system is defined with
respect to the anatomical axes of each bone structure and generally standardised

beyond the scope of gait analysis, while the technical coordinate system depends
on the adopted marker configuration.

Anatomical Coordinate System

Anatomical coordinate systems are defined with respect to the anatomical axes of
each bone structure according to the Standardisation and Terminology Commit-
tee of the International Society of Biomechanics ([SDJ) (@, M) The anatomi-
cal axes of bones are derived from the locations of so-called anatomical landmarks.
A detailed description and illustration of all anatomical landmarks in the lower

limbs are provided in bapmzzg_et_a.l] (IZO_Oj‘i) The anatomical landmarks which

were used in the scope of the present work for defining the anatomical coordi-

nate systems of bone structures in the lower limbs are given in Table Bl The
corresponding anatomical coordinate systems are illustrated in Figure

Most of the anatomical landmarks given in Table Bl are defined on bony
prominences which are palpable through the skin. However, some anatomical
landmarks, in particular joint centres, can not be externally assessed. Differ-
ent methods have been proposed to derive the positions of internal anatomical

landmarks from the external information (IB_QL]_QLa.]J, hﬂ%_d; |B_esj_eLet_a.]_], |21)_Oj;
Lu & O’Connot, [1999; [Schache et. al, |20.0d). The methods can roughly be di-

vided into two groups that are predictive and functional methods.
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Predictive methods relate the positions of externally palpable landmarks to in-
ternal landmarks based on anatomical measurements in a normal population. In
clinical gait analysis, the hip joint centre has commonly been derived using the

predictive equations described in Bell et al) (I]_%_d) who measured the size of 41
adult pelvi from frontal and lateral radiographs, and established an empirical
relationship between the externally palpable landmarks of the pelvis and the hip
joint centre. The average position of the hip joint centre amongst the 41 subjects
given in % of pelvis width was found to be 14 % medial, 22 % posterior and 30 %
distal of the anterior superior iliac spine.

However, concerns have been expressed in terms of the accuracy of predictive
equations for the hip joint centre, especially when applied to children, and func-
tional methods have been introduced into clinical gait analysis

|20.01| |SLa.gm.&Lal] IZ0.0_d Functional methods require participants to move the

lower limbs through a range of movements, and the hip joint centers are then

derived by fitting spheres to the data clouds (IB_esj.er_eLa.lJ, |20.02i; |S£hanh.LeI_aJJ,

Given subject-specific lower limb models based on [MRI, the position of internal

anatomical landmarks can accurately be derived and related to external land-

marks without the need of predictive or functional methods (IHa.Lr_i.ngm.n_eLa.l],
). Instead, the hip joint centre is determined by fitting a sphere to the

femoral head of the subject-specific model, Fig. B:8b. A review of methods and
techniques for deriving the hip joint centre is provided in |Eh_ug_et_a.]_] (IZO_O_d)

Technical Coordinate System

The technical coordinate system refers to the material coordinate system which
is arbitrarily defined from the positions of at least three retro-reflective 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 palpable
anatomical landmarks, the axes of the marker-based technical coordinate system
approximately coincide with the anatomical axes of the bones. However, anatom-
ical landmarks are not always the ideal choice for marker placements due to a
limited visibility during gait or due to increased movement of the skin with re-
spect to the underlying bones at these particular points (Iﬂa.ppnzzg_et_a.lj, |]_99j‘i)
Hence, markers are sometimes positioned arbitrarily with a non-repeatable geo-
metric relationship to the relevant bone, see for example the triads on the rigid
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Table 3.1: Anatomical landmarks for defining the anatomical coordinate systems of the pelvis,

femur, patella, tibia, fibula and foot (Cappozzo et all, 2007).

Pelvis

ASIS
PSIS

Femur € patella
HIC

ME

LE

KJC

Tibia & fibula
KJC

MM

LM

AJC

Foot
AJC
CA
SM

anterior superior iliac spine
posterior superior iliac spine

hip joint centre

medial femoral epicondyle
lateral femoral epicondyle
knee joint centre

knee joint centre
distal apex of the medial malleolus
distal apex of the lateral malleolus
ankle joint centre

ankle joint centre
upper ridge of the calcaneus posterior surface
dorsal aspect of the second metatarsal head
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Figure 3.8: The anatomical coordinate system for a) and b) femur, c¢) and d) tibia/fibula, e)
pelvis and f) foot.
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plates of the Cleveland Clinic marker set in Figure Bh-c.

In the case of arbitrary marker positioning, the relationship between the technical
and the anatomical coordinate system is established during a so-called static trial.
Thereby, additional markers are temporarily positioned on relevant anatomical
landmarks, and their local positions with respect to the technical coordinate
system is derived. The spatial positions of the additional markers during walking
are reconstructed via coordinate transformations between the technical and the
spatial coordinate system under the assumption that the local positions remain
constant during motion.

3.2.3 Segmental Kinematics

In 3D gait analysis, the human skeleton has commonly been modelled as
kinematic chain consisting of rigid segments which are inter-connected by

joints (IQa.p_pgzz@_eLa.]_J, IZOD;"; |Nj_gg_&_H_etmd, I]_Qﬂd) The objective of segmental

kinematics is the mathematical description of the motion of the kinematic chain

based on the skin marker coordinates. Kinematics is generally defined as the
study of motion and deformation of an object without reference to the forces

that cause the motion (IB_Q_U_QL&JM)QA, |]_9_&ﬂ)

Transformation matrices, which describe mappings of bone structures between

consecutive time frames, are the basis for the description of segmental kinematics,
Fig. The transformation matrix T with entries ¢; which transforms all
particles p; of a body from state A to state B is given as

D1i tin tiz tiz Tia P
D2i to1 tlog 133 toy D2i
= . 3.14
D3i t31 t32 133 t34 D3i ( )
1] Lo o o 1 N

In the case of a rigid body, which does not deform during motion, the transfor-
mation matrix T, Eq. B-T4l comprises a rotation followed by a translation. Such
a transformation is also called Euclidean transformation. An Euclidean trans-
formation matrix can be expressed in terms of a rotation matrix R with entries
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r;; and a translation vector t with entries ¢; in the following form

ri1 rie iz b

T | T2t T2 T2 b2 ' (3.15)
T31 T3y T3z l3

0 0 0 1

The Euclidean transformation matrix T, Eq. B I3, is generally non-singular and
can be inverted. It can be derived in various ways given the positions of at least
three points of the rigid body in state A and B.

The most common way in 3D gait analysis is to establish a relationship between
the axes of the anatomical coordinate systems in the two positions. Assuming
that the anatomical axes of the rigid body in state A and B are known as [f; f; f3]
and [f, f, f;] respectively, the rotation to align the two sets of axes with respect
to each other is specified by an orthogonal rotation matrix R derived from

Proof of Equation BI8 is provided in Banet. & Wood (I]_Q&Zl), recalling that the
dot product of two vectors equals the cosine of the angle between them. The
translation vector t, which translates the origin p of the anatomical coordinate
system [f; f, f3] to coincide with the origin p’ of [f; f, f;], is given as

t=p —-R-p . (3.17)

A Euclidean transformation not only describes a mapping of a rigid body between
two positions, but generally a coordinate transformation between two orthogonal
coordinate systems. Hence, it can also be used to transform the local coordinates
of anatomical landmarks into the spatial coordinate system or the anatomical
axes of one rigid segment, with respect to another.

3.2.4 Joint Kinematics

The Euclidean transformation matrix, Eq. BI3 provides a description of the
position of two rigid bodies with respect to each other, or generally, a description
of the relationship between two orthogonal coordinate systems. However, it does
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e, ESEREEEEE time

Figure 3.9: Segmental kinematics is described via Euclidean transformation matrices, T, which
are commonly derived from the axes of anatomical coordinate systems [f; f5 f5] in consecutive
time frames.

not specify the path of motion which led to a given configuration. The objective
of joint kinematics is the description of joint movement that is the motion of a
distal segment relative to a proximal segment.

Joint motion is generally constrained due to the architecture of the joining bones
and due to ligaments and muscle-tendon structures that cross the joint. The hip
joint is considered the only true ball-and-socket joint in the body, allowing the
femur to rotate within the acetabulum of the pelvis but not to translate m,

). The motion in the knee joint is controlled by five ligaments and is a
combination of sliding and rolling of the femur on the tibia. The flexion axis is
thereby not fixed but changes with the angle of flexion. The ankle joint has only

one significant type of motion and that is dorsi and plantar flexion.

The translational [DOE]in the knee joint are generally too small to be accurately

assessed by means of optical motion capture , |21)_Oj'i) Hence,
joint kinematics is mainly concerned with a clinical meaningful description of
the rotational [DOF] referring to the orientation of one rigid body with respect
to another. Many paths may be followed by a rigid body moving from one
position to another; thus different conventions have been proposed to describe it.
In clinical gait analysis, the Euler/Cardan convention and the convention based

on IGrood & Suntay (I]_E)_Sd) are most widely used (IB.Qb_e.r_ts.on_eLa.lJ, |20.0_4|) The

reader is referred to the literature for a description of other conventions such as
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the helical or screw axis (IS_mor & Ve]dna.usl, |]_9_8_d), the attitude vector M,

) or the quaternions \A_Ltma.nﬂ, IL%d)

Euler/Cardan Convention

According to Euler’s displacement theorem, a rigid body displacement can not
only be described as a rotation followed by a translation, but the rotation can
further be parametrised using three angles. The three angles represent three
planar rotations around three axedl.

Different Euler/Cardan conventions emerge depending on the axes about which
the rotations are carried out. The conventions which include a repetition of
rotations about one particular axis, for example a ’z-x-z’ order, are also referred
to as Eulerian conventions. The corresponding angles are called Euler angles.
In contrast, the Cardan type of successive rotations are generally characterised
by rotations about all three axis. In 3D gait analysis, the Cardan sequence
'x-y-z’ appears to be used the most (IBp_b_eLtsQn_et_a.]_], 201)_4), Fig. BI0 The
corresponding rotation matrix R is written as the matrix product of the three

planar rotations v, 6 and ¢ as given in Equation BT8

costy siny 0 cos) 0 —sinf 1 0 0
R=| —siny cosy 0 0 1 0 0 cos¢ sing | (3.18)
0 0 1 sinf 0 cosf 0 —sing coso¢

Remembering that matrix multiplication is non-commutative, it becomes clear
that a change of the sequence given the same angles will lead to a different joint
configuration. One must be careful in interpreting the Cardan angles v, # and ¢
in a clinical context as the second rotation around an intermediate axis is difficult
to visualise, and employing different sequences for different segments complicates

the analysis (Allard et_al, Il99i'i)

Grood and Suntay Convention

A sequence independent angle convention for the clinical description of joint

kinematics was proposed by IGmo.d_&_SlmlagzI (Il%ﬂ) Thereby, a so-called joint

3Weisstein, Eric W. "Euler’s Displacement Theorem.", MathWorld, Wolfram Web Resource
(http:mathworld.wolfram.comEulersDisplacement Theorem.html)
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Figure 3.10: The Cardan sequence 'x-y-z’ describes a rotation around the x-axis by an angle ¢,
followed by a rotation around the rotated y-axis denoted y’ by an angle # and a final rotation
around the new z-axis denoted z” by an angle 1.

coordinate system is defined with respect to the anatomical axes of neighbouring
segments. The joint coordinate system is composed of the medio-lateral axis of
the proximal segment, the longitudinal axis of the distal segment, and an inter-
mediate or floating axis which is defined normal to the latter two, Fig. BT1l The
joint coordinate system is generally not orthogonal except for special segmental
positions.

Given the axes of the proximal and distal anatomical coordinate system as
[fy fy f3] and [t; to t3] respectively, the clinical rotations flexion-extension,
abduction-adduction and internal-external rotation can be derived from the fol-
lowing angles

a =arcsin(—fl-f3) , [ =arcsin(fy -t3) , -~ =arcsin(ty-fl) (3.19)

whereby fl denotes the floating axis. Note that the clinical rotation angles are
slightly different from «, 3, and v depending on the joint and the body side. The
relationship between the angles «, 4 and « and the rotation matrix R, Eq. B10,
is provided in Grood & Suntay ).

The Grood and Suntay convention facilitates the derivation of clinically relevant
data and allows for a more standardised comparison of joint kinematics between
subjects. The Committee on Standardisation of has published a proposal
on kinematics standardisation in which the Grood and Suntay convention is

(Wi, 2007).

recommended
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Figure 3.11: The joint coordinate system [j1 j2 js] for the right knee according
to IGrood & Suntayl (1983) with the floating axis defined as jo» = t3 x fi; and the remain-

ing two axes as j; = f; and j3 = t3 respectively.

3.2.5 Error Sources and Optimisation Algorithms

Unfortunately, different error sources bias the results from 3D gait analysis.
A series of four papers has recently provided a broad review of the problems
associated with reconstructing and analysing segmental and joint kinematics

from optical motion capture data (I(“a.pnozzo et a.l], |20_05; Chiari et all, |20_0j‘i;
|Ile.lla.11r_o.ae_e.t_a.l], |20.0ﬂ; |I.&a.r.d.i.n.i.eLalJ, |20.05). The three main error sources,
discussed within the series, are instrumental errors, anatomical landmark dis-

placement and Soft Tissue Artefact(s) (ETA]).

Instrumental errors represent the uncertainty of the skin marker reconstruction
within the laboratory frame using a particular motion capture system; anatom-
ical landmark displacements emerge if skin markers are not accurately placed
onto externally palpable anatomical landmarks, and refer to the motion of
the skin with respect to the underlying bones. While instrumental errors and
anatomical landmark displacements are error sources which can be reduced by
proper calibration of the system (Iﬂhia.r_i_at_a.].], IZ0.0E) and careful experimental
design (IS_ta.gn_i_eLa.]_J, |21)_0d), the reduction of is more challenging.
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Studies quantifying ETAl through use of intracortical pins (Benoit et all |20_0_d
|Eu.LLeLeLa.].J h.ﬂ&ﬂ |B.emss;h.m.1d.t_et_al] h.Q&Yl external fixators (IQa.p.pnzza_eLalJ,

) or fluoroscopy-based tracking (ISLa.gm_et_a.]_J |20_05) have reported STA rang-

ing from a few millimetres for shank markers through to 40 mm for femoral epi-
condyle markers in the anterior-posterior direction during 120 degree knee flex-
ion. Generally, the artefacts were found to be greater on thigh than on shank,
whereby the magnitude of ETAl depend on the subject, the location of the skin

markers and the motion being performed (IQa.przzQ_&La.]J, Il%.d; IEIJJleJ‘_eLa.lJ,
11997; Stagni et all, 2003)
Several optimisation algorithms have been developed, aiming to compen-

sate for E!?ﬂdrjamhj et a||, h_g%j; |ér]1n et a]L h_%j; |Qha]]is], M;

, @) Some of them were recently compared and

their stabilities were analysed in case of highly ill-conditioned marker con-
figurations (IQar.m.a.n_&_M.ilb.Lmd, |21).0d; Cereatti ef. all : |21).0d). Cereatti et_all

showed that the stability of an optimisation algorithm proposed by

), which is based on singular value decomposition, was signifi-
cantly better when compared with other techniques such as the point cluster

method (I.A_ndﬂamhj_et_a.l], h_&()_é) The optimisation algorithm based on singular

value decomposition is outlined in the Appendix

3.2.6 Summary

e Optical motion capture systems, such as the Vicon MX motion analysis
system, allow for capturing and simultaneously reconstructing the positions
of skin markers during walking. The Cleveland Clinic marker set has been
most often used in clinical gait analysis, while customised marker sets with
a redundant number of markers have been deployed for research purposes.
The Vicon software enables the trajectories of skin markers to be exported
for further analysis.

e An anatomical coordinate system can be defined for each segment based
on three anatomical landmarks according to the Standardisation and Ter-
minology Committee of [SBl In contrast, a technical coordinate system
is arbitrarily defined for each segment from at least three non-collinear
markers. The positions of externally-palpable anatomical landmarks are
recorded with respect to the technical frame during a static trial, allowing
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their spatial position to be reconstructed during walking. The positions
of anatomical landmarks, which are not palpable through the skin such as
the joint centres, are commonly derived using predictive equations based
on anthropometric measurements.

The objective of segmental kinematics is the derivation of rigid bone motion
based on the skin marker positions from optical motion capture. Segmen-
tal kinematics is described by Euclidean transformation matrices which
comprise a rotation followed by a translation. Euclidean transformation
matrices can be thought of as mappings of body particles between two
orthogonal coordinate systems, and can also be used to reconstruct the
spatial coordinates of anatomical landmarks during gait.

Joint kinematics is mainly concerned with the description of the rotational
[DOH of joint motion because the translational components are generally
too small to be measured by means of optical motion capture. The an-

gle convention proposed by IGL0.0.d.&LSJ.mLa.;J (I]_%E‘) allows for a sequence-
independent description of the orientation of one segment with respect to
another in terms of the clinically meaningful angles flexion-extension, ab-
adduction and internal-external rotation.

The three main error sources in optical motion capture are instrumental
errors, anatomical landmark displacements and ETAl The reduction of
BTAl which refer to the non-rigid movements of skin markers with respect
to the underlying bones, is difficult. Optimisation algorithms have been
developed to minimise given a redundant number of markers. An
optimisation algorithm based on singular value decomposition proposed by
m ) was shown to result in a better approximation of segmental
kinematics when compared with other techniques.
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3.3 Finite Deformation of Anatomically-Based FE Models

The following section details techniques for deforming anatomically-based
[EE] models of skeletal muscles based on segmental kinematics from optical motion
capture by (i) introducing the term inverse kinematics, (ii) outlining geometric-
based and (iii) mechanics-based deformation techniques, and (iv) discussing the
issues of volume conservation and collision detection.

3.3.1 Inverse Kinematics

In real life, muscle contractions drive bone motion. Hence, it would be desirable
to derive segmental kinematics from the generated muscle forces, an approach
termed forward dynamics. Forward dynamic methods depend on the prior esti-
mation of how much force is generated by a single muscle at each instant in time
during a particular motor task. This prediction is difficult to make because it
requires the knowledge of either the neural excitation patterns or the generated
muscle forces themselves (m, @)

The accurate assessment of excitation patterns or muscle forces is challenging
given current measurement techniques, in particular for complex motion patterns
such as gait. Instead of solving a forward dynamics formulation, the deformation
of muscles is commonly derived from the bone position. Thereby, the term inverse
kinematics refers to the prior derivation of segmental and joint kinematics from
optical motion capture data described in Section B2 The term inverse dynamics
refers to the further derivation of muscle forces given the ground reaction forces
and an appropriate description of the material properties of muscle tissue. The
basic concepts behind inverse kinematics, inverse dynamics and forward dynamics
are schematically outlined in Figure BT2

The present work is primarily concerned with the prediction of muscle soft-tissue
deformation based on inverse kinematics. From inverse kinematics, certain points
of the muscles are given throughout gait. These points generally comprise the
attachment points as well as further points along the muscle paths which have a
given kinematic relationship to the bones. Examples of such additional points are
the via-points illustrated in Figure EZIl A modelling technique is then required
which allows the deformation of the muscles based on the limited number of
known material points.
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Figure 3.12: Muscle-tendon lengths is commonly derived from inverse kinematics which refers
to the calculation of joint angles based on the measured skin marker position (green box).
Inverse dynamics refers to the derivation of muscle forces based on kinematic and kinetic data
from 3D gait analysis, while forward dynamics refers to the calculation of joint angles based
on the measured muscle activation from electromyography.

Three techniques are outlined in the following for deriving soft-tissue muscle
deformations for anatomically-based [EE] models from inverse kinematics. Two
techniques are so-called geometric-based methods, which are purely based on
the kinematics of the given material points without paying attention to the
forces that have caused the deformation. The third technique is the so-called
mechanics-based approach, which refers to the derivation of muscle deformation
by solving the governing equations of finite elasticity on the muscle continuum
using the known points as boundary condition. A comparison between the three
approaches is given in Table at the end of this section.

3.3.2 Geometric-Based Deformation Techniques

For geometric-based deformation techniques, a [EE]l muscle model is regarded as
a geometric object without intrinsic material properties. Such a geometric ob-
ject can be deformed randomly in any direction, without taking into account
the relationship between forces acting on the body and the resulting motion.
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Geometric-based deformation techniques are purely based on the theory of kine-
matics, which is the study of motion and deformation without reference to the

cause \BQ.D.&L&_“ZO_OA, I].M)

A mapping of material points between two states can be described by a trans-

formation matrix as outlined in Section B2 Eq. BT4l In the case of a non-rigid
deformation, the transformation matrix comprises rotation, translation, scaling
and shearing. Such a transformation is also called affine transformation. The
twelve entries of the affine transformation matrix can be uniquely derived if four
points of the body are given in the undeformed and the deformed state. However,
the resulting transformation matrix does not ensure the accurate mapping of all
body particles between the two states. In fact, four different body points would
probably lead to a different result.

The challenge of finding an optimal transformation matrix for each body par-
ticle based on a limited number of known points can be approached in dif-
ferent ways. Two techniques are outlined in the following namely the direct
least-squares method and the HMF technique. Further geometric-based mod-
elling techniques have been developed in computer graphics research for de-
forming 3D muscle structures based on segmental kinematics (I]l)_ug_et_a.lj, |21)_Qﬂ;

|S£h.&&pﬂs_at_al], |]_9_&ﬂ) However, these techniques are generally not useful for

deforming anatomically-based [EE] models and are not further discussed in the

present work.

The Direct Least-Squares Method

The aim of the direct least-squares method is the calculation of an optimal trans-
formation matrix T for the entire body given four or more material points in the
deformed and undeformed state, Fig. The direct least-squares formulation
is set up to minimise the objective function D

D
D=) [(pg" —T-pi") (p" —T-pi")] (3.20)

d=1
with pu and pd (d > 4) being the material points in the undeformed and
deformed state (Mi ,|20_0d) The direct least-squares solution

is obtained by differentiating the objective function, Eq. B20, with respect to
each unknown entry of T and setting the expression to zero.

49



CHAPTER 3. THEORETICAL BACKGROUND

The nodal positions of the FE mesh in deformed state are found by applying
the resulting transformation matrix to all nodal coordinates in the undeformed
state, Eq. BI4 If higher order interpolation functions are used to represent the
geometry, not only the nodal values but also the nodal derivatives need to be
transformed. This is done by differentiating Equation with respect to each
host mesh local coordinate, and applying the resulting expression to the nodal
derivatives in undeformed state.

Using the direct least-squares approach, the same affine transformation matrix
is applied to all body particles. As such, the method is not capable to capture
local deformations along a single muscle structure. For instance, the direct-least
squares method could not capture an isolated deformation of the long head of
biceps femoris due to a movement of the pelvis with the short head remaining
undeformed.

Host-Mesh Fitting (HMF)

The [HME] technique has previously been described in Section Bl as a method for
customising a generic [FE] mesh to a limited number of subject-specific data from
[MRI The geometric free-form technique can be used to derive soft-tissue mus-
cle deformation during walking by embedding the complex anatomically-based
[EE] muscle model into a simple host mesh, and deforming the host mesh based
on the limited number of points on the muscle structures that are given from
segmental kinematics (IEem_a.nd_ez_eLa.]_J, IZOD;") The material points in consecu-
tive time frames are thereby used as landmark and target points for deforming
the host mesh, Fig.

Unlike the direct least-squares method, the objective function, Eq. BI1] is
not solved for the unknown entries of one transformation matrix but for the host
mesh nodal values themselves. As a result, each node of the host mesh undergoes
a different transformation which is then passed onto the slave mesh. Hence, local
deformations of muscle structures can be captured using the HMF technique if
the host mesh is designed wisely.

The host mesh nodal [DOF] determine the number of material points that are
required for obtaining a reasonable solution. For example, a trilinear one element
host mesh has 24 [DOF] requiring only 8 data points to result in a determined
system. In contrast, a bicubic-linear one element host mesh has already 96 [DOF]
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Figure 3.13: Three different approaches are feasible for deriving soft-tissue muscle deformation
from inverse kinematics: (i) The geometric-based Direct Least-Squares method aims to find the
optimal transformation matrix T based on the known material points p;, (ii) the geometric-
based HMF method uses the known material points p; and p¢ as landmark and target points
for deforming a simple host mesh; and (iii) the mechanics-based formulation aims to find the
displacement fields of all material particles given the displacements u; = p; — p; of only a few
points as boundary condition.
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requiring 32 data points to lead in a determined system. Depending on the
number, as well as the distribution of the landmark and target points, additional
constraints need to be imposed to avoid any undesirable distortion of the host
mesh. Constraints have been implemented into the formulation within
CMISS in the form of the Sobolev penalty function, Eq. B T1l

3.3.3 Mechanics-Based Deformation Techniques

In the case of mechanics-based deformations, a [FE] mesh is regarded as a con-
tinuum body, which is an assembly of particles with specific material properties.
A continuum body deforms as a response to stress, whereby the degree of the
deformation depends on the mechanical behaviour of the respective soft tissue.
Mechanics-based deformation techniques draw on the theory of continuum me-
chanics, which is the study of motion and deformation of a material that is
subjected to internal and external forces.

Muscle structures undergo large deformations during walking, resulting in non-
linear relationships between the stresses and the strains. The theory of continuum
mechanics in finite elasticity comprises three basic topics that are kinematics,
balance principles and constitutive theory. A brief introduction into each topic
is given in the following. The reader is referred to [Banet. & Wood for

more details on the theory of non-linear continuum mechanics and to

) for more details on the mathematical implementation within CMISS.

Kinematics of the Continuum

Large deformations in continuum mechanics are generally described via trans-
formations between the spatial and the material coordinate system. The most
fundamental kinematic quantity in finite elasticity is then derived as the gradient
of the transformation matrix with respect to the material coordinate system, also
known as the deformation gradient tensor. The deformation gradient tensor F
transforms a line element from a material description dX to a spatial description
dx as

dx =F-dX |, with (3.21)
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The deformation gradient tensor can be decomposed into an orthogonal rotation
tensor R and a right U or left v symmetric stretch tensor as F = RU = vR.
Stretch tensors are independent of any rigid body motion and only comprise

scaling and shearing.

Strains are introduced into the theory of finite elasticity based on a concept
to facilitate the analysis of the continuum under deformation. Strain quantities
relate to the change in lengths of line elements due to deformation. Strain tensors
are generally defined in terms of the stretch components of the deformation
gradient tensor. The right and left Cauchy-Green strain tensors, C and b, are
given as

C = FfFF=UU=C" | (3.22)
b = FFl =vv=0bl |

whereby both strain tensors are symmetric and can be decomposed into principle
stretches and principle directions according to the spectral theorem.

The deformation gradient tensor and, hence, the strain tensors can be expressed
as functions of displacement fields, which are measurable kinematic quantities.
Displacement vectors relate the positions of particles in the undeformed state to
their positions in deformed state. So-called boundary value problems in finite
elasticity aim to find the displacement fields of all material particles given the
displacements of only a few material particles as boundary condition, Fig.

Balance Principles

The governing equations of continuum mechanics are derived from four conser-
vation principles that are the principles of conservation of mass, conservation of
linear momentum, conservation of angular momentum and conservation of en-
ergy. The basis for the conservation of linear and angular momentum are the
Newton’s laws of motion which describe the relationship between forces acting
on a body and the motion or deformation of the body.
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Newton’s laws of motion can be written as functions of the Cauchy stress tensor,
leading in Cauchy’s first and second equation of motion. Stress, which is based
on a concept introduced by Cauchy into the theory of elasticity, relates the force
acting on an infinitesimal small area of the continuum body to the outward
normal of the same area.

For the static equilibrium, Cauchy’s first equation of motion is given as

/(div(a) +b)dv=0 |, (3.23)

v

whereby div(o) denotes the divergence of the Cauchy stress tensor o and b are the
body forces per unit volume. It can be shown from Cauchy’s second equation
of motion that the Cauchy stress tensor o is symmetric, allowing a spectral

decomposition into principle stresses and principle directions ,

The so-called virtual work equation is obtained from the weak form of the gov-
erning equation, Eq. B2Z3 as

dw = /(div(a) +b)-dudv=0 . (3.24)

Equation is a fundamental scalar equation in finite elasticity and states that
a continuum is only in equilibrium if the virtual work dw of all forces acting on
the body is zero in a virtual displacement du.

Constitutive Theory

The relationships between the stresses and the deformation are known as con-
stitutive equations. Constitutive equations describe the behaviour or intrinsic
physical properties of the continuum. Biological tissues are generally considered
to be hyperelastic. A material is termed elastic if the work done by the stresses
only depends on the initial state and the current state of the continuum but
not the path inbetween. A material is termed hyperelastic if a stored strain-
energy density function or elastic potential can additionally be established. The
strain-energy density function W describes the work done by the stresses from
the initial to the current configuration on an unit volume, and hence establishes
a relationship between the stresses and the strain.
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Table 3.2: Mooney-Rivlin material parameters for muscle tissue adopted in previous studies

Constant Value Constant  Value

c 0.01 MPal ¢, 0.01 MPaf
¢, muscle 0.03 MPal ¢, 0.01 MPat
¢, tendon 0.06 MPal ¢, 0.01 MPat

T Anatomically-based FE model of skeletal muscles (Meier & Blickhad, 000; Roehrle & Pullad, 007)
¥ Upper limb muscle model for application in computer graphics and simulation (m, m)

Skeletal muscle tissue has most commonly been modelled as an isotropic, in-
compressible Mooney-Rivlin material with sometimes additional terms for ac-
tive forces in fibre directions dhiej.eL&_BJmkh.aﬂ, |20_0.d; IB.Q.e.b.r_l.(L&_El.ﬂlaﬂ, |20.01|;
h:ena.n_et_a.]_], |21)_Oj'i) The response of isotropic materials to deformation is the
same in all directions, which simplifies the analysis to the principle stretches and

principle strains. The strain-energy density function ¥ of an isotropic Mooney-
Rivlin material is given as

U = Cl(ll - 3) + CQ(IQ - 3) s (325)

where c¢; o are the Mooney-Rivlin parameters and I, » are the first and second
invariant of the right Cauchy-Green strain tensor C.

The derivation of accurate constitutive parameters from experimental data is
crucial for obtaining accurate physiological results for mechanics-based formu-
lations. A list of the Mooney-Rivlin constants, previously adopted for skeletal
muscle tissue and passive deformation, is given in Table B2

Solution Procedure

Numerical methods are required to solve boundary-value problems in fi-
nite elasticity and the FE method provides the most convenient frame-

work (IN_a.s_h_&_HJ.m_md, IZOD_d) The [EH local coordinates, described in Section B1

are normalised element coordinates which deform with the body, and they gen-

erally provide the basis for the discretisation.

Two solution procedures are feasible to solve the boundary-value problem for
the displacements fields of the continuum using the [FE]l method. One can either
discretise the equilibrium equation, Eq. BZ3, using the Galerkin [EE]l method;
or one can discretise the virtual work equation, Eq. B24 by approximating the
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virtual displacement using a [EEldisplacement field. Both approaches result in the
same set of non-linear equations which can be solved using the Netwon-Raphson
iterative scheme.

The Newton-Raphson method depends on an initial guess of the final displace-
ment field which is typically chosen to be the undeformed geometry and the
prescribed displacement. The likelihood of convergence is increased if the initial
guess is already close to the final solution. In case of large deformations between
two time steps, commonly presenting during walking, the Newton-Raphson iter-
ative process is likely to divert to a point that cannot be recovered from.

3.3.4 Volume Conservation and Collision Detection

Muscle structures are generally considered to be incompressible bodies

which maintain their volume during deformation (IB_Le.mkﬁr_&_D_aLd, |20_0d;
|BQ_Qh.r_L(L&_Bqua.IJ, |201)_ﬂ; h:eta.n_et_a.].], IZOD;") Volume constraints are commonly

implemented into mechanics-based and geometric-based approaches based on

the requirement that the Jacobian of an incompressible body has to be one. The
Jacobian is defined as the determinant of the deformation gradient tensor F,

Eq. B2l and is a measure of volume change (IBQ.D.&L&_“ZQ_QA, I]_M)

Constitutive laws for incompressible hyperelastic materials in finite elas-

ticity have been implemented into CMISS via the Lagrange multiplier

method (Fernandez et all, 2003; Roehrle & Pullarl, 2007). Thereby, an addi-

tional term is aided to the strain-energy function, Eq. B23 leading to

U=c(, —3) +cr(ly—3) —w(J—1) | (3.26)

where the scalar k serves as a Lagrangian multiplier that can, under certain
circumstances, be associated with the hydrostatic pressure. k is introduced as
an additional [DOF that needs to be solved for.

A volume constraint has also been implemented into the HMF formulation within

CMISS which applies to the host mesh deformation (IEe.r_n_a.nd_ez_at_a.]_], |20_Oﬂ)

Thereby, the Jacobian at selected Gauss points of the host mesh is constrained

by penalising any deviation from the initial volume. This is done by modifying
the initial system of linear equations, Eq. BI3 as

[Apn + K(F)|u, = [B,, — R(F,)] . (3.27)
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The additions to the stiffness matrix and the residual, K and R, are both de-
pendent on a forcing function F;,

Fv(gla §27€3) = kj(‘]c - JZ) ) (328)

which weights any deviation from the initial volume, with k; € [0, 1] being the
penalty stiffness, and .J. and J; the initial and current Jacobian values respec-
tively. However, the volume constraint of the host mesh does not ensure volume
conservation of the enclosed slave mesh, in particular if the host mesh is not in
close alignment with the embedded muscle structure. Hence, muscle incompress-
ibility can only be approximated using the [HME technique.

Apart from volume constraints, collision detection is an important aspect of any
modelling technique which aims to accurately capture the muscle deformations
during walking. Muscle-muscle collisions occur in areas where neighboring mus-
cles are in contact and moving in opposite directions. They can be detected by
checking the intersections of one muscle model against the surface area of the
neighboring model.

Collision detection algorithms are generally mathematically complex and lead to

a significant increase in computation time (IEe.ma.nd_ezI, IZODA) Improved search
techniques have been developed for speeding up the initial detection of overlap-

ping regions between muscles (I]lmg_et_a.]_], IZOQﬂ) However, the adjustment of
the models in response to collision remains complex because the volume has to
be conserved for every small mesh deformation, leading to potential new colli-
sions in different regions of the mesh. The process of collision detection, mesh
adjustment and volume conservation needs to be repeated in each time frame
until there is no detectable interaction between muscle models.

Using the geometric-based HMFE technique, muscle-muscle collision can be
avoided by embedding several muscles meshes into the same host mesh. As

an analogy for any free-form deformation technique, IS.mie.r_b_eJ;g_&_Ean:;zI (Il%.d)

talks about the deformation of clear, flexible plastic in which several objects are

embedded and deform along with the plastic that sourrounds them. Hence, the
[HNE technique enables the deformation of neighbouring muscle structures with-
out the need for complex contact constraints because the positions of muscles
with respect to each other are maintained as long as their deformation is derived
from the same host mesh, Fig. BT4
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sartorius

adductor magnus
host mesh

rectus femoris
semimembranosus

vastus medialis

Figure 3.14: The [HMF] technique enables several muscle structures to be embedded into the
same host mesh, thereby ensuring that their positions with respect to each other are maintained
during deformation.

Table 3.3: Comparison between geometric-based deformation techniques, that are the direct
least-squares method and the HMF technique, and mechanics-based techniques which are based
on the theory of continuum mechanics in finite elasticity.

least-squares HMF finite elasticity
Segmental constraints  boundary boundary boundary
Physical laws - - force balance
Constitutive laws - - hyperelastic
Volume conservation - host muscle
Collision detection non-linear avoided non-linear
Solved for overall mesh DOF (host) DOF (muscle)

T, Eq. u, Eq. B11 o(u), Eq.
System of equations linear linear non-linear

58



3.3. FINITE DEFORMATION OF ANATOMICALLY-BASED MODELS

3.3.5 Summary

e Muscle soft-tissue deformations during walking are generally derived based
on inverse kinematics. Given the segmental and joint kinematics from op-
tical motion capture, certain points of the muscles, such as the attachment
points, are known and are used as boundary condition to derive the muscle
deformation. The modelling techniques for deforming [FE] muscle models
based on the kinematic constraints can be put into two categories that are
geometric-based or mechanics-based techniques.

e Geometric-based deformation methods, such as the least-squares method
or the technique, are not based on the physics laws of motion but
the deformation is purely derived based on the kinematic constraints. The
number and distribution of the known points predetermine the success of
the direct least-squares method and the [HME technique. The direct least-
squares method aims to find one optimal transformation matrix which is
then applied to the entire body. In contrast, the technique is capable
of capturing spatial variations in the muscle deformation, depending on the
host mesh design and the distribution of the known material points.

e Mechanics-based deformation techniques comply with the theory of con-
tinuum mechanics for finite elasticity. The governing equation of finite
elasticity is derived from the conservation of linear momentum. The rela-
tionship between the forces and the deformation depends on the material
properties and is described in the constitutive equations. Muscle tissue has
often been modelled as incompressible, isotropic Mooney-Rivlin material.
The experimental assessment of Mooney-Rivlin parameters for muscle tis-
sue is crucial for obtaining valid solutions of mechanics-based formulations.

e Non-linearity in mechanics-based formulations derive from the non-linear
material properties or from the complex geometry of the deforming body.
The Newton-Raphson iterative scheme can be used to solve the non-linear
system of equations. However, convergence of the Newton-Raphson itera-
tive process may not be reached in the case of large displacements of the
material between consecutive time steps. The computational complexity
has restricted the application of mechanics-based techniques to only a few

muscles for simple motor tasks (IB_Lem.keL&_DeLd, |201)j'i; |Bp_eh.LI.L&_E1ﬂlaﬂ,
|20.01|; |Iata.n_e.t_aﬂ, |20.0ﬂ).
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e Volume conservation and collision detection are two important aspects of
deformation techniques for musculoskeletal models that need to be ad-
dressed. The constitutive equations for finite elasticity and the [HME] ob-
jective function have been extended within CMISS to account for incom-

pressibility of muscle tissue (IEe.ma.nd_ezI, |21)_0_4|) Muscle-muscle collision
detection is generally mathematically complex, and significantly increases

the computation time for deforming extensive musculoskeletal models such
as the lower limbs during walking. The [HMH technique enables the defor-
mation of several muscles without the need for complex contact mechanics
formulations by embedding several muscle structures into the same host
mesh.
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Study I: Muscle Volumes and Lengths in
Children With Cerebral Palsy

The following chapter outlines the first study, which was conducted in order
to develop a library of anatomically-based, subject-specific lower limb models
of children with and without and investigate the differences in muscle vol-
umes and muscle lengths between the two groups. The study has been sum-
marised in a journal article and submitted to the journal Clinical Biomechan-

S (IQb.e.r_h.O.ﬂeJ‘_&Lal], |20_0.9_c|) The chapter is divided into (i) Introduction, (ii)

Subjects and Methods, (iii) Results and (iv) Discussion.

4.1 Introduction

Anatomically-based, subject-specific models of muscle structures allow for the
derivation of muscle volumes and muscle lengths. Muscle volume and mus-
cle length are two important parameters for improving management strategies
in children with as they provide more insight into the structural alter-
ations that occur secondary to the neurological disorder. Muscle volume is lin-

early related to the maximal force generating capabilities (IELLhma.ga._eLa.]_] |21)_0_1|
II.A.&b.&L&_Er_Id.e.d |20_0.d and may further help in better defining the dosing stan-

dards for Botulinum Toxin A injections (IB.a.n.d.h.o.Lm_aLa.lJ, |20_01|) However, no

study has yet reported on volumes and lengths in the muscles of the shank and
the thigh in children with compared to typically developing children because
of the limitations in measuring lower limb muscles in vivo.

Ultrasound-based imaging techniques allow the estimation of muscle architec-
ture in vivo. However, ultrasound measurements are largely restricted to su-
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CHAPTER 4. STUDY I: MUSCLE VOLUMES AND LENGTHS IN CHILDREN WITH CP

perficial muscles in the calf (IB.a.n.d.h.oJm_&La.].], IZ0.0j), and have mainly been
adopted to investigate the morphological alterations of gastrocnemius in chil-
dren with [CP1 (Fry et all, 2007 Malaiya et all, R007; Mohagheghi et all, Roog:
,IZOQﬂ) Generally, a reduced volume and a shorter length of gas-
trocnemius have been reported in the affected limbs of children with hemiplegic
compared to the non-affected limbs (IM.a.la.i;La._&La.].], 2007; Mohagheghi et a.]],
M) and compared to age-matched control children (IEQLeLa.]_J, IZOD_ﬂ) Inter-
estingly, Mala.].;za._at_aﬂ (|20_01|) found a significant relationship between the nor-

malised volume and the normalised length of gastrocnemius in children with
but not in the control group.

In contrast to ultrasound measurements, [MRI provides an attractive imaging
technique that enables the accurate acquisition of all lower limb muscles without

exposing the subject to harmful radiation (IE]d_e.r_at_a.]_], |20_02i; |E|_1_k1m_a,ga._et_a.lj,
I]_Qﬂd, |201)_]]; |La.m.p_LeLa.]J, IZOD_d) [Elder et all (|21)_Oji) assessed muscle volume in

the shank of five children with and a group of children without neurological

impairment using [MRIl Muscle volume was calculated as the sum of the anatom-
ical cross-sectional areas plus the area between the slices. Muscle volumes in the
affected legs of children with were found to be reduced between 25 to 30 %.

ILam.p.LeLa.lJ (IZ0.0_d) measured muscle volume of 13 lower limb muscles in 16

young adults with hemiplegic by interpolating the distances between 2D-

spline contour lines. All lower limb muscles in the affected limbs of the subjects
with were found to be smaller than in the unaffected limb. The atrophy was
more significant in the muscles of the shank with a reduction up to 28 % compared
to the thigh with a reduction up to 16 %. The results were not compared to a
group of typically developing adults, and no study has confirmed these findings
in children with [CPl

41.1 Aim

The aim of the present study was to use [MRIl and anatomically-based, subject-
specific modelling techniques to compare the lengths and volumes of six lower-
limb muscles between children with and typically developing children. It
was hypothesised that the overall muscle volume in the affected leg of children
with is significantly smaller compared to the age-matched control group,
with the volume reduction being more dominant in the shank than the thigh.
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Muscle lengths of the calf muscles in children with were expected to be
shorter compared to children without [CPl whereby the shorter muscle lengths in
children with were expected to be related to the smaller muscle volumes.

4.2 Subjects and Method

4.2.1 Subjects

Four children with spastic diplegic [CPl two children with spastic hemiplegic
and five age-matched children without neurological disorder were recruited.
Children with were recruited by a clinical nurse at the Wilson Centre and the
Starship Children’s Hospital, Auckland, New Zealand. Children for the control
group were recruited through advertisements within the [ABIl and the Medical
School at the University of Auckland.

The children with were all diagnosed with calf tightness in the af-
fected leg. Spasticity was measured according to the modified Ashworth
Scale (IBQ_h_a.n_nQ_u_&_S_mj_tﬂ, I]_%j), and ranged between Ashworth grade 1 and
2. All children, except one child with spastic hemiplegia CP, also had spasticity
in the hamstrings and rectus femoris (Ashworth grades 1 - 2). Their functional

motor abilities, classified by a physiotherapist according to the Gross Motor Func-
tion Classification ([GMEC) system, ranged between I and II, i.e. able to walk
without ambulatory aides (IBQs_en_b_a.u_m_eLa.]_J, |21)_ij) None of the children had

previous orthopaedic surgery to the lower limbs and had not received Botulinum

Toxin A injection in the six months prior to data acquisition. The characteristics
of the participants are given in Table BTl and Table

4.2.2 Data Acquisition

[MREIl scans of the lower limbs of all subjects were acquired on a Siemens 1.5T
MAGNETOM Avanto System at the Centre of Advanced [MRIl University of
Auckland. After consultation with a clinical radiographer, the scan parameters
were set to: TR-3690 ms, TE-67 ms, slice thickness 4 mm, base resolution 320,
and gap between slices 10 mm. The chosen values of 4 mm for slice thickness and
10 mm gap between slices resulted in the minimum number of images possible
to ensure sufficient data for developing accurate muscle models of each subject.
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Table 4.1: Subject characteristics of the children without CP.
gender  age weight height CP GMFC

vl kgl  [cm]

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: Subject, characteristics of the children with CP.
gender  age weight height CP GMFC

[v]  [kg]  [em]
004 g 94 28 129  hem LI
007 g 123 36 146 dip 11
08 g 8.8 21 118 dip 11
009 m 89 29 135 dip I
010 m 79 27 131 dip 1
011 m 102 31 132 hem I
Avg - 96 29 132 _ _
Std _ 15 4.9 9.1 _ ;

[MRI slices were taken from the upper rim of the pelvis to the tip of the toes
with the subject lying in supine posture with the ankle, knee and hip in neutral
relaxed position. A total of three stacks had to be taken to scan the entire
lower limbs. The scan time for one stack was approximately three minutes. The
overall scan time, including an initial test trial to set up the scan parameters,
was approximately 15 minutes.

Anatomical coordinate systems were derived from the MRI data as described in
Section B2 allowing the calculation of joint angles and segmental lengths. Joint
angles were calculated according to IG_de_&_SJ.mLa.yI (I]_%j), thigh and shank
lengths were defined as the distances between hip and knee joint centers and

knee and ankle joint centers respectively, Table
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Table 4.3: Segmental lengths and joint flexion angles during the MRI scan computed according

tolGrood & Suntayl (1983). The values are given for the left legs of the control group (n=>5), the
children with spastic diplegia CP (n=4) and the children with spastic hemiplegia CP (n=2).

Parameter Unit control CP di CP hemi
Thigh length T [cm] 34 (3.0) 32 (2.3) 30 (0.6)
Shank length [cm] 35 (2.9) 33 (2.8) 31 (1.7)
Hip flexion [°] 15 (4.9) 11 (7.2) 18 (2.4)
Knee flexion [°] 8 (3.7) 7 (14.1) 2 (3.1)
Ankle plantarflexion °] 26 (5.5 22 (3.3) 26 (2.5)

t Significant difference between the children with and without CP (unpaired Student’s t-Test, p<0.05).

4.2.3 Data Processing

The development of subject-specific, anatomically-based models based on
[MREIl data has previously been described in Section Bl and is only briefly ad-
dressed in this chapter. The soft tissue contrast of the images allowed for identifi-
cation and manual digitisation of the muscle boundaries of soleus, gastrocnemius
medialis and lateralis, semimembranosus, semitendinosus, rectus femoris, vastus
lateralis, vastus medialis, vastus intermedius and the long head of biceps femoris,
Fig. 1l Semimembranosus and semitendinosus as well as the vasti group were
represented as one muscle. Note that only the muscle bellies were captured in
the present study and the tendon parts were excluded from the analysis.

The [EH technique was adopted to develop subject-specific, anatomically-based
models of each muscle structure. A new [EE]l mesh was developed for each struc-
ture, and twice fitted to the subject-specific data from [MRIL The geometric
coordinates of all [FE] meshes were interpolated using bicubic-linear interpolation
functions. The Sobolev penalty parameters, Eq. B were set to 0.01 in the first
fit and 0.001 in the second fit respectively. The accuracies in the representation
of the muscle geometries were assessed by computing the error between the
digitised data points and their projection points onto the external faces of the
final mesh. The final subject-specific models of one representative child of each
group are shown in Figure (supplementary movie, Appendix [E.T]).

The volume V of each subject-specific muscle model was numerically evaluated
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Figure 4.1: MRI slices of a) the thigh and b) the shank in a typically developing child (subject
005, Table El), and b) the thigh and c¢) the shank in a child with hemiplegic CP (subject 004,
Table EE2). The muscles are coloured as follows: rectus femoris in gold, vasti in silver, biceps
femoris in red, semimembranosus in blue, soleus in green and gastrocnemius in white.
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using Gaussian quadrature
11 g1 N,
V:/ / / JgD(&,SQ,Ss)d&dgzdgg:ngng(gf,gg,gg), (4.1)
o Jo Jo g

where w, is the weight associated with Gauss point ¢ and Jsp(&7,65,£&5) the
corresponding Jacobian respectively. N, is the total number of Gauss points.
Muscle volumes were normalised with respect to body mass.

Muscle length was defined as the average arc length between the most distal and
most proximal end of the muscle model, which could be derived from the known
nodal parameters of the [FE]l mesh. Muscle lengths were normalised with respect
to segmental lengths. Segmental length was defined as the distance between the
ankle and the knee joint centre for the calf muscles and the distance between the
knee and the hip joint centre for the thigh muscles. The joint centres were derived
from the images with the knee joint centre defined as the mid point between
the femoral epicondyles, and the ankle joint centre as the midpoint between the
lateral and medial malleolus respectively.

4.2.4 Data Analysis

All parameters were tested for a normal distribution prior to data comparison
using the Kolmogorov and Smirnov method. Differences between the left and
right leg in each child were examined using paired Student’s t-test for muscle
lengths (normally distributed) and Wilcoxon matched-pairs, signed-ranks test
for muscle volumes (not normally distributed).

The normalised data from the left leg of the children with diplegia were
combined with the data from the affected leg of the children with left hemiplegia
to allow for statistical analyses of the differences between the group
and the left legs of the control group. The relationships between (i) muscle
volumes and body mass, (ii) muscle lengths and segmental lengths, and (iii)
normalised muscle volumes and normalised muscle lengths were determined for
the two groups by computing the coefficient of determination (R?) from linear
regression analysis. The differences in muscle volumes and muscle lengths in the
left legs of the two groups were compared using unpaired Student’s t-test.

Statistical analysis was done using the statistical software GraphPad IntStat.
The level of significance was set at p < 0.05 for all statistical test.
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Figure 4.2: Subject-specific anatomically-based model from anterior and posterior view of a) a
typically developing child (subject 005, Table EIl) and b) a child with hemiplegic CP (subject
004, Table EE2). The muscles are coloured as follows: rectus femoris in gold, vasti in silver,
biceps femoris in red, semimembranosus in blue, soleus in green and gastrocnemius also in red
(supplementary movie, Appendix [E]]). Note that only the muscle bellies were captured in the
present study and the tendon parts were excluded from the analysis.
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4.3 Results

The two groups did not significantly differ in age, weight and height. However,
the children with had significantly shorter shank lengths (p = 0.001) and
thigh lengths (p = 0.02) than the children without No statistically signifi-
cant differences were found in the hip, knee and ankle flexion angles which were
adopted during MRI data acquisition, Table 3. An average number of 686 data
points per muscle structure were digitised based on the image data. A total of
120 subject-specific muscle structures were developed with an average error
of 0.7 £ 0.24 mm.

4.3.1 Regression Analysis

A significant relationship was found between body mass and the volumes of gas-
trocnemius, biceps, vasti, semimembranosus and semitendinosus in both groups,
and soleus in the children without There was a trend towards a linear re-
lationship between soleus volumes and body mass in the children with with
R? = 0.440 (p = 0.073), and between rectus volumes and body mass in both
groups with R? = 0.453 (p = 0.068) in the children with CP and R? = 0.559
(p = 0.053) in the typically developing children.

A significant relationship was found between segmental lengths and the lengths
of rectus, vasti, semimembranosus and semitendinosus. The relationship between
biceps lengths and thigh lengths was not statistically significant in both groups
with R? = 0.042 (p = 0.626) in the children with and R? = 0.533 (p =
0.062) in the typically developing children. No significant relationship was found
between soleus lengths and shank lengths in the children with (R* = 0.375,
p = 0.106) and between gastrocnemius lengths and shank lengths in the typically
developing children (R? = 0.443, p = 0.103), Fig. EE3

No significant relationship was found between normalised muscle volumes and
normalised muscle lengths for all muscles in both groups, Fig. B3
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Figure 4.3: Results from linear regression analysis for soleus and gastrocnemius including
coefficient of determination R? between muscle lengths and segmental lengths (top), muscle
volume and body mass (middle), and normalised muscle volume and normalised muscle length

(bottom).

T A linear relationship was found between the two variables (p < 0.05).

70



4.4. DISCUSSION

Table 4.4: Mean normalised muscle volume and normalised muscle length (SD) in the left legs
of the control group (n=>5) and the children with CP (n=6).

3
muscle volume [43

muscle length [%]

control CP p-value control ~ CP p-value
soleus 5 (0.84) 5 (1.56) 0.270 71 (5.1) 66 (4.7) 0.157
gastro 4 (1.01) (1.26) 0.099 58 (5.8) 49 (3.9) 0.018
biceps 3 (0.44) 6 (0.41) 0.028 58 (4.6) 54 (3.7) 0.285
semi 1 (0.91) 9 (0.88) 0.051 82 (3.3) 76 (7.2) 0.008
rectus 6 (0.69) 6 (0.63) 0.032 T 76 (1.3) 68 (3.1) < 0.001f
vasti 20.3 (2.80) 15.9 (3.20) 0.043 T 90 (4.8) 82 (3.0) 0.004 T

T The difference between the two groups is statistically significant (unpaired Student’s t-test, p < 0.05).

4.3.2 Muscle Volumes and Muscle Lengths

The mean normalised volumes and lengths of all muscles in the children with
diplegialCPland hemiplegialCP] were smaller compared to the typically developing
children, Fig. EE4l. Overall, the lower limb muscles in the children with hemiplegia
showed a trend towards being smaller but longer when compared to the
children with diplegia [CPl except rectus femoris which was smaller and shorter.

The mean normalised muscle volume in the left legs of all children with was
77 (18) % of the mean volume in the typically developing children, which was
statistically significant (p = 0.049). The mean volume of the calf muscles in
the children with was 78 (27) %, the volume of the hamstrings 74 (17) %
and the volume of the quadriceps 78 (16) % of the corresponding mean volumes
in the typically developing children. Only the differences in the volumes of the
hamstrings and the quadriceps were statistically significant (p = 0.036, p =
0.038). Neither gastrocnemius nor soleus were found to be significantly smaller
in the children with CP when compared to the typically developing children,
Table EE4

4.4 Discussion

Subject-specific, anatomically-based models of muscle structures were shown to
provide useful insights into the structural alterations of spastic muscles in chil-
dren with Bicubic-linear [FE]l models were fitted to the [MRI data using the
[ technique, resulting in an average fitting error of less than 1 mm for 120
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Figure 4.4: Mean normalised muscle volumes and lengths (SD) in the left legs of the control
group (n=6), the children with diplegia CP (n=4) and the children with hemiplegia CP (n=2).

72



4.4. DISCUSSION

muscle structures. The hypothesis that the lower limb muscles in children with
are generally smaller when compared to typically developing children was
corroborated. We found an overall muscle volume reduction of 22 % in the calf
muscles, 26 % in the hamstrings and 22 % in the quadriceps respectively. Only
the differences in the hamstrings and the quadriceps were statistically significant
(p = 0.036, p = 0.038). Normalised muscle lengths in the children with were
significantly shorter (p < 0.05), except for soleus and biceps femoris.

Our findings extend the results OfILam.p_LeLa.lJ (IZO_O_d) and show that the thigh
and shank muscles are not only smaller in the affected legs of young adults with

spastic hemiplegic but also in children with compared to typically devel-
oping children. The small differences in the lengths and volumes of soleus between
the two groups may have been due to the high functional level of the children
with (GMFCS T - 1II), i.e. able to walk independently without ambulatory
aids. In normal gait, a large proportion meﬁenerated by the plantarflex-

ors during terminal stance and push off ). Interestingly, the muscles
in the paretic legs of the children with hemiplegia [CPl showed overall a trend to
be smaller but longer than in the children with diplegia CP, Fig. E4l The smaller

volume might be explained by a compensation mechanism of the non-paretic leg

to account for the reduced functional level of the paretic leg (IMa.la.j,;La._eLa.]_], |21)_01|;
Mohagheghi etall, 2007).

Most of the muscles were found to be significantly shorter in the children with

CP when normalised to segmental lengths. The normalisation of muscle lengths
to segmental lengths has been assumed to minimise the non-clinical variation of
these parameters (IEL;L&La.lJ, |20_01|; Ma.lai;aa._et_a.lj, IZ0.0j; |S.h9.r_tJ.aﬁnd_&Lal], |20.0j),

though, no significant relationship was found for soleus and biceps femoris. The

small number of subjects in each group could explain some of these results.
However, it may also be possible that the relationship between segmental lengths
and muscle lengths in the children with CP is altered due to abnormal muscle
functioning. This assumption would be supported by the significantly smaller
shank and thigh lengths found in the children with CP compared to the typically
developing children even though there was no difference in overall height between
the two groups.

The small fitting error between the image data and the subject-specific models
supports previous studies and highlights the value of and high-order finite
element models in capturing the architecture of skeletal muscles in the lower
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limbs (IB_ta.dle;LeLa.]J, 11997; [Fernandez ef. all, |20.0_4). However, taking [MREIl of

the entire lower limbs in children with poses several challenges. A long

acquisition time increases the risk of voluntary physical movement, leading to
a loss in image clarity, while a short acquisition time requires the number of
images to be reduced, leading to a loss of information because of the wider gap
between slices. The scan parameters in the present study were chosen to ensure
sufficient data for developing subject-specific anatomically-based models using
the [EH technique. However, the accuracy in the anatomical representation of
the muscle structures is limited both by the gap size and by motion artefacts
which could not entirely be avoided.

The mechanical performances of skeletal muscles are largely determined by the
material properties of muscle tissue and the architectural design of the muscle-

tendon unit (IEu.k.Lma.ga._aLa.]J, |20_0JJ; |I.d.e_b.e.r_&_Er_i.d.ed, |20.0.d; mgsz_ei_aﬂ,

). Our results suggest that the volumes and lengths of lower limb mus-

cles in children with are significantly altered compared to typically develop-
ing children. The generally shorter muscle lengths suggest that the tendons
in children with are longer, resulting in an overall stiffer muscle-tendon

unit (IN_igg_&_H_etzQé, |]_9_9d) Recent studies suggest that the mechanical prop-

erties of muscles in children with are also altered at the cellular level; the

stiffness of individual muscle cells from the upper limb in children with CP were
found to be nearly double the stiffness of normal muscle cells (IF_Lid_eu_&_[J_eb_ed,
). Hence, both structural and cellular alterations may affect the mechanical

performance of skeletal muscles in children with and impact on the ability
to perform daily activities such as walking.

The extend of the functional weakness and the details of the altered mechanical
properties in spastic muscles of children with are poorly understood, and
their influences on motion patterns such as walking remains unclear. Future
work in [MRIl imaging and musculoskeletal modelling should aim to capture the
macro- and microscopic architecture of lower limb muscles in a larger group of
children with [CPl and link the resulting insights with dynamic simulations of
walking. Extensive investigations of lower limb muscles in children with CP may
not only provide new insights into the structural alterations that occur secondary
to the neurological disorder but may also help for better evaluating treatment
outcomes from serial castings or soft-tissue muscle surgeries.
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Study Il: Prediction and Validation of
Muscle Deformation in the Low Limbs
During Gait

The following chapter outlines a study for the development of an anatomically-

based lower limb model that allows the accurate prediction of muscle soft-tissue
deformation during walking. A summary of the study has been successfully
published in The Visual Computer (IQb_ar_hQier_eLa.]_J, |20_0_94) The chapter is
divided into (i) Introduction, (ii) Subjects and Methods, (iii) Results and (iv)
Discussion.

5.1 Introduction

Muscle functioning during walking is of great interest in the clinical assessment
of children with [CPl However, measuring muscle functioning in vivo is difficult,
and musculoskeletal models are needed for providing more insight into under-
lying muscle structures. To date, clinical gait analysis has relied on simplified
1D muscle models for the derivation of physiological parameters such as mus-
cle lengths and muscle forces (IA_mg_]d_et_a.]_], ,IZODﬁHH; lJp_n_kets_eLa.]_], |21)_0d;
ISMLe.n_eI_aJ_J, |20_0_4i) However, experimental and computational results on the
muscle structures suggest that muscle functioning is predetermined by material

properties and by anatomical features such as cross-sectional area, fibre angle

and fibre length (IB.Le.mkﬂr_&La.lJ, IZ0.0ﬂ; IBJ.e.mkﬂL&_D&Ld, |20.0.d; II.J.&b.&L&_ELi.d.&d,
2000; Roehrle & Pullan, 2007).

Anatomically-based FE models in biomechanical research allow for investiga-
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tions of the mechanical behaviour of muscles under loading (|BLe.mkﬂr_&La.lJ, |20.0.Ei;
Blemker & Delp, 2006; Roehrle & Pullan, 2007). However, solving the govern-

ing equations of finite elasticity for several muscles over multiple time steps is

computationally expensive; even more so when contact between bodies becomes
an issue. Hence, mechanics-based deformation techniques have largely been con-
fined to small movements and are considered too mathematically involved for

gait analysis (IB_Lem.keLeLal], 2003; Roehrle & Pullan, 2007; Teran et. al, IZODE‘)

Geometric-based deformation methods, in particular free-form deforma-

tion techniques, have extensively been wused in computer graphics re-
search for obtaining visually realistic deformations of complex struc-

tures (IMa.gn_en_a.Iﬂlhalma.n_n_&ﬂlhalma.nﬂ, |21)_0j'i) However, the free-form de-

formation methodology, especially the [HMFE technique, has only recently

been introduced in biomechanical modelling of the musculoskeletal sys-

tem (IEema.nd_ez_et_a.]_J, |21)_0_4|, IZOD;") The [HMH technique has never been applied

to more than two muscles, and its validity remains unclear.

The validation of a computational model is crucial if the model is to be
used for wider applications. Musculoskeletal models have previously been val-
idated by comparing predicted deformations with [MRI data (IB_Lem_keL&_De]_d,

|20.0.Ei; IMa.sa&a.d.a..&La.l], |20_0.d), or by comparing output parameters with measure-
ments on cadaveric specimens (IAJ‘_UQJ.d_&Lal], |20_0_d) MBI provides an attrac-

tive methodology for validating computational models of the musculoskeletal
system (IBJ.e.mkﬂL&_Deld, |20.0.d; Illa.sa.za.d.a._ei_a.l], |20_0.d), though, imaging under

physiological loading is challenging. Dynamic and real-time [MRIl techniques

have previously allowed for investigations of muscle deformation during mo-

tion (I.A_aa.ka.ma._et_a.]_], 2002, |21)_Oj) Furthermore, (Gold et al) (|21)_0_4|) introduced

a custom-designed open [MRIl scanner for accurately imaging patellofemoral car-

tilage under physiological weight-bearing conditions. However, difficulties have
remained with image quality, the spatial boundaries of the scanner, and the

image segmentation (IB.I.&m.ke.r_&La.]J, Z0.0j)

5.1.1 Aim

The aims of the present study were to develop an anatomically-based, subject-
specific model of the lower limbs, to adopt the geometric-based [HME] technique
for predicting muscle deformations during walking and to validate the model
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prediction. The [HMFH solution was to be validated using [MRI data in two
different lower limb positions. Based on the preliminary results reported in

[Fernandez et. all (2007), it was expected that the [IME technique provides a use-

ful methodology for accurately deriving the deformations of lower limb muscles

from inverse kinematics.

5.2 Subjects and Methods

5.2.1 The Lower Limb Model

A subject-specific, anatomically-based FE model of the lower limbs of an adult
female subject (age 29 y, height 165 cm, weight 63 kg) was developed from
[MRET as described in Section Bl The [MRIl scan was obtained using the same
facility and scan parameters as for the study on children with CP outlined in
Chapter H (Siemens 1.5T MAGNETOM Avanto System, scan parameters TR-
3690 ms, TE-67 ms, slice thickness 4 mm, base resolution 320, gap between
slices 10 mm). Image segmentation was done manually, whereby the soft tissue
contrast of the images allowed for identification of skin, bone, tendon as well as
muscle boundaries.

Subject-specific bone models were developed by customising a generic model
from the [ABIl model library to the data using the technique. Subject-
specific muscle models were developed using the [FH technique. The geometric
coordinates of the bone and muscle models were interpolated using bicubic-linear
interpolation functions. The [EE]l mesh details of the bone and muscle struc-
tures, including the number of landmark and target points that were used for
the [HME] customisation of the generic bone models from the [ABIl library, are
given in the Appendix [0 in Table [D.I] and Table

The scan was taken with the subject lying in supine position; hence, the
muscle shapes of the subject-specific lower limb model did not resemble the nat-
ural shapes in standing position. In order to more accurately capture the muscle
shapes in standing position, in particular for gluteus maximus and medius, a
surface scan of the lower limbs was taken at Industrial Research Limited, Auck-
land, New Zealand, using a custom-designed, purpose-built laser scanner. The
data cloud from the surface scan was imported into CMISS and manually trans-
formed to line up with the lower limb model. The shapes of gluteus maximus
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a) b) C) d)

Figure 5.1: Refitting of gluteus maximus and medius to the data cloud from the surface scan
with the model shown in a) initial position, b) with the initial skin-based mesh, ¢) with the
deformed skin-based mesh and d) in the deformed position.

and medius in standing position were then derived by fitting a skin-based mesh
to the data cloud using the [EH technique, and updating the enclosed muscle
structures accordingly, Fig. Bl The final anatomically-based model of the lower
limbs in neutral standing position, comprising all lower limb bones and 20 mus-
cle structures in each leg, is illustrated in Figure (supplementary movie,

Appendix [E2).

5.2.2 Kinematic Data

Kinematic data were acquired on the same subject at the Gait Laboratory,
Tamaki Campus, University of Auckland, using an 8-camera VICON Worksta-
tion Version 5.0 (Oxford Metrics Ltd., Oxford, England) at 100 Hz. The subject
walked barefoot at a self-selected speed on a 10 m walkway. The Cleveland Clinic
marker set was adopted, Fig. Bh-c.

Segmental kinematics was derived from the skin marker positions as described
in Section using the mathematical computing environment and programming
language MATLAB (The MathWorks Inc., Massachusetts, USA). The calculated
Euclidean transformation matrices for each segment throughout gait were applied
to every node of the [FE]l bone models within CMISS by writing corresponding
software using the scripting language perl. All joints were modelled as ball-and-
socket joints with three rotational only.
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iliacus
psoas

sartorius

adductor magnus

rectus femoris
vastus lateralis
vastus intermedius
vastus medialis

tibialis anterior
peroneus longus

extensor digitorum
longus and hallucis

gluteus medius
gluteus maximus

biceps femoris

semimembranosus
semitendinosus

gastrocnemius

soleus

tibialis posterior

Figure 5.2: Subject-specific, anatomically-based model of the lower limbs including 20 mus-
cles in each leg from anterior (top) and posterior (bottom) view (supplementary movie, Ap-

pendix [£2).
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5.2.3 Modelling Soft-Tissue Muscle Deformation

The geometric-based [HME technique, introduced in Section B3], was adopted
for predicting muscle soft-tissue deformation during walking based on segmental
kinematics. All lower limb muscles were embedded into the same skin-based host
mesh instead of defining an individual host mesh for each muscle structure as
described in [Fernandez et. all (IZO_Oj‘i) The skin-based host mesh was deformed
according to the known position of so-called control points; and the geometries
of the enclosed muscles were updated based on the solution. A flowchart
of the entire modelling process from the kinematic data to muscle soft-tissue

deformations is given in Figure B3 The modelling process was made automatic
by writing extensive software using the scripting language perl in order to link
the individual calculations within CMISS.

Kinematic Constraints

Segmental kinematics provided the kinematic constraints for deriving soft-tissue
muscle deformations during walking. In addition to the attachment points, fur-
ther points along the centre lines of the [FE]l muscle meshes were defined in the
initial undeformed state, and were assumed to be rigidly connected to one par-
ticular bone, Fig. B4h. The additional points were based on the concept of
via-points, Fig. LI, aimed at constraining the muscle paths around joints. The
attachment points and the via-points combined were named control points. The
number of control points for each muscle structure are given in the Appendix
in Table D2l A total number of 272 control points were defined per limb.

The Skin-Based Host Mesh

As described in Section B3, free-form deformation techniques allow for deforming
several structures in accordance with the deformation of a surrounding simple
mesh. We took advantage of this special feature of the [HME technique by embed-
ding all lower limb muscles of one leg into a skin-based host mesh. The skin-based
host mesh was then deformed based on the positions of the control points during
walking, and the enclosed muscle structures were updated accordingly.

Initially, a very simple linear host mesh was developed for each leg based on the
digitised skin boundary from [MRIl The simple host mesh was then iteratively re-
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Anatomically-based FE model

v

Definition of control points and host mesh

v

Calculation of muscle mesh position
with respect to host mesh in initial state

v

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

- undeformed state

Skeletal articulation from
optical motion capture

v

I
I
I
I
I
:
I
[ Transformation of control points
I
I
I
I
I
I
\

according to bone positions
(targets)

Deformation of skin—-based <
host mesh by minimizing distance between |¢!
! landmarks and targets in least-square sensg

}

: Updating enclosed muscle structures ;
! according to host mesh deformation [

A

i H
. |
i muscle deformation

Figure 5.3: Flowchart of the modelling approach for deriving the muscle deformations in the
anatomically-based model of the lower limbs from segmental kinematics.
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b)

Figure 5.4: a) The control points and b) the skin-based host mesh with the enclosed muscle
structures for the lower limb model (supplementary movie, Appendix [E£2).
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fined, and muscle deformations during walking were calculated for each iteration
using the [HME technique. The resulting deformations were qualitatively com-
pared, focusing on the wrapping of muscles around joints in case of high flexion
angles. The best solution was found for a 12 element bicubic-linear host mesh
with the Sobolev weights set to 0.01, Eq. BIIl The corresponding skin-based
host mesh for the right leg is shown in Figure Bdb.

5.2.4 Validation

The predicted muscle deformations from the solution were validated by
comparing the shape changes with subject-specific MR data. During a vali-
dation trial, MEIl scans of the same female subject were taken in two different
limb positions (position A and position B). Two foam wedges of different heights
were positioned underneath the knee to support and elevate the leg in the two
positions. Position B was constrained to the maximal knee flexion angle per-
mitted within the scanner’s dimension (diameter of the tube 60 ¢cm). The knee
flexion-extension angles were approximately 15° in position A and 45° in position
B respectively, Fig. B0

The bones were registered in both positions by transforming the subject-specific
skeletal model according to the image data, Fig. BEEJ New subject-specific
[[E] meshes were developed for the muscle structures in the two positions us-
ing the [FH technique. The development of subject-specific muscle structures is a
time-consuming procedure. For this reason, the analysis was constrained to one
flexor and one extensor muscle for each joint. The selected muscles comprised
iliacus, semimembranosus, rectus femoris, tibialis anterior and gastrocnemius.

The deformations of the muscles moving from position A to B were computed
using the [HME] technique, and the predicted shape changes were compared with
the MRl data in position B. As error estimate, the image data in position B
was projected onto the external surfaces of the deformed [EE] meshes, and the
error was computed between the data and the projection points. Except
for iliacus, the error was computed for the muscle and tendon parts of the
[EE] mesh separately. Iliacus was considered to comprise only muscle tissue.
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Figure 5.5: Bone structures were registered in position A and B based on the MRI data.
The knee flexion-extension angles were approximately 15° in position A and 45° in position B
respectively.
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Figure 5.6: Resulting deformation of the skin-based host mesh of the right leg (supplementary
movie, Appendix [F3]).

5.3 Results

5.3.1 Walking Simulation

The results of the walking simulation for the subject-specific lower limb model
are shown in Figure B and Figure B (supplementary movies, Appendix -
[[£3). The solution time for deforming the host mesh of one leg over 100 time
steps, that corresponded to one gait cycle, was 63 sec on a desktop with an
Intel Pentium 4 processor (3.4 GHz). Updating the geometry of one muscle
throughout gait according to the host deformation took 53 sec. There were no
obvious penetrations of muscles into bones throughout gait. The wrapping of
muscles around joints was maintained, except for the knee extensors in the case
of high knee flexion angles. Muscle-muscle penetration was avoided by embedding
all muscle structures into the same skin-based host.

5.3.2 Validation

The initial muscle-tendon structures in position A were registered with average
errors of 0.7 mm for the tendon parts and 0.9 mm for the muscle parts
respectively. There was generally good agreement between the predicted shape
changes from the [HME solution moving from position A (15° knee flexion) to
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Figure 5.7: Gait simulation from anterior (top row), lateral (middle row) and from posterior
view (bottom row) (supplementary movie, Appendix [E4]).
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Figure 5.8: Comparison between the HMF solution and image data in position B for tibialis
anterior, gastrocnemius, semimembranosus, rectus femoris and iliacus (from left to right).

Figure 5.9: Comparison between the HMF solution (red) and the subject-specific FE meshes
based on the MRI data in position B (gold) with the model shown from lateral, anterior and
posterior.

position B (45° knee flexion) and the [MEIl data in position B as illustrated in
Figure and Figure B9

The errors between the image data in position B and the projection of
the data onto the deformed muscle meshes are given in Table Bl The most
accurate deformation was predicted for the tibialis anterior with an error
of 0.9 mm for the tendon and 2.4 mm for the muscle belly respectively. The
highest error between the predicted deformation and the image data was
found for semimembranosus with an error of 2.2 mm for the tendon and
8.2 mm for the muscle belly respectively. The shape changes of the tendons were
overall better predicted than the deformations of the muscle bellies, Table B.11
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Table 5.1: RMS error of the predicted muscle-tendon deformation compared with the MRI
data for the muscle belly and the tendon part.

RMS error [mm| data points

muscle tendon muscle tendon
iliacus 3.9 - 474 -
rectus femoris 4.3 1.7 494 164
semimembranosus 8.2 2.2 493 93
gastrocnemius 4.3 1.5 649 80
tibialis anterior 2.4 0.9 449 46

5.4 Discussion

The geometric-based [HMH technique enabled the efficient and realistic prediction
of soft-tissue muscle deformations in the lower limbs during walking. The solution
time for deforming 20 muscle structures in each leg throughout one gait cycle was
less than 20 minutes. The validity of the proposed approach was demonstrated
by moving five muscles over a range of 30° knee flexion angle with an average
error of 3.7 mm between the predicted shape changes and the [MREIl data.

The introduction of a skin-based host mesh had the advantage that the muscle
positions with respect to each other were maintained and the implementation of a
complex contact mechanics formulation could be avoided. However, the proposed
approach does not allow for capturing the effects of active muscle contraction,
muscle-muscle interaction or external forces on the muscle shape. This could be
one of the reasons why the predicted deformation of the fleshy semimembranosus
was less accurate than of the slender tibialis anterior, and why the tendon paths
were generally better predicted than the deformations of the muscle bellies.

The anatomically-based model of the lower limb only captured the geomet-
ric boundary surfaces of muscle structures. However, previous studies demon-
strated that fibre lengths and penation angles change spatially within a mus-

cle (Blemker & Delg, 2003; [Roehrle & Pullarl, 2007; [Teran et. all, 2003), as well

as temporarily during motion (Lieber & Friden, 2000). The exclusion of macro-

scopic anatomical properties could explain some of the differences found between
the model prediction and the image data, especially for iliacus which is known to

have large intermuscular variations in fibre lengths (IKLe.i.n_Ho.tsma.n_&LalJ, |20_01|)
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Furthermore, the accessability to a scanner that allowed imaging under physi-

ological weight-bearing conditions, such as described in IGQ_]d_QLa.]_] (IZODA), was
not provided in the present work, and the model prediction had to be validated
using a typical horizontal [MEIl unit.

The success of the [HME technique depends on the number and distribution of
the control points, the geometry of the host and the magnitudes of the Sobolev

smoothing constraints (IEema.nd_ez_et_a.]_], |21)_0_4|) Except for the muscle attach-
ment points, these variables could not be linked to physiological properties and
were defined according to subjective criteria. Even though we obtained a reason-
able solution for modelling muscle deformation during walking, the application
of the [HMF] technique to different motion patterns or other parts of the human
body has to be further assessed and validated.

The definition of control points is not only crucial for deriving muscle-soft
tissue deformation using the [HMH technique but also for calculating muscle
moment arms and muscle shortening velocities based on the muscle-tendon

paths (I[le]_p_&_[@_aﬂ, I]_Q%‘i, IZOD_d) Future work should aim to define standardised

procedures for selecting control points based on objective criteria. An attempt for

developing objective methods to select the shape, orientation, size and location of

WraE ping surfaces for the spinal muscle paths has been made by Vasavada. et all

). This work could provide a basis for better defining control points in the

lower limbs.

The geometric-based [HNME solution may be used in future work as displacement
boundary condition for solving the governing equations of finite elasticity. The
successful convergence of nonlinear boundary-value problems in continuum me-
chanics is more likely to be achieved if the initial guess is already close to the final
displacement (IEe.r_n.a.nd.ezI, |20_0_4‘) Such a hybrid approach would allow for inves-
tigations of stresses and strains within muscles during walking, and would make

a significant contribution in better understanding the biomechanics of muscle
functioning during walking.
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Study llI: Accuracy in Modelled
Muscle-Tendon Lengths During Gait

The following chapter outlines a study to assess the accuracy in modelled muscle-
tendon lengths during walking. The error propagation from skin marker co-
ordinates to muscle-tendon lengths was analytically described and applied to
kinematic data of two subjects. A summary of the study has been successfully
published in the Journal of Biomechanics (IQb_e.r_h.oieJ‘_eLa.lJ, |20_0.9H) The chapter
is divided into (i) Introduction, (ii) Subjects and Methods, (iii) Results and (iv)
Discussion.

6.1 Introduction

Muscle-tendon length during walking is an important parameter in the assess-
ment of children with [CPl commonly derived using kinematic data from optical

motion capture as input into musculoskeletal models (IArn_o_ld_eLa.]J, |20_0.Ei, |20.0.6H;
Delp et all, [1996; Scheepers et all, 1997; Wren et all, |21)_0_4|). The validity of the

geometric representation of musculoskeletal models has been demonstrated by

comparing muscle lengths or muscle shapes for certain body positions against

medical image data (IQb_e.r_h.o_ﬁe.r_aLal] |20.Q9_A IMa.saxa.d.a..&LaJJ |20_0§j ) or cadaveric
experiments (IALUQJ.d_&La.]J, IZ0.0.d)

However, the accuracy of musculoskeletal models in predicting parameters such

as muscle-tendon lengths does not only depend on the accurate representation
of the musculoskeletal geometry but also on the accuracy of the kinematic data
which are used to drive the inverse kinematics simulation. One of the main error
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sources of optical motion capture are [STAl which refer to movements of skin
markers with respect to the underlying bones, Sec.

STAl have been shown to significantly affect the computation of joint kine-

matics, particularly in the frontal and transversal plane (Cappozzo et a.l],

|l99d; |Qh.ezd, |20.0.d; |B.amaJsr_i.s.h.n.a.n_&_Kad.abA, |J.99JJ; |B.e.i.n.s.chmid.t_e.t_a.l.], |l991|).

Thereby, various techniques of error propagation analysis have been deployed.
i ) as well as (IZ_OIYE

) adopted a numerical
approach and compared the differences in joint angle outputs from numerically
perturbed kinematic data. The drawback of numerical techniques is that a great
number of perturbation steps are needed to draw valid conclusions.

In contrast, ISM)_Lm_ug_eLa.]_J (I]_%j‘i) performed an analytical error analysis to de-

termine the error propagation from noisy landmark measurements to joint angles.

A zero-mean, isotropic, uncorrelated measurement error with a constant Stan-
dard Deviation (8DI) was adopted for each skin marker coordinate to derive an
analytically tractable formulae. Even though the error functions were considered
much more complicated in reality, it was postulated that the general conclusions
still hold.

Generally, it was found that flexion-extension angles can be reliably determined;
however, for internal-external rotation and abduction-adduction angles, the er-
rors introduced by were almost as high in magnitudes as the corresponding
joint motion. Although the effect of on joint angles has extensively been
described, the error propagation from to modelled muscle-tendon lengths
has not been previously analysed.

6.1.1 Aim

The aims of the present study were to introduce an analytical method for calcu-
lating the error propagation from to modelled muscle-tendon lengths and
to provide a first estimate of the accuracy of modelled muscle-tendon lengths de-
rived from inverse kinematics for clinical gait analysis. Based on previous findings

by L1 & O’Connol (I]_Q9_d), it was hypothesized that joint constraints would lead

to error reductions in muscle-tendon lengths. To corroborate this hypothesis,

two different musculoskeletal models were specified; one with the joints moving
freely in all directions, and one with the joints constrained to rotation but no
translation. In order to evaluate the validity of the analytical formulation, the
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error propagation from [STAl to the knee joint angles was additionally computed
and compared with previously published error magnitudes.

6.2 Subjects and Methods

6.2.1 Reference Kinematic Data

Kinematic data were acquired for two typically developing children (subject 001
and 002, Table 1)) at the Gait Laboratory, Tamaki Campus, University of Auck-
land, using an 8-camera VICON Workstation Version 5.0 (Oxford Metrics Ltd.,
Oxford, England) at 100 Hz. Both subjects walked barefoot at a self-selected
speed on a 10 m walkway.

A customised marker set was used for the data acquisition consisting of 41 re-
flective skin markers on the lower limbs, Fig. B'le-i. The segmental kinematics
of the thigh and shank were derived from the corresponding marker clusters us-
ing the optimisation algorithm based on singular value decomposition proposed
by (@) The algorithm is outlined in the Appendix [C

6.2.2 Musculoskeletal Model

Anatomical coordinate systems for bone structures were derived from the posi-
tions of anatomical landmarks as described in Section B2 Fig. Initially, the
segments were allowed to move freely in all directions. Treating segments inde-
pendently can lead to apparent joint dislocation due to and consequently, to

altered muscle lever arms and muscle paths. L & O’Connorl (I]_El?)_d) showed that

joint constraints considerably improved the estimation of segmental kinematics,

and were as such expected to reduce the errors in muscle-tendon lengths. Hence,
a second model was specified with the hip, knee and ankle joints constrained to
rotation but no translation.

The muscle-tendon lengths of semimembranosus, gastrocnemius and soleus were
derived from segmental kinematics, and used as reference data for the error
propagation analysis. These three lower limb muscles were chosen as they are
often shortened in children with [CPl and have been modelled in previous stud-

ies (IA.umld_et_a]J |ZDD5H; DdLQLaL h.&%i; |Sx;h.eep.ets_et_al] h.ﬂ&ﬂ; h&mn_et_all,
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Figure 6.1: Anatomical coordinate systems (yellow) for each bone structure were derived from
the kinematic data. Muscle-tendon lengths were approximated using straight-line segments
(red) to allow for an analytical formulation.

M) The muscle paths were approximated using straight-line segments to al-
low for an analytical formulation, Fig. EJl The local coordinates of the muscle
attachment points were given with respect to the anatomical coordinate systems,
Fig. Bl The global coordinates of the attachment points during walking were
derived via coordinate transformations between the anatomical and the labora-
tory coordinate system. Muscle-tendon lengths were defined as absolute lengths
between attachment points and were normalised with respect to the mean lengths
during gait.

6.2.3 Soft Tissue Artifacts

Uncorrelated normal error functions were assigned to each skin marker coordi-
nate, accounting for ETAl Two distinct were adopted for each error function
relating to different ETAl magnitudes: a) 4 mm for skin markers on thigh
and 8D 3 mm for all other markers; b) 9 mm for thigh and BDI 6 mm for all
other skin markers respectively. The of 4 mm led to a maximum deviation
from the reference skin marker position of about + 10 mm for thigh markers,

which corresponded to BTAl magnitudes quantified by kla.p_pgzz@_et_a.l] (I]_Q%)
The of 9 mm for thigh and 6 mm for all other markers were similar to the

values previously reported in |SLa.gm_eLa.]_] (|21)_Oj'i)
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6.2.4 Error Propagation Analysis

In 3D gait analysis, numerical methods using a Monte-Carlo type approach have
most often been used to analyse the error propagation from kinematic data to
segmental and joint kinematics. Thereby, multiple random sets of input data
have been generated, and the distribution of the resulting outputs have been
analysed (IQh.ez.eI, |20_0.d; IB.a.m.akr.i.s.h.n.an.&.Ka.d.ahd, |J_9_&1|) However, an analytical
error analysis can be performed if a differentiable function is defined which de-
scribes the output variable with respect to the input parameters. The advantage

of an analytical approach is that the error propagation is not computed for a
finite number of perturbed input data but for any value of error.

In the present study, the error propagation analysis was divided into several steps
to allow for an analytically tractable formulation. A flowchart of the individual
steps is given in Figure For each step, a differentiable function was defined
f(x1,x%9,..,xx). Assuming independent and normally distributed input variables
X1,Xs, .., Xy With given of Axy, Ax,, .., Axy around the reference values, the
error A f in the dependent variable was derived from the Addition in Quadrature
that is

N

Af = Z(g—imm : (6.1)

i=1

whereby the partial derivatives were evaluated at the reference values m,

According to Equation &1l the errors Af; in the unit vectors f; of an anatomical
coordinate system derived from the position data of skin markers p; as

1
f = _ —
I e L 2
1
f = _ —
2 IPs — pol (Ps — P2)
f3 = fl X f2 (62)
were computed from
of, of,
Af, = —Ap1)?2 + (=—Apy)? 6.3
1 \/(8p1 p1) +(8p2 p2) (6.3)
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Figure 6.2: Flowchart of the individual steps for the analytical calculation of error propagation
from skin marker coordinates to muscle-tendon lengths. The errors in the knee joint angles were
additionally computed and compared with the literature to evaluate the analytical formulation.
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of.
Af, = \/(8—;1’Af1)2 + (a—fQAfQ)2

whereby Ap; accounts for STAl

Given Equation B3, the errors AR and At that propagated from an anatomical
coordinate system F : [f; f; f5] to the rotation matrix R, Eq.BI0 and translation
vector t, Eq. BI1, were derived as

OR
= _— 2
AR (8F AF)
ot ot
— - 2 _ 2
At = \/<8RAR) —l—(apAp) (6.4)

whereby p denotes the origin of the anatomical coordinate system F : [f; f5 f3].

Given Equation B4 the error Am? that propagated to the global coordinates of
the muscle attachment point m? was computed from

g g
Am?! = \/ (%‘1‘; AR)? + (agt‘f At)? (6.5)

which resulted in the error Al of muscle-tendon length

[ = |mj — mj| (6.6)
as
_ al 9\2 al 9\2
Al = \/(8m51’ Ami)? + <8mg Amj)? . (6.7)

In order to evaluate the theoretical formulation, error propagation from to
the knee joint angles was additionally computed and compared with previ-
ously published error magnitudes. The joint angles were defined according
to IGJDQd.&LSJ.LUlayI (Il%d) as previously described in Section B2 Eq. BT As
an example, the error A3 of angle 3 derived from

cosf=1;-t3 (6.8)
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was given as

ap
AB = \/ (g O + (G Ak (6.9)

The error analysis was performed using the mathematical computing envi-
ronment and programming language MATLAB (The MathWorks Inc., Mas-
sachusetts, USA).

6.3 Results

Both the knee joint angles and the modelled muscle-tendon lengths calculated
from the reference kinematic data conform with the literature, Fig. The
analytical formulation led to estimated errors in the knee joint angles that were
similar to those previously published, Table Gl

The higher magnitudes (8D 9 mm for thigh; 6 mm for shank) resulted
in significantly higher errors in muscle-tendon lengths with gastrocnemius and
soleus lengths generally more affected by than semimembranous lengths,
Fig. B4 Constraining joint motion to rotation but no translation led to signif-
icantly smaller errors in muscle-tendon lengths for all muscles of both subjects
with an error reduction of approximately one third of the initial magnitudes for
unconstrained joint motion, Table The error fluctuations throughout gait
were generally low with the smaller than 10 % of the mean errors for all
muscles. Only the propagated errors to gastrocnemius lengths were significantly
different between the two subjects; however, the differences 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 mm
thigh, SD 6 mm other segments.

ROM  STA (a) STA (b) literature
flexion-extension 68 1.1 2.0 8T /79*/25°
abduction-adduction 10 6.8 14.5 41 /66*/36°
int-ext rotation 17 2.9 65 127/9.0*/29°

T W ! 99d , max absolute errors during gait (external fixators, N=7, mean age 23.3 y)
* ), max absolute error during running (bone pins, N=3, mean age 25.7 y)

© [Benoit_et all (m), average SD during gait (bone pins, N=8, mean age 26 y)
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Figure 6.3: Knee joint angles (left) and normalised muscle-tendon lengths (right) for one refer-
ence trial. The angle and length changes during gait are consistent with previously published

data (Arnold et all, 2006H; Delp et all, [1996; Wren et all, 2004). The vertical bar at about

60 % of the gait cycle marks the transition from stance to swing phase.

Table 6.2: Average SD % errors of the normalised muscle-tendon lengths during gait propagated
from STA a) SD 4 mm thigh, SD 3 mm other segments; b) SD 9 mm thigh, SD 6 mm other

segments.
unconstrained model constrained model
STA (a) STA (b)  STA (a) STA (b)
semimem subject #1 9 187 6 * 1257
subject #2 9 19f 6 * 12 »f
gastrocnemius subject #1 17 341 12* 25 T
subject #2  21° 43 ot 15* 31 ot
soleus subject #1 21 417 15* 29 *T
subject #2 25 50 1 18 * 35 1

T Significant difference between (a) and (b) (paired Student’s t-Test, p<0.0001)

* Significant difference between constrained and unconstrained model (paired Student’s t-Test, p<0.0001)

¢ Significant difference between subjects (unpaired Student’s t-Test, p<0.05)
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Figure 6.4: Propagated SD % errors to the normalised muscle-tendon lengths during gait for
the constrained model. The errors in muscle-tendon lengths for STA a) SD 4 mm thigh, SD
3 mm other segments are plotted in black line and for b) SD 9 mm thigh, SD 6 mm other
segments in dashed line respectively. The grey line depicts the normalised lengths.
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6.4 Discussion

The present study introduced an analytical formulation that allowed the anal-
ysis of error propagation from ETAl to modelled muscle-tendon lengths. The
errors in the lengths of semimembranosus, gastrocnemius, and soleus were quan-
tified for two subjects with resulting average errors during gait ranging from
6 % to 50 % of normalised muscle-tendon lengths depending on the muscle, the
ETAl magnitudes and the joint constraints. The error magnitudes in muscle-
tendon lengths were considered reasonable theoretical estimates based on the
realistic error values obtained for the knee joint angles.

Muscle-tendon lengths during walking have often been compared between chil-
dren with and typically developing children, with the changes in gastroc-
nemius and soleus lengths throughout gait found to be between 5 % and 15 %

(ISM‘_e.n_eLa.lJ, |20_0A|; lAan_Ld_aLalJ, |20_0_Ei) Thereby, short has been defined as a

peak normalised muscle length shorter than 2 of normal gait m,
|20_0_Ei; |S_ch11_tLe_aLal], |]_9_&ﬂ; I}an_ei_a.]_], |20_0_4i) The term short may need to be
reconsidered given the estimated error values in normalised muscle-tendon length
of the present study.

ETAl were assumed to be normally distributed around the reference skin marker
coordinates as previously proposed to analytically estimate errors in joint kine-

matics (Iﬂ[olm“_i.n.g_at_al], Il9.85; Iﬂloltd‘_i.n.é, |l99_4|) The same[SDl errors were assigned

to the skin marker coordinates in the three spatial directions for both children

subjects throughout gait. Previous studies have shown that ETAl vary between
adult subjects, as well as during walking, with different magnitudes in the three
directions (Cappozzo et all, [1996; Fuller et all, [1997; Stagni et all, 2005). The
assessment of in children has so far been limited; thus there is the possibil-
ity of variability compared to adults due to differences in skeletal alignment and

soft tissue distribution. Consequently, the small differences in error magnitudes
found across the gait cycle, and between the two subjects, should be interpreted
with caution.

In order to estimate the error propagation to muscle-tendon lengths, the mus-
cles were simplified modelled as straight-line segments. Most studies in clin-
ical gait research have used similar models to represent the muscle-tendon

paths (lAr_mld_eLalJ 2003, 20061, [Scheepers et. all, 1997; Wren et al, |21)_0_4|). A

more realistic, curved path might have led to different values for absolute muscle-
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tendon lengths. However, the propagated errors are unlikely to change as long
as muscle-tendon lengths is derived from inverse kinematics. The substantially
smaller error magnitudes obtained for the constrained musculoskeletal model
suggest that additional optimisation methods such as the interval deformation
technique, which has been reported to reduce errors in segmental kinematics

by up to 33 % (lAlm;an.d.&r_&_A.ndﬂamhj, |20.0J.|), may further decrease errors in

muscle-tendon lengths.

Despite limitations, the results of the present study suggest that muscle-tendon
lengths derived from kinematic data should be interpreted with caution, espe-
cially if used in the treatment decision process of children with[CPl The proposed
analytical method does allow the assignation of a wider range of to each er-
ror function, accounting for the variable error characteristics of in the three
planes of motion across the gait cycle. Future error analysis studies should be
directed towards more specifically defining magnitudes in each direction
for children with and without [CPl Furthermore, improved marker systems and
new algorithms for constrained musculoskeletal models need to be developed in
order to improve the accuracy of muscle-tendon lengths calculations for clinical
interpretations.
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Study IV: Interactive Visualisation of
Muscle Activation During Gait

The following chapter outlines the last study, which was conducted in the
scope of the present work, aiming for the interactive, web-based visualisation
of the anatomically-based model of the lower limbs during walking, introduced
in Chapter Bl to facilitate the teaching of gait. A prototype of the teaching
tool is currently being evaluated in collaboration with the Auckland School of
Physiotherapy, Auckland University of Technology, New Zealand. The results
are aimed to be summarised and submitted to the journal Human Movement
Science. The chapter is divided into (i) Introduction, (ii) Methods, (iii) Results
and (iv) Discussion.

7.1 Introduction

Gait analysis is a highly visual science that requires a mastery of structure, func-

tion and spatial relationships (ISj_n_a.L&_Ambmﬂ, IZODA) However, getting a good

understanding of gait is difficult because of the complexity of human walking

and because of the limited information gained from external observations. Facil-
itating the understanding of gait is a demanding teaching issue. Traditionally,
drawings of the musculoskeletal system at different stages of the gait cycle have
been used to visually assist students in the learning process; though, providing
only information in two dimensions.

For the last few years, virtual reality applications, which deploy advanced 3D
visualisation of medical data, have shown to be beneficial in medical education
and training, in particular for teaching anatomy and physiology (Im,
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2008; Sinav & Ambron, |20_0AI) Virtual representations of internal structures and

complex physiological phenomena offer new perspectives of medicine well beyond

anything that can be read from books or even from dissecting cadavers, particu-
larly in the case of dynamic processes. The Visible Human Project has thereby
provided a catalyst for using anatomically-based models as basis for medical

teaching (Spitzer & Whitlock, 1998a). [Spitzer & Whitlock (1998d) envisioned

the ideal subject for teaching human anatomy would be a computer database

that appears, feels, smells, sounds, and ages like a living person.

Web-based applications offer many advantages for education purposes, including
the ability to bypass physical and temporal barriers, the possibility to convey
multimedia information rapidly to multiple users, the interactive user experience
and the ease of information update (IQh_u_&th_aﬂ, I]_Q%j; IS_i_ua.L&LA_m_bmﬂ, |21)_0_4|)
File format standards such as DICOM and X3D have supported the development
of web-based tools for medical visualisation and teaching (I,]Q_h_n_&_[j_[ﬂ, IZOD_ﬂ)

The effectiveness and the pedagogical use of web-based applications for medical

education and training has been evaluated in previous studies (IS_i_Len_eLa.]_], |21)_0§j;
|SIQL&;L&La.lJ, IZ0.0J]) Questionnaires have shown that students favour web-based
learning because it is convenient, accessible any time from anywhere, and sug—

portive of learning if well designed (IS_t_oLe;Lat_a.]J, |20_0J]) As predicted by

), interactive, web-based teaching tools showcasing virtual representations

of the human body have significantly contributed to medical education. How-
ever, the promising new media has not yet been deployed in gait analysis courses,
even though it may provide a valuable addition to traditional teaching methods.

7.1.1 Aim

The aim of the present study was to develop a prototype of a web-based Graphical
User Interface ([GUIJ) for facilitating the teaching of gait to students in areas
such as physiotherapy and human movement sciences. In particular, the specific
muscle activation patterns at different gait events were aimed to be interactively
visualised by embedding the anatomically-based model of the lower limbs during
walking, introduced in Chapter B into a web page. The specification of the
information content was done after consultation with the Auckland School of
Physiotherapy, Auckland University of Technology, Auckland, New Zealand.
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7.2 Method

7.2.1 Musculoskeletal Model

The gait simulation of the anatomically-based lower limb model, Fig. BT, built
the core component of the web-based teaching tool for visualising muscle activa-
tion during walking. However, the entire simulation of one gait cycle consisted of
several thousand files, which specified the configurations of the [FEl meshes of the
bones and muscles during walking. Rendering such an extensive model within
CMGUI is very time consuming, and was considered to be too slow to result in
an attractive teaching tool.

Instead of embedding the entire simulation into the [GUI, only the lower limb
positions at eight specific events of the gait cycle were extracted. The positions
comprised foot strike, loading response, mid stance, terminal stance, pre swing,
toe off, mid swing, and terminal swing of the right leg. All these gait events

iﬂ) The
muscle structures in the right leg were coloured in each position according to

feature unique joint motion and muscle activity patterns (@,

their state of activation, Fig. [T (supplementary movie, Appendix [F.0).

7.2.2 Graphical User Interface

The purpose of any is to provide a display for humans to interact with
computers. As such, it should be relevant to the target user, easy to navigate,
consistent in design, transparent in its functionalities, and compatible with var-
ious platforms. The present was written in the interface markup language
HTML, allowing for custom formatting and displaying information using the
stylesheet language CSS.

The implementation of the anatomically-based model into the web-based
was made possible through ZincEI. Zinc is a complex browser extension
for the Mozilla platform which allows the advanced 3D visualisation modules of
CMGUI to be embedded into a web page. Zinc has been released under the open
source licence for the benefit of the Physiome Project. The current version

thttp://www.cmiss.org/cmgui/zinc
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g) h) i)

Figure 7.1: Visualisation of the muscle activity in the right leg at a) foot strike, b) loading
response, ¢) mid stance, d) terminal stance, e) pre swing, f) toe off, g) mid swing, h) terminal
swing and i) foot strike. The colour gold corresponds to concentric contraction, orange to
isometric contraction, and purple to excentric contraction respectively (supplementary movie,

Appendix [E6).
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Zinc 0.6.3.4 is running on Linux and Windows, is supported for the Firefox 3.0
release and can be downloaded from the CMISS release centred (4MB).

7.2.3 Functionalities

While the IGUIl design relates to the visual graphical elements on the page,

interactivity design represents the functions that are called upon user input.

Interactivity is a very important component of learning because it requires

the active participation of users and consequently results in a deeper impres-

sion

,2004).

JavaScript was used for defining functions which could be called from the browser

window to execute commands in the CMGUI window, and to access further

background information related to individual muscle structures and gait events.

The following key functions were implemented into the [GUI

Loading the model at seven gait events with the muscles coloured according
to their activity state and simultaneously providing information related to
each phase.

Highlighting individual muscles by turning off the surfaces of all other mus-
cle structures and simultaneously providing information in terms of the
specific muscle architecture, its functionality and its action during gait.

Displaying different joint flexion-extension angles in the form of imagemaps
for loading the model at particular positions during walking.

Choosing the general point of view between frontal and lateral. Note that
model rotation, translation and resizing is always possible using the mouse
within the embedded CMGUI window.

Resetting the status of the interface to the initial state with the model
shown from frontal in neutral standing position.

Specific buttons, imagemaps and links were designed and embedded into the web

page,

which allowed users to interactively execute each function via the mouse.

Screenshots of the particular elements are given in Figure [

http://www.cmiss.org/ReleaseCenter /zinc
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Table 7.1: Muscle activation patterns during gait with the type of muscle contraction indicated
as I for isometric, C for concentric and E for excentric. The specific gait events are approxi-
mately given in % of the gait cycle in the following order: heel strike (0 %), loading response
(10 %), mid stance (30 %), terminal stance (50 %), pre swing (55 %), toe off (60 %), mid swing
(80 %) and terminal swing (100 %).

0% 10% 30% 50 % 55 % 60 % 80 % 100 %

Hip flexor/extensor

iliacus - - - -
psoas

gluteus maximus
gluteus medius
adductor magnus
sartorius - - - - - C C -

— )
Qo
1 Q

—
—
—_ 1
1
1

Quadriceps

rectus femoris -
vastus lateralis -
vastus medialis -
vastus intermedius -

eslies el

Hamstrings

biceps femoris C - - - - - - I
semimembranosus C - - - - - -
semitendinosus C - - - - - - I

Ankle plantar flexors

gastrocnemius - -
soleus - -
peroneus longus
tibialis posterior I I

Ankle dorsi flexors

tibialis anterior
extensor digi long
extensor hall long

1
— b —

—_—
esleslles)
ONON®)
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7.2.4 Validation

The evaluation by feedback from students and experienced staff is essential for
developing useful and efficient tools for medical education. A questionnaire was
developed to assess the usefulness and educational value of the present teaching
tool in the student’s learning process. The questions addressed three aspects of
the including its general design, the information content and the pedagog-
ical usability. Each question could be answered on a five-graded scale with one
corresponding to poor and five to excellent. Two open questions were included,
asking whether the student would consider downloading Zinc for viewing the
model, and whether there are any additional remarks or comments. The details
of the questionnaire are given in the Appendix [El

7.3 Results

A prototype of an interactive, web-based teaching tool for gait courses was devel-
oped and will soon be introduced into a course at the School of Physiotherapy,
Auckland University of Technology, New Zealand, in order to evaluate its peda-
gogical use to students. The has been put onto the ABIlmain server and can
be accessed online from http://www.bioeng.auckland.ac.nz/gait. The browser
extension Zinc for the Mozilla platform needs to be downloaded to successfully
load the anatomically-based lower limb model into the web page.

The prototype focuses on enhancing student’s understanding of muscle activation
during walking by interactively visualising the anatomically-based model of the
lower limbs at eight particular gait events. The [GUIl was designed according to
the [ABIl template with the elements clearly separated and accessible from one
single page. Detailed explanations of the functionalities and further background
information can be accessed in a special window via the help button.

A link to the online questionnaire is provided on the main page. The question-
naire can be filled out anonymously, asking only for age, gender, degree and
previous experiences with computers. The feedback of users is forwarded to the
authors for further analysis. Screenshots of the main page are given in Figure[[3
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a) b) o) d)

- \ N

\ gluteus medius

mid stance

iIIIIIIjillfII!l\IIIIlIlIlIlIIlIH

€) f) {b

Figure 7.2: Functions are executed using the mouse on specific elements such as a) on-and-off
buttons for changing the displayed joint angles, b) changing the point of view, c¢) resetting the
status of the interface, and d) opening a help window; e) an imagemap for loading the model
at different stages of the gait cycle and f) links for focusing on individual muscles.
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7.4 Discussion

The anatomically-based model of the lower limbs, developed in Chapter Bl was
embedded into a web page and visualised at eight specific gait events using the
extension Zinc for the Mozilla platform. The interface markup language HTML
was used to design a web-based which allows students, teachers and the
general public to load the teaching tool via the [ABI web page and access infor-
mation related to the muscle activation patterns during walking. Interactivity
between the browser window and the CMGUI window was enabled by designing
specific functions using JavaScript.

Interactive visualisation of anatomically-based models has been a promising

resource in medical education (IS.i.n.a.L&_Am.b.r_oﬂ, IZ0.0A; |S.p.i.tz.&r_&_ﬂlh.i.tl0.ds|,
@) However, Silen et al) (|21)_ij) showed that students did not use online

teaching tools to the extend that was possible. The reasons given by students

was mainly lack of time. Continuing evaluation by feedback from students and
teachers is essential for successfully using the new media in medical education.
At this stage, feedback from users is still collected, and no conclusions can be
drawn in terms of the pedagogical usefullness of the present teaching tool.

Web-based applications can not only be accessed at any time from anywhere
but they can also foster interaction between users. User-user interaction was
found to be one of the most actively used features of a web site for medical

education called MedWorld (IQh_u_&th_aﬂ, I]_Q%j) Interaction between different
users can be facilitated through online discussion forums and message boards.

The implementation of a communication platform into the present web-based
G Ull would provide means to evaluate, adapt, and update the information content
according to the users’ demands.

The present web-based education tool is a prototype, focusing only on muscle ac-
tivation during gait. Gait analysis, however, is a vast area comprising the study
of anatomy, physiology, kinematics, kinetics, and different measurement tech-
niques to name only a few. Hence, the ideal teaching tool would be a web-based
platform, which facilitates further aspects of gait analysis through interactive 3D
visualisation of musculoskeletal models. A rolemodel for such an online encyclo-
pedia could be MathWorldE, which has become the most widely accessed online
mathematics resource.

3http:/ /mathworld.wolfram.com
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Figure 7.3: Screenshots of the web-based interface with the lower limb model shown at loading
response from lateral (top), and with rectus femoris highlighted at toe off from frontal (bottom).
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The current project is still at an early stage, and the usefullness of anatomically-
based musculoskeletal modelling for gait courses requires further validation.
Upon the results of ongoing evaluation, future work aims to extend the present
prototype to include more aspects of gait and more features for facilitating learn-
ing. A well-structured, up-to-date, interactive interface, which displays essential
content in an effective way through advanced 3D visualisation of the muscu-
loskeletal system, may significantly contribute to the demanding task of teaching
gait.
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Conclusion

8.1 Summary

The objective of the present work was to explore the potential use of
anatomically-based musculoskeletal models in clinical research related to
In particular, anatomically-based, subject-specific modelling of lower limb mo-
tion during walking was aimed to be introduced into clinical gait analysis. Three
fields had to be merged in order to reach this goal that are subject-specific mod-
elling of the musculoskeletal system, clinical gait analysis and finite deformation
of muscle structures based on inverse kinematics. The theoretical background
related to these three areas was outlined in Chapter Bl

The outcome of the present work was summarised in four studies in the Chap-
ters @l -[@ In the first study, Chap. Bl anatomically-based, subject-specific mod-
elling techniques were adopted to investigate the volumes and lengths of lower
limb muscles in children with [CP] (IQb_e_r_h_o_ﬁe_r_et_a.]_J, |20_0_%|) Subject-specific mus-
cle models were developed based on [MREIl data of four children with spastic diple-
gia [CP, two children with spastic hemiplegia [CPl and five age-matched children
without musculoskeletal impairments. The average fitting error between the
subject-specific image data and the final [EE] models was less than 1 mm for 120

muscle structures. Muscle lengths and muscle volumes were found to be signifi-
cantly reduced in the shank and the thigh of children with when compared
to typically developing children.

In the second study, Chap. B the geometric-based [HME technique was
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adopted and validated for predicting soft-tissue muscle deformations in the
lower limbs during walking based on kinematic data from optical motion cap-
ture (IQb_aLth.er_aLal], |20_Q9_A) An anatomically-based, subject-specific lower
limb model was simulated during gait by deforming 20 muscles in each leg ac-
cording to the deformation of a simple skin-based host mesh. The simulation

of one gait cycle was obtained in less than 20 min on a desktop with an Intel
Pentium 4 processor (3.4 GHz). The validity of the technique in predict-
ing muscle deformation was demonstrated by comparing the [HME solution with
[MREI data in two different lower limb positions.

The third study, Chap. Bl introduced an analytical error analysis for estimating
the error propagation from kinematic data to modelled muscle-tendon lengths
during walking (IQb_eLth_eLet_a.]_], IZOD_QH) Skin marker coordinates from optical

motion capture were assumed to be affected by normally distributed errors which
accounted for ETAlL Muscle-tendon lengths were simplified modelled as straight-
line segments to allow for an analytically tractable formulation. The errors in
modelled muscle-tendon lengths for the reference kinematic data of two subjects
ranged from 6 % up to 50 % depending on the muscle, the magnitudes and
the joint constraints adopted.

In the last study, Chap. [, a prototype of a web-based, interactive teaching
tool for gait courses was developed, particularly focusing on the visualisation of
muscle activation patterns during walking. The anatomically-based model of the
lower limbs during walking was embedded into a web-based using the ZINC
extension for the Mozilla platform. JavaScript functions were specified to load
the model at certain gait events or to focus on individual muscle structures. The
web page was put online onto the [ABI] serveIEI. A link to an online questionnaire
is currently provided on site and will help for evaluating the usefullness of the
interface to students.

8.2 Impact

Geometric features such as the physiological cross-sectional area, the penna-
tion angle and the fibre length explain the great variation in muscle max-
imal forces and velocities observed within the human musculoskeletal sys-

"http://www.bioeng.auckland.ac.nz/gait
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tem (Ild.e_b.eJ‘_&_Erid.&d, |20.0.d; Iﬂh.(:k.lﬂﬂcz_&LalJ, Il9.8.d) However, measuring mus-

cle morphology and muscle functioning in vivo is fundamentally limited. The

predictions from straight-line models, used in clinical gait analysis, are not
sufficient to identify the biomechanical sources of abnormal gait or to predict
the consequences of treatment regimes. As a consequence, there is no agree-
ment, on the structural changes that occur in spastic muscles in children with

(ILj_ebﬂ_eLa.]_], |21)_0_4|), and a scientific basis for determining how neuromuscu-

loskeletal impairments contribute to abnormal gait is lacking (@, ).

Using [MRIl and anatomically-based modelling techniques, we demonstrated that
the volumes and lengths in the thigh and the calf muscles in children with
are significantly altered when compared to typically developing children.
Our results extend previous findings which have largely been constrained to
the superficial calf muscles due to limitations in ultrasound-based measure-
ment techniques (IFrv et a.l], |21)_Oj|; Ma]_a.j,;ga._et_a.]_], |21)_Oj|; Magh_eghi_et_alj, |21)_ij;
|S_hp_r_tJ_and_e1_al], |20_0_ﬂ) The presenting muscle atrophies suggest an overall me-
chanical deficit which may be related to the impaired gait patterns observed in
children with [CPl The library of high-order [EE] muscle models of children pro-
vides a significant contribution for future investigations of spastic muscles. In

particular, its implementation within the mathematical modelling environment
CMISS is considered a solid basis for further analysing the relationship between
muscle architecture and functioning during walking.

Predicting muscle soft-tissue deformations during walking using anatomically-
based musculoskeletal models is a challenging task, which has been tackled in
many ways by researchers from different areas. To-date, musculoskeletal sim-
ulations have typically fallen into two categories: simulations of highly sim-

plified models for many muscles (IQh_a.Q_eLa.]_], |201)_ﬂ; Damaga.ard_&t_al], |21)_0d;

IDelp_&_LQa.IL |l99_d) or highly detailed models for only a few muscles and simple
motor tasks (IB_LemkeLeLa.lJ, |2D.Oﬂ; |B.Lem.ker_&_[lel.d, |201)i'!; h&mgs_et_al], |21)_0j'i)
To our knowledge, the anatomically-based model of the lower limbs during walk-
ing, detailed in Qberhofer et all (20092), is the first of its kind, allowing the
realistic deformation of several muscles throughout gait with reasonable com-

putational costs. Even though the geometric-based [HME technique does not
comply with the governing equations of finite elasticity, the present framework
is considered the first step towards introducing anatomically-based modelling
techniques into clinical gait analysis.
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Unfortunately, the accuracy in predicting physiological gait parameters does
not only depend on accurate musculoskeletal models but also on error free
input data. are considered a major error source in optical motion cap-
ture (Il&a.njj_ni_et_a.]_], |21)_Oj'i and have been shown to significantly affect the com-
putation of segmental and joint kinematics (I(‘annowo et al] h_ﬂ%i |Qh_ezA |21)_0d
Ramakrishnan & Kadaba, 1991; Reinschmidt et all, [1997). The analytical er-
ror analysis, presented in IQb_er_hm‘_eLeLa.]_] (IZOD_QH demonstrated that STA] also

have an effect on modelled muscle-tendon lengths. Our results highlight the

potential impact ETAl have on the biomechanical analysis of modelled muscle-
tendon lengths during walking, and suggest the need for caution in the clinical
interpretation of muscle-tendon lengths derived from inverse kinematics.

Anatomically-based models of the musculoskeletal system may currently not be
more accurate in predicting muscle-tendon lengths during walking than simpli-
fied straight-line models, in particular if both models depend on input data from
optical motion capture. However, anatomically-based models provide some sig-
nificant visual insights into the spatial relationships of individual muscles during
walking. Interactive visualisation of complex physiological processes has been a

beneficial resource in medical education (IS_a.La.sL;J 11997; Sinav & Ambron, 2004;
Bmim&_ﬂhﬂggkl, I]_Q%A . The present implementation of the anatomically-

based model during walking into a web-based may introduce this exciting

new media to gait courses. The current teaching tool is still at an early stage, and
further evaluation is required to assess its usefullness to students. However, the

results of |B_],;ﬁh_et_a.]_] (|21)_Oj|) have shown that anatomically-based musculoskele-
tal models, developed within the modelling platform CMISS, can be successfully

implemented into virtual reality applications for medical education.

8.3 Limitations

The present work is a step towards applying anatomically-based, subject-specific
modelling techniques to the clinical assessment of children with [CPl However, ac-
curately predict muscle functioning during walking for anatomically-based mod-
els remains a major challenge because of the non-linear material properties of
muscle tissue, the high number of muscles involved in gait, the complex paths
of muscles across several joints, the large deformations during gait, the interac-
tion of individual muscles with surrounding tissue, and the limitations in current
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measurement, techniques for providing accurate input data. Furthermore, the
application of anatomically-based models to clinical settings remains limited due
to the tedious development of subject-specific models, the complexity of the re-
sulting gait simulations, and the expertise which is required to run and analyse
the models.

The development of subject-specific [EE] models from [MEIl was a very time con-
suming procedure because the structures of interest had to be manually digitised.
Automatic image segmentation algorithms for muscle structures, such as the ones

described for femur and pelvis in Shim et all (IZOD_ﬂ), would be necessary for an
extension of the current model library and more detailed investigations of spas-

tic muscles in children with Furthermore, the [EE] models only captured
the geometric boundary surfaces. Hence, these models do not allow for study-
ing microscopic alterations or microscopic deformations during walking. For
instance, a fixed muscle shortening in children with [CPl can either result from
a decrease in fibre lengths or from a decrease in fibre diameter

|21)_0_4| |S_h9_r;ﬂ_a.nd_et_a.]_] |21)_0_ﬂ and the fibre lengths and penation angles change
spatially within a muscle (IBlemker & Delr] |20_Oﬂ h:e.naﬁn_&Lal] |20_Oﬂ as well as
temporarily during motion (IBJ.emke.r_&_[lelﬂ |I.a.e_b.e.r_&_Er_1d.e.d |20.0.d

The inverse kinematics simulation of the lower limb model required extensive soft-

ware to be written for the calculation of segmental kinematics, the transformation
of the bones within CMISS, the derivation of the control points throughout gait,
the execution of the HME subroutines and the visualisation of the resulting walk-
ing simulation. The anatomically-based model of the lower limbs during walking
has a highly complex structure comprising several hundred files that specify the
model in static position, numerous variables that need to be properly defined
and different scripts that have to be executed in the right order. The complexity
of the present lower limb model significantly limits its usefulness to other re-
search groups or clinical settings. In addition, it was demonstrated that inverse
kinematics simulation are significantly affected by errors in kinematic data from

optical motion capture , IZOD_QH) The introduced errors into
musculoskeletal models are considered a major limitation in their application to
clinical gait research.

The muscle soft-tissue deformations during walking were purely derived from seg-
mental kinematics without taking the forces into account that have caused the
motion. However, successful walking is predetermined by the anisotropic, ac-
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tive and passive mechanical properties of muscle tissue (IB.Le.mkﬁr_&_DaLd, |20.0d;
|BQ_Qh_r_L(L&_Bu_LLaﬂ, |21)_Oj|) A hybrid approach, which couples the [HME] solution
with a constitutive model of muscle tissue such as described in |Ee_r_n_aud_ez_at_a.].]

), would enable investigations of stresses and strains within muscles dur-
ing walking. Challenges in the development of such a model would include the

accurate description of the constitutive behaviour of muscle tissue and the han-
dling of contact between muscle structures. The modelling environment CMISS
would certainly provide an extremely powerful tool, allowing for the [EE] analy-
sis of the muscle continuum under loading, and for the incorporation of con-
stitutive laws that bridge spatial scales from cellular levels up to whole or-

gans (IB.Q.&h.I‘.L(L&_ELﬂlaﬂ, |20.01|)

The validity of the [HME technique for predicting muscle deformation during

walking was assessed using static [MEIl data in two different positions using a
typical horizontal [MRIl unit. However, muscle deformation during walking is
affected by active muscle contraction, muscle-muscle and muscle-bone interac-
tions (IB_Lem_kQL&_DQLd, IZOD;") Additional external forces such as gravity further
alter the muscle-tendon shape. A [MRIl unit, such as described in Iam

), would be required to capture the muscle deformation under physiological

weight-bearing conditions. Unfortunately, the accessability to such a scanner was
not provided in the scope of the present study. Hence, additional validation may
be necessary if the anatomically-based model of the lower limbs during walking
is to be used in the clinical assessment of children with

8.4 Outlook

One day, subject-specific, anatomically-based models of children with might
be developed routinely during a clinical assessment and used to identify the in-
dividual muscles which are causing the musculoskeletal impairments observed.
Future models might even allow for predicting the consequences of different treat-
ment regimes, and hence, assist in comprehensive surgical planning. Finally, the
routine development of subject-specific musculoskeletal models in clinical gait
analysis would lead to extensive model libraries which could be used for medical
visualisation and education.

At this stage, however, the application of anatomically-based modelling tech-
niques to clinical gait analysis is still considered visionary, requiring major re-
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search outputs and advancements in modelling soft-tissue muscle deformation in
the lower limbs during walking. Despite current limitations, the present work has
demonstrated that anatomically-based musculoskeletal modelling provides signif-
icant new insight into spastic muscles of children with and offers a promising
tool for more detailed investigations of muscle functioning during both normal
and pathological gait.

Future work should aim to extend the library of anatomically-based lower limb
models of children by improving the development of subject-specific models from
[MRI and further capturing microscopic features such as muscle fibre lengths
and penation angles. Previous studies have introduced fitting algorithms, which
facilitate the automatic development of high-order [FE] models from sparse med-
ical datasets (IS_h_i_m_et_a.]_J, |21)_0:), and have demonstrated that the incorporation
of fibre lengths and penation angles is feasible within the modelling software

CMISS (IN.a.s.h_&_H.Lm.tm], 2000; Roehrle & Pullarl, |201)_ﬂ). Extensive investiga-

tions of lower limb muscles in children with CP may not only provide new in-

sights into the structural alterations that occur secondary to the neurological
disorder, but may also help for the evaluation of treatment outcomes from serial
castings or soft-tissue muscle surgeries. Depending on the structural alterations
that present, strength training or electrical stimulation might be more valuable in

preventing fixed contracture than stretching or casting (IS_h_or_tJ.a.n_d_at_a.]J, |20_Qﬂ)

The gained insight from detailed anatomical studies of spastic muscles in children

with may be linked to calculations of muscles forces from inverse dynamics.
Muscle forces in gait analysis are commonly derived from the net joint moment
and forces based on inverse dynamics using static optimisation and generic phys-

iological muscle models (IG_a.gd IZODA |Za;ag;et_al] |21)_0_ﬂ However, the muscle
architecture predetermines muscle functioning M, IZOD_d) In par-

ticular, the physiological cross sectional area is related to the maximal force gen-

erating capabilities, and the fibre penation angle is related to the maximal short-
ening velocities of the muscle-tendon unit. Analysing the influence of subject-
specific muscle architecture on muscle forces may lead to improved optimisation
algorithms, and consequently, help for better identifying the causes of abnormal
gait. Previous work has further demonstrated the value of using muscle forces
from inverse dynamics as boundary conditions into subject-specific FE models of
the skeletal system for analysing stress magnitudes and distributions in the knee

joint during walking (IEema.nd.ez_&Lal], |2D.01|)
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An extension of the web-based teaching tool for medical education may become
a beneficial addition to the traditional teaching of gait. It has been demon-
strated in the literature that the [EE] models within CMISS can be exported
into computer animation software such as blendeIE (IB_]_;Lth_eLa.]_J, IZOD_ﬂ) Using
blender, realistic virtual environments can be created and converted into the
Virtual Reality Modeling Language (NBMI) or X3D files, which are standard
XML-based formats for representing 3D computer graphics interactively on the
web (l.lo.h.n_&_[d.td, |20_0j) A platform-independent, freely-accessible, interactive
visualisation of anatomically-based musculoskeletal models during walking could

provide a valuable resource not only for gait courses, but also for patient educa-
tion and the general public.

In conclusion, the field of anatomically-based modelling of the musculoskele-
tal system during walking is an exciting research area, with many more re-
search questions to be answered in future work. Advancements in the field cru-
cially depend on the collaboration between different research groups, especially
if anatomically-based, subject-specific models are aimed to be applied to clinical
gait analysis. For instance, improvements need to be made in medical imaging of
muscles during walking, accurately deriving segmental kinematics from optical
motion capture and describing the mechanical behaviour of muscle tissue. Upon
successful collaboration, however, we are confident that musculoskeletal models
will eventually become virtual representations of the human anatomy and physi-
ology that not only appear, feel, smell, sound and age like humans, as envisioned
by Spitzer & Whitlock (1998a), but also walk like us.

2http://www.blender.org
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Accreditation
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March 2002.
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Please quote the above ethics committee reference number in all correspondence.

The Primary Investigator is responsible for advising any other study sites of approvals and all other
correspondence with the Ethics Committee.
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Updating Nodal Derivatives after HMF

If a bicubic-linear [FE] mesh (slave mesh) is customised to subject-specific data

using the technique, not only the position u of every node but also the
nodal derivatives with respect to the slave mesh element coordinates n € [0, 1]
need to be updated according to the deformed host mesh configuration.

As the slave mesh is completely embedded into the host, its nodal derivatives
can be written as functions of host mesh element coordinates £ € [0,1] that is
0 ou 0 ou 0 ou 0
Ou _ Oudg  Ouog  Ou o (B.1)
om 06 O 0% Om 08 Om
ou ou 0&; N ou 0& n ou 0&3

oy 06 0m 0&0n, 9,

which can be expressed in matrix form, for example for Equation [B.1], as

dui  dui  duy 3% duy

061 062 083 om om

Qug  OQuy  Jug 3_22 _ | Ouz (B 2)
061 062 O3 om - om : :
Quz  Ouz  Juy oy Qug

061 0% 03 o om

The second term on the left hand side in Equation remains constant during
the HMF procedure. Hence, the nodal derivatives in deformed state can be
derived from Equation B3

0 0 0 0
<a—;‘>def = [8—‘€‘Jdef x [8—‘5‘];3 : <a—;‘>m (B.3)

The cross derivatives are obtained in a similar fashion though mathematically
more involved. Differentiating Equation [BI for the first global coordinate w4
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with respect to 7y gives

82u1 0u1 0251 6&1 82u1 i 8U1 62§2

= — —_— B4
O 0ny 0 Omne Oy 06101, 0& Omnp ( )
i % 62U1 8’&1 62§3 % 62U1
67}1 8528772 853 87717}2 8771 6538772
Rearranging Equation leads in
ouw 1T 1 0%
B || w06 w05 w06 Pu o
o omdn | T Omony  Om 060, O 0500, Oy 0z
962 On10ng2

which is solved for the second term on the left hand side. To do so, the mixed
derivatives on the right hand side need further manipulation using the chain rule

9%uy Puy 06, 0%y 0& 0Puy O&

0&10my B 55% 6—712 - 0616 8—772 8518538—772 (B.6)
Puy Puy 0& | DPuy 06 Puy 03

06:0m 0606 0m, 08 I 0606 O

0%uy 0%uy 91 0%uy 3 82u1%

0E30m; 061063 0np 06063 0m, — 0&5 O

All terms on the right hand side in Equation are known, provided that the
first derivatives were computed first. Hence, the new expressions for the mixed
derivatives in Equation can be substituted back into Equation

Similar expressions are obtained for the cross derivatives of the second and third
global coordinates uq, us, resulting in a system of linear equations of the form

&
o) | B | _ o
0(61,62,88) 1o | 2

On10m2

with vector q given as

Puy  0& 0%uy  9& 9%uy  0&s 0wy
On10m2 on1 0€10n2 o1 0€20m2 on1 0&30m2
— 8211,2 _ % 32u2 _ % 32u2 _ % 8211,2 (B 8)
q D101 Om 9&10m2 o1 920m2 O 0&3 02 ’ )

0 us3 afl 82ug 862 0 UQ3 853 0 us3

Omdnz ~ Ony 0&10n2 O 0&20m2 On1 9€30m2

The first term in Equation [B7] which is the Jacobian matrix of the undeformed
host, is invertible, and allows the expression to be solved for the cross derivatives.
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Singular Value Decomposition

m (@) demonstrated that a least-squares formulation for minimising
ETAl from optical motion capture can be reformulated into a maximisation prob-
lem and solved using singular value decomposition. The corresponding numerical
method to determine the best approximation of segmental kinematics based on
a redundant number of skin markers is outlined below.

Initially, the affine transformation matrix T, including rotation, shearing and
scaling is computed by minimising the objective function S

Smin = [(Pd7t+1 — Tpd7t)T(Pd,t+1 - Tpd,t)] ) (C.1)

D
d=1
where p is the 3D position of skin marker d of the cluster D in time frame ¢
and ¢t + 1 respectively. The best Euclidean transformation for the cluster of
markers is then determined by minimising the difference between the unknown
rotation matrix R with entries 7;; and the upper left 3 x 3 entries ¢;; of the affine
transformation matrix T as

3 3
Smin = (tij — 1i5) (C.2)
i=1 j=1
Equation can be reformulated in
Spmin = tr(R'R) — 2tr(R'T) | (C.3)

where tr(X) is the trace of a given matrix X.
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The rotation matrix R has to comply with the properties of an orthogonal matrix
that is
RR'=R'R=R'R=1 , det(R)=1 (C.4)

With R subject to Equation [C4], the minimising problem in Equation can
be written as a maximising problem as

Spaz = tr(RTT) . (C.5)

Equation can be solved by performing a singular value decomposition on T.
Singular value decomposition is based on the theorem that every real matrix A
can be factorised such that A = USV”, where U and V are orthogonal matrices
and S is a diagonal matrix with non-negative entries s;, which are known as

singular values (IN.i.pp_&_S.t.Qﬂml, IZ0.0j)

The singular value decomposition on T gives

T =USV’ . (C.6)

Substituting Equation into Equation and reformulating the expression
leads in
Simaz = tr(WS) (C.7)

with W = VITRTU. Since V, R and U are orthogonal, W must also be orthog-
onal, and is therefore subject to [W| < 1 as implied in Equation [C4]

Thus, Equation is maximised if W = I, and therefore

R=UV" . (C.8)

For certain cases, however, Equation does lead in a reflection matrix
(det(R) = —1) rather than a rotation matrix. A modification, given in Equa-
tion [C9 was further proposed by @ (@) to account for these cases.

10 0
R=U|0 1 0 vt (C.9)
0 0 det(UVT)
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Lower Limb Mesh Parameters

Table D.1: Bone mesh parameters of the lower limb model described in Chapter B including
the number of landmark and target points used for the [HMH customisation of the generic
model from the [AB1l library to the subject-specific data from [MEIL

Nodes Elements landmark /targets

hip 224 84 40
femur 829 832 60
patella 47 48 8

tibia 178 170 42
fibula 122 112 32
foot 1705 1567 12

T The subject-specific mesh was developed using the Direct Least-Squares Method, described in Section B3
instead of the HMF technique.
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Table D.2: Muscle mesh parameters of the lower limb model described in Chapter B includ-
ing the number of control points which were used as kinematic constraints for the walking
simulation.

Mesh Control Points
Nodes Elements Foot Shank Thigh Hip
adductor magnus 26 24 - - 8 4
biceps femoris 72 32 - 5) 5) 4
extensor digi long 32 14 D 7 - -
extensor hall long 32 14 D 7 - -
gastrocnemius 63 26 ) ) 9 -
gluteus maximus 56 24 - - 6 6
gluteus medius 48 20 - - 6 6
iliacus 28 12 - - 6 6
peroneus longus 40 18 ) 7 - -
psoas 24 10 - - 6 6
rectus femoris 36 16 - 6 9 5
sartorius 40 18 - 5) 3 6
semimembranosus 28 12 - D 5 4
semitendinosus 32 14 - D 5 4
soleus 56 24 D 7 - -
tibialis anterior 28 12 ) 7 - -
tibialis posterior 32 14 5t 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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Questionnaire Graphical User Interface

A questionnaire was developed to assess the usefulness and educational value
of the web-based teaching tool, described in Chapter [ A link to the online
questionnaire is provided on the main page of the [GUI

The following questions are included in the questionnaire:

Table E.1: General layout with one the poorest and five the best grade.

General
Design
Organisation of content

Transparency of functionalities
Other:

O O O O|+
O O O O
O O O O|Ww
O O O O |
O O O O |t

Table E.2: Content of information with one the poorest and five the best grade.

Informational content 1 2 3 4 5
Relevant o o o o o
Accurate o o o o o
Coverage o o o o o
Other: o o o o o
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Table E.3: Pedagogical usability with one the poorest and five the best grade.

Pedagogical usability
Enhanced your learning
Added value to the course
Would recommend to others
Other:

O O O O|r
O O O O|N
O O O O|Ww
O O O O|H~
O O O Ot

The following open questions are further asked:

e Would you consider downloading and installing the ZINC plugin (4MB)
which is required to view the 3D model? If no, please give a reason why
not.

e Do you have additional remarks or comments related to the interface?

134



Supplementary Movies

The following movies can be viewed either on the supplementary
CD, which is attached to the back of this thesis, or online at
http://www.bioeng.auckland.ac.nz/gait. All the movies were developed based
on a series of static images from the dynamic simulations of the musculoskeletal
models within CMGUI.

P subject 004

age: S ydm
height: 1.29 m
weight: 28 kg

Figure F.1: StaticChildrenModel.wmv showing the subject-specific, anatomically-based models
of one child without CP (subject 005, Table L)) and one child with CP (subject 006, Table EZ2)
outlined in Chapter H

Figure F.2: StaticLowerLimbs.wmv showing the static model of the lower limbs, presented in
Chapter B, including the control 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 anatomically-based lower limb
model, outlined in Chapter Bl including the resulting deformation of the skin-based host mesh.

Figure F.4: Gait.wmv showing the gait simulation of the anatomically-based lower limb model,
described in Chapter

Figure F.5: GaitPelvis.wmv showing a close-up view of the pelvis of the anatomically-based
lower limb model during gait, presented in Chapter

Figure F.6: GaitMuscleActivation.wmv showing the visualisation of the muscle activation dur-
ing walking for the web-based teaching tool introduced in Chapter [ The colour gold cor-
responds to concentric contraction, orange to isometric contraction, and purple to excentric
contraction respectively.
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