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Abstract 

 
The Oxford Foot Model (OFM) is a multi-segment foot model, which consists 

of three rigid segments (tibia, hindfoot and forefoot). The segments are defined by 
surface markers placed on bony landmarks on the foot and leg. The accuracy of the 
OFM angle calculations depends on how the markers and segment axes relate to the 
underlying anatomy. Several previous studies have reported particularly large 
variability in the hindfoot-tibia rotation and this finding has made gait data 
interpretation and, consequently, treatment recommendation more uncertain. The aim 
of this research project was to investigate the agreement between marker-based and 
anatomy-based hindfoot and tibia segment axes in the Oxford Foot Model. Twenty-
one adult females participated in the study (42 feet). The calcaneus and talus first 
principal axes, as well as 3D coordinates of markers and of the points corresponding 
to the ideal marker locations, were extracted from CT images. Gait analysis was used 
to measure lower-limb joint kinematics during level walking trials. The results 
showed that there is a significant discrepancy between the OFM hindfoot (A-P) axis 
and the calcaneus first principal axis in the transverse plane. This relationship 
suggested a clinical implication that the A-P axis definition in relation to the 
underlying anatomy is likely to be less accurate in a deformed foot like clubfoot. 
Moreover, the insignificant root mean squared difference between the hindfoot-tibia 
kinematics, estimated by a rigid-body transformation method and that computed from 
the standard stereophotogrammetric procedure implied that the hindfoot and tibia 
rigidity assumption was valid in estimating the motion of the underling anatomy from 
the marker-based segment axes definition. Furthermore, a discrepancy between the 
OFM hindfoot and tibia axes and the corrected OFM hindfoot and tibia axes in the 
transverse plane was evident, and this led to differences in the transverse plane joint 
angles during walking. Therefore it can be inferred that these two reasons instigate the 
large variability in transverse plane hindfoot-tibia kinematics, as reported by past 
literatures. This information has potential to optimise the hindfoot and tibia segment 
definitions in accurately describing the motion of the underlying anatomy and thus 
improve interpretation of gait data and subsequently treatment recommendations for 
patients with foot deformity. 
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1 Introduction

This chapter explains the motivation behind and the aim of the current thesis. A

summary of each chapter of the thesis has been outlined in the last section.

1.1 Purpose and Aims

The measurement of kinematics via stereophotogrammetry is a well-established part

of clinical decision-making for patients with known gait disabilities. Conventional

lower body models, which comprise a rigid pelvis, femur and lower leg segments, do not

provide adequate information about foot kinematics during in vivo motion analysis

of the foot. Hence this has been a problem for treatment specific to feet. In order

to address this issue, many multi-segment foot models have been developed. These

models have been thoroughly tested for repeatability and clinical significance to justify

their clinical use. Multi-segment foot models have their own set of small segments,

defined by strategically placed markers, and systematic procedures for detailed and

repeatable attainment of foot kinematic results. Carson et al. [14] first proposed

the Oxford Foot Model (OFM) and Stebbins et al. [78] later modified it for wider

application. The OFM consists of three rigid segments (tibia, hindfoot and forefoot).

Surface markers placed on specified bony landmarks on the foot and leg define the

segments. A motion capture system is used to record the three-dimensional (3D)

coordinates of these markers, that have been affixed to a moving test subject, at a

given frame rate. The marker coordinates can be used to calculate the segmental axis

orientations and hence the inter-segmental angles for each frame and this is the basis

1



of foot kinematic data collection.

However, there are limitations associated with estimating the orientation of bone

from reconstructed skin-marker trajectories. Apart from the inevitable instrumental

errors from motion capture systems, there are errors that originate from deformable

tissues between the stereophotogrammetric system and the underlying bony segment.

This is regarded as the primary limitation to interpreting human motion analysis [3].

Anatomical landmarks can be either external or bony and therefore accurate iden-

tification and reconstruction of the anatomical landmarks can be a difficult task. This

affects the estimation of the orientation of anatomical segment axes (or anatomical

frames) which are defined by marker-based segment axes and consequently affects the

computation and interpretation of joint kinematics. The accuracy of the OFM angle

calculations depends on how the markers and segment axes relate to the underlying

anatomy. In addition, skin motion and soft tissue artifacts can contribute to the rel-

ative movement between the markers and the corresponding bony anatomy. Inertial

effects of the soft tissue deformation in areas close to the joints [12] and skin motion

artefact owing to joint positions can weaken the rigid body assumption of the model

segments and affect the estimation and interpretation of joint kinematics. The OFM

hindfoot segment is an area where relatively thick layers of fat and soft tissue exist

between the surface of skin and the underlying bony anatomy. This issue does not

just relate to the Oxford Foot Model, since many multi-segment foot models [45, 49]

use hindfoot definitions similar to that of the Oxford Foot Model. Hence, accurately

measuring the movement of the underlying bone would not only benefit the Oxford

Foot Model but also other similar models and therefore provides justification for this

2



study. While measuring the skin motion artefact would provide useful information in

computing the errors it contributes to the dynamic angles, it was not a part of the

scope of this study.

Moreover, the OFM tibia segment definition relies on the Knee Joint Centre and

Ankle Joint Centre, both of which are calculated points. As particularly high vari-

ability has been observed in the hindfoot-tibia rotation (transverse rotation) [20], the

Oxford Foot Model tibia and hindfoot segments were identified as key research areas.

Therefore the aim of the current thesis was:

• To investigate the agreement between marker-based and anatomy-based hind-

foot and tibia segment axes in the Oxford Foot Model.

The objectives of the current thesis were:

1. To investigate how well the marker-based and the anatomy-based hindfoot and

tibia segment axes align.

2. To investigate the effect of any misalignment between the marker-based and the

anatomy-based hindfoot and tibia segment axes on joint angles during motion.

3. To investigate how appropriate the rigidity assumption is in estimating the

hindfoot and tibia anatomy-based segment definitions from the corresponding

marker-based definition.

4. To investigate how marker misplacement affects the calculated kinematics of

the hindfoot and tibia.

This thesis presents an investigation of the aim and the objectives using healthy

adults. A summary of each chapter of the thesis is outlined in the following section.
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1.2 Thesis Overview

Chapter 2 provides an essential introduction to the clinical and technical background

required to comprehend this thesis. It starts by presenting the clinical terminology

that is used throughout the thesis. The next section describes the skeletal and mus-

cular anatomy of the foot and their corresponding biomechanics. This is followed

by a section on various foot pathologies, how they affect gait and what the avail-

able common treatment methods are. The next section goes on to demonstrate how

joint kinematics is calculated. Technical details of various lower-limb models that are

available for use in both research and clinical settings are outlined. The details of the

Oxford Foot Model, the lower-limb model used in this research, are also included in

this section. Since this thesis is dedicated to the analysis of the Oxford Foot Model,

its clinical utility has been summarised. The final section of this chapter addresses

limitations associated with the default definition of the Oxford Foot Model and where

in the hindfoot and tibia the problems related to accuracy might occur.

Chapter 3 describes the experimental data collection and protocols that were em-

ployed in the current thesis. Study design and subject recruitment are outlined.

A description of the experimental data collection section is divided into subject re-

cruitment, clinical examination, gait analysis and medical imaging. Ankle and foot

kinematic data collected was processed using the protocol described in the kinematic

data processing section. This section also summarises the protocol used to segment

and reconstruct CT images. Lastly the rigid body transformations used to obtain

dynamic inter-segmental angles are explained.

Chapter 4 provides a comprehensive analysis of static comparison of marker-based
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hindfoot and tibia segment axes orientations with their anatomical definitions. The

first and, partly, the fourth objectives of the thesis were investigated in this chapter.

Chapter 5 extends the work of the previous chapter and outlines the comparison

of dynamic joint angles calculated from the marker-based hindfoot and tibia segment

axes and anatomical definitions. The second, third and the fourth objectives of the

thesis were investigated in this chapter.

Chapter 6 summarises the overall conclusions drawn from this investigation and

outlines recommendations for future work.
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2 Background And Literature Review

2.1 Clinical Terminology

2.1.1 Introduction

Clinical terms used to describe anatomical planes and directions as well as human

body structures and motions are outlined in this section.

2.1.2 Anatomical Planes and Directions

The body is referenced in three anatomical planes (Figure 2.1). The transverse plane

is the plane normal to the long axis of the body and the directions away from this

plane are described as superior and inferior (Figure 2.2). The superior direction refers

to the direction towards the head whereas the inferior direction refers to the direction

towards the feet. The sagittal plane is a vertical plane, which divides the body into

left and right halves, and the directions away from this plane are described as medial

and lateral. The medial direction refers to the direction towards the mid-plane that

divides the body into left and right halves, whereas the lateral direction refers to the

direction away from the plane. The coronal (frontal) plane is the plane perpendicular

to the transverse and sagittal planes and the directions away from this plane are

described as anterior and posterior. The anterior direction refers to the direction

towards the front of the body whereas the posterior direction refers to the direction

towards the back of the body.

Also the terms proximal and distal are used to define nearer to and further away

from a point of reference.
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Figure 2.1: Anatomical Planes [99]

7



Figure 2.2: Anatomical Directions [99]
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2.1.3 The Description of Human Motion

Flexion is used to describe the motion in the sagittal plane at a joint that brings the

distal segment closer to the proximal segment, whereas extension is used to describe

the motion opposite to flexion [62]. At the ankle joint, the terms dorsiflexion and

plantarflexion are used to define flexion and extension, respectively. Abduction is used

to describe motion of a body part that pulls it away from the midline of the body,

whereas adduction is used to describe the motion opposite to abduction. Internal

rotation is used to describe the rotational motion of a body part that rotates towards

the midline of the body about its longitudinal axis, whereas external rotation is used

to describe the motion opposite to internal rotation. Figure 2.3 is an illustration of

the terms used to describe human motion.

Moreover, inversion is used to describe the rotational motion of a foot that rotates

about the long axis of foot towards its mid-sagittal plane, whereas eversion is used to

describe the motion opposite to inversion.

2.2 Anatomy and Biomechanics of the Foot

2.2.1 Introduction

The foot is a complex structure, consisting of 107 ligaments, 19 muscles, 28 bones

and 33 joints [1]. It has four different functions [58]:

1. It provides a stable base of support to minimise muscular effort.

2. It accommodates rotation of more proximal limb segments during the weight-

bearing phase of the gait cycle.
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Figure 2.3: Description of Human Motion. Modified from [100]
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3. Flexibility of the structures within the foot allows shock absorption and accom-

modation of the terrain.

4. Rigidity of structures within the foot allows leverage during push-off.

In order to execute all four functions, the foot needs to be able to make a transition

from a flexible structure to a rigid and supportive structure and vice versa at various

phases of the gait cycle. During initial contact, the foot is flexible to aid impact shock

absorption. Then during the push-off phase, the foot joints lock together to act as a

rigid lever, for propulsion [30].

2.2.2 Basic Anatomy and Biomechanics of the Foot

The skeletal anatomy of the foot is shown in Figure 2.4. The foot is separated from

the shank by the ankle (tibiotalar) joint. In clinical terms, the hindfoot comprises

the calcaneus and talus. The joint between the talus and the calcaneus is called

the subtalar (talocalcaneal) joint. The midfoot consists of the navicular, cuboid and

the three cuneiforms. The hindfoot and the midfoot are separated by the midtarsal

(transverse tarsal) joint (combination of the talonavicular and calcaneocuboid joints).

The forefoot is composed of the five metatarsals and the phalanges comprise the five

proximal, middle and distal phalanges. The hallux refers to the big toe. The joints

between the midfoot and the forefoot are called the tarsometatarsal joints, whereas

joints between the forefoot and the phalanges are called the metatarso-phalangeal

joints.

The muscular anatomy of the foot and the shank is shown in Figure 2.5. The ankle

complex consists of 11 muscles which function as dorsiflexors and plantar flexors. The
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Figure 2.4: Foot Bony Anatomy [96]

12



Figure 2.5: Foot Ligaments and Tendons [95]
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dorsiflexors are the tibialis anterior (TA), extensor digitorum longus (EDL), extensor

hallucis longus (EHL), and peroneus tertius, whereas the plantar flexors are the triceps

surae (soleus and gastrocnemius) and the perimalleolar muscles. The perimalleolar

muscles consist of the tibialis posterior (TP), peroneus longus, flexor hallucis longus

(FHL), flexor digitorum longus (FDL) and peroneus brevis. The triceps surae are the

primary ankle plantar flexors, providing 93% of the plantar flexor torque [35].

The aforementioned ankle muscles can also control subtalar joint inversion and

eversion. The invertor muscles are all the muscles that are located medially with

respect to the subtalar joint. They are the TA, EHL, TP, FDL and FHL. On the

other hand, the evertor muscles are all the muscles that are located laterally with

respect to the subtalar joint and they are the EDL, peroneus tertius, peroneus longus

and peroneus brevis.

Extensor hallucis brevis (EHB) and extensor digitorum brevis (EDB) are located

on the upper side of the foot. The EHB is just medial to the EDB and it helps to

extend the big toe whereas the EDB helps to extend the digits 2, 3 and 4.

The plantar fascia of the foot is located underneath the arch and is tensed by

metatarso-phalangeal joint dorsiflexion.

2.2.3 Gait Cycle

The gait cycle (GC) is a reference used to measure and analyse gait patterns. Each

gait cycle begins with initial contact and ends with next initial contact of the ipsilat-

eral foot [31] (Figure 2.6) It constitutes two periods: stance and swing. Stance refers

to the period during which the foot is in contact with the ground. It accounts for
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Figure 2.6: Normal Gait Cycle and Phases [99]

approximately 60% of the gait cycle and can be subdivided into three intervals: the

initial double stance, single limb support and terminal double limb support. Swing

refers to the period during which the foot is off the ground and accounts for the other

40% of the gait cycle.

Normal foot motion patterns during gait can be categorised into eight phases [62]:

Initial contact (0% to 2% GC), loading response (2% to 12% GC), mid stance (12%

to 31% GC), terminal stance (31% to 50% GC), pre-swing (50% to 62% GC), initial

swing (62% to 75% GC), mid swing (75% to 87% GC) and terminal swing (87% to

100% GC).

Soon after initial contact, the ground reaction force can exceed body weight by

up to 20% [58]. The ankle gradually plantarflexes from slight dorsiflexion to approx-

imately 20° of plantarflexion [59]. During the loading response phase, the lower leg

internally rotates which results in the body weight being progressively transferred to

the supporting limb for weight-bearing stability [91]. Early research [36] indicated
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that the hindfoot inverts during this phase but more recent researchers using three-

dimensional gait analysis [53, 60, 69] have shown that the hindfoot, in fact, everts.

Reinschmidt et al. [69] have also found that the hindfoot tends to abduct for the first

20% of the gait cycle. It is understood that this hindfoot nature at initial contact

aids shock absorption [58].

From the mid stance to the terminal stance phase, the foot makes a transition

from a flexible structure to a rigid and supportive structure to generate propulsive

power. During this time, the hindfoot inverts [53, 59, 69, 91] in order to provide limb

and trunk stability and facilitate progression of the body over and beyond the sup-

porting foot. During terminal stance, the heel begins to rise and thus the hindfoot

plantarflexes [58]. A pioneering work by Inman [38], which involved a roentgeno-

graphic analysis of motion, highlighted that the movement of the foot during mid to

terminal stance can be categorised into four stages:

1. Gradual calcaneal inversion increases support for the talus and locks the mid-

tarsal joint, as a result. The axes of the talonavicular and the calcaneo-cuboid

joints are parallel prior to the start of the hindfoot inversion but become pro-

gressively misaligned with the inversion.

2. The hindfoot plantarflexion during terminal stance compresses the talus into

the navicular, which further locks the midtarsal joint.

3. Intrinsic foot muscles contract to provide support for the longitudinal arch.

4. The first metatarsophalangeal joint dorsiflexes to tighten the plantar fascia and

increase the longitudinal arch height. This phenomenon is known as the “wind-
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lass mechanism”. This mechanism prepares the foot to provide a rigid lever for

propulsive power generation. During this phase, the ground reaction force may

exceed the body weight by 20%.

During initial swing, the hindfoot dorsiflexes to allow for foot clearance of the floor

and as the gait cycle reaches terminal swing, it plantarflexes again to prepare the foot

for initial contact.

2.3 Effect of Foot Pathology on Gait

Foot pathologies are usually related to congenital bony deformity, acquired muscle

weakness, pain and impaired control [62]. Changes in foot structure compromise the

role of the foot during gait.

Bony deformity prohibits shock absorption and limits the range of motion and

therefore alters the functions of the foot. In addition, poor joint alignment restricts

the ability to generate propulsive power. This increases the loading on the adjacent

muscles and therefore results in the muscles working inefficiently.

Muscle weakness often abnormally activates adjacent muscles to reduce demand

on the weak muscle. This, in turn, puts abnormal loading on the compensatory

muscles during stance and can lead to further foot deformity.

Pain is often overlooked in identifying gait dysfunction. Like muscle weakness,

pain triggers compensatory foot mechanics and therefore increases the forces on the

joint tissues and ligaments. Consequently, it increases the likelihood of developing

further disability.

Impaired control arises from disruption of interchange of information between the
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sensory and motor systems. Neurologic disease or trauma alters selective muscle con-

trol and thus the muscle precision, coordination, speed and versatility are inevitably

affected as a result.

2.3.1 Common Types of Foot Pathology

Common types of foot pathology include clubfoot and flatfoot [62].

Congenital clubfoot is a condition where the deformed foot is adducted, inverted

and in equinus and cavus at birth [47, 63, 65]. If untreated, the deformity can

substantially disrupt stance stability, forward progression and foot clearance and can

increase energy expenditure.

Flatfoot or pes planus is a condition where the medial longitudinal arch of the

foot is absent or significantly reduced. There are various types and causes. Flatfoot

is often painless and is more apparent in children than adults as most children over-

come flatfooted-ness as the muscles, bones and tendons become stronger with age.

Congenital flatfoot can be divided into two types: flexible and rigid flatfoot. Flexible

flatfoot is a condition whereby the soft tissues (tendons and ligaments) of the arch

stretch, tear or in the worst case, become inflamed. It is called flexible because the

longitudinal arch is restored in the non-weight-bearing posture. In most cases, there

are no symptoms but some may experience pain or fatigue in the foot, back, hip

or knee, ankle over-pronation and shin splints. Rigid flatfoot refers to the condition

where the plantar surface of the foot remains flat at all times due to bony impairment,

like tarsal coalition. About a quarter of those affected experience foot pain. Flatfoot

can be adult-acquired and is often caused by overuse of the posterior tibialis tendon,
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weakening its ability to support the longitudinal arch. This condition is called pos-

terior tibialis tendon dysfunction (PTTD) and its symptoms are pain, swelling and

flattening of the longitudinal arch.

Rheumatoid arthritis is a disease in which some cells of the immune system mal-

function and attach to the synovial membranes that cover the capsules of synovial

joints that connect bones [68]. Initially, the synovial membrane and excess synovial

fluid thickens and subsequently the tissues swell. The swollen tissues intrude into

joint spaces and consequently lead to pain when they are compressed with motion

[68]. Patients reduce motion to lessen pain and therefore reduce activity [25] and

weaken the muscles [27]. Pain underneath the fibula is common. As the disease pro-

gresses, the bones shift out of their normal positions and thus results in a shift in

the alignment of the foot. This may induce flatfoot deformity and cause pain and

discomfort along the posterior tibial tendon, the main tendon that supports the arch.

With it, the ligaments that support the midfoot weakens and cause collapse of the

arch.

Cerebral palsy is a neurological disease, that affects muscle control and move-

ment. These affected muscles are either flaccid or spastic and this may affect the foot

kinematics. Although CP is a neurological disease, prolonged altered muscle activity

inevitably changes the bony structure. Bony deformity may develop during growth

as imbalanced muscle forces apply persistent loading on the immature bones. Bony

deformity compromises shock absorption and the range of motion and therefore al-

ters the function of the foot. In addition, poor joint alignment restricts the ability to

generate propulsive power. Moreover, CP patients often show joint contracture and

19



inappropriate muscle activity. The combined outcome of the aforementioned factors

has a deleterious effect on gait. While individual patients show considerable variation

in their gait patterns, they all suffer from increases in energy expenditure, discomfort

and lack of endurance.

2.3.2 Common Types of Treatment

Foot and ankle treatments are aimed at minimising impairment and pain. The treat-

ment process can be categorised into two types: non-surgical and surgical treat-

ments. Non-surgical treatments include physiotherapy, orthotic devices, accommoda-

tive shoes and medications.

In the case of congenital clubfoot, Hippocrates in his writings demonstrated the

first therapeutic system, which involved gentle stretching and the use of protective

bandaging [65]. In the late 18th century, simple surgery, like Achilles tendon length-

ening to reduce equinus, was introduced and with the discovery of anesthesia, the

surgical procedures became more complex and diverse [65]. While surgery treated

the foot in appearance, stiffness of the foot was a prevalent after-effect [10]. In 1939,

Kite [47] addressed the importance of correcting forefoot adduction prior to the equi-

nus. Ponseti [63, 64] developed a therapeutic program which begins with 5-12 weeks

of an essential series of manipulations and long-leg casts, followed by an Achilles

tenotomy to correct the residual equinus. Sometimes, lateral transfer of the tibialis

anterior was required to correct residual inversion [63]. Denis Browne splints [85] were

worn for about two years to minimise the chance of recurrence.

Flatfoot treatment is not usually required when symptons are not present. For
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flexible flatfoot patients, physiotherapy may be used to provide temporary pain re-

lief, medication such as nonsteroidal anti-inflammatory drugs may be prescribed to

reduce inflammation and pain, shoe insoles with arch support may be recommended

or custom orthotic devices may be provided to support the arches. In the case of rigid

flatfoot patients, surgery is recommended to restore the shape of the foot to allow for

natural foot motion. For PTTD patients, the treatment types are similar to those

for flexible flatfoot. Immobilisation through a short-leg cast or boot is implemented

to allow for the tendon to heal. Furthermore, this is followed by physiotherapy with

the aim to help rehabilitate the tendon and muscle. In cases where non-surgical

treatments have failed to reduce impairment or pain, surgery may be considered.

The rheumatoid arthritis treatment process mostly involves prescribing medicine

to relieve pain. The other common process is the use of orthotic devices and accom-

modative shoes. They are utilised to provide support when walking and to alleviate

pain. Surgeons may aspirate the joint to reduce joint swelling and if none of the

aforementioned methods successfully dissipate pain, surgery may be required.

The cerebral palsy treatment process is focused on improving function and assist-

ing motor development. Even though there are numerous physiotherapy techniques,

it is unclear as to which is the most effective method. Strengthening exercises are

applied to improve weakness in CP patients [88]. Passive stretching exercises are em-

ployed to lengthen elastic components of the muscle. Orthoses can be customised to

improve function, protect joints and reduce the severity of deformity. The Ankle Foot

Orthosis (AFO) is most commonly used for children with CP [9]. Botulinum Toxin is

used in conjunction with other treatment techniques to reduce muscle spasticity. Sur-
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gical interventions are applied to repair foot alignment and improve function. Surgical

interventions such as lengthening of tight and overactive muscles, tendon transfers and

bony surgery are implemented in cases with worsening gait and deformity. Since CP

is a complex condition, it is unclear which treatment or combination of treatments is

most appropriate. Changing the physical and biomechanical properties of a joint can

affect other joints. Therefore it is important to understand the joint kinematics in all

three dimensions and the corresponding joint coupling before any treatment process

is planned. This is where clinical gait analysis can come into play.

2.3.3 Gait Analysis and Treatment Planning

Clinical gait analysis provides information required to assist treatment planning and

to evaluate the effects of treatment, tailored to the individual patient. The infor-

mation constitutes three-dimensional joint kinematics, net joint moments, plantar

pressure, electromyography patterns and spatio-temporal parameters.

Three-dimensional kinematic analysis is the study of joint motion, which is illus-

trated by inter-segmental angles between body segments of interest. In conjunction

with the kinematic results, force plate measurements are used in the calculation of

kinetic results, such as joint moments, work and power. A pressure plate is used

to measure plantar pressure in order to appreciate the distribution of foot pressure

throughout the gait cycle. Dynamic electromyography (EMG) measurements show

information about when the muscle of interest is active during the gait cycle and

its contribution to the overall movement pattern can be inferred. Spatio-temporal

parameters of gait include speed, cadence and step and stride length and time. The
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overall quality of gait can be assessed using these parameters.

2.4 Human Motion Analysis

2.4.1 Introduction

Human motion analysis is the study of the mechanics of human locomotion. One

aspect of human motion analysis is kinematics analysis. This can be achieved by

using a motion capture system to track markers attached to the body and computing

the angles between adjacent body segments, defined by a biomechanical model, using

the marker trajectories. The biomechanical model divides a part of the body into

a number of rigid segments so that the body mechanics can be quantified using the

principles of classical mechanics.

2.4.2 Calculating Joint Kinematics

A method of calculating joint kinematics has been presented by the International

Society of Biomechanics [93, 94]. Global and local coordinate systems are established

to define coordinate frames associated with the capture volume and body segments,

respectively [13, 93, 94].

The global frame is static and locates the marker coordinates using stereopho-

togrammetry. There are two types of local frames: technical frame and anatomical

frame. The technical frame moves with the body segments to describe the movement

[13]. It is reconstructed at each time frame from the instantaneous positions of three

or more markers, which are tracked using the stereophotogrammetric system. These

markers are called technical markers and are placed on anatomical landmarks and
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Figure 2.7: A point vector defined by both the global frame and the local frame.
Reprinted from [13]

other locations on the corresponding body segment. The anatomical frame is a lo-

cal frame defined by selected anatomical landmarks, usually bony prominences. The

anatomical landmarks that are hidden internally are approximated using the surface

markers and predictive models or a functional approach. The position vectors of the

markers are measured using the stereophotogrammetric system and are given with

respect to the technical frame from an anatomical calibration.

Joint kinematics describes the relative motion of a body segment with respect

to its adjacent proximal segment. Figure 2.7 is an illustration of a point vector (p)

defined in both the global frame (gx, gy, gz) and local frame (lx, ly, lz). The position

vector of a point in global and local frames can be written as gp and lp, respectively.

If an orientation matrix and a position vector of the local origin relative to global are

gRl and go, respectively, the position vector of a point in the global frame, gp, can be

defined as in the equation below.
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gp = gRl
lp+ go (2.1)

Using the same notations, the orientation matrices of a local frame with respect

to a global frame of a proximal and a distal body segment can be written as gRp and

gRd, respectively. Similarly the position vectors of the local origin with respect to

the global frame are given as gop and god for the proximal and the distal segments,

respectively. Therefore the joint orientation matrix, Rj, and the joint position vector,

tj, are defined using the equations below.

Rj = gRT
p
gRd (2.2)

tj = gRT
p (god − gop) (2.3)

Three joint rotation matrices for the component rotations, as well as the relative

orientation of the proximal (xp, yp, zp) and the distal (xd, yd, zd) segment frames can

be calculated at any time. The orientation of the distal segment frame with respect

to the proximal segment frame can be defined by three sequenced rotations [13]. The

orientation matrix of the distal frame rotation by an angle, α, about the x-axis, is

given by the equation 2.4.

Rjα =


1 0 0

0 cosα − sinα

0 sinα cosα

 (2.4)
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Figure 2.8: Anatomical frames of proximal and distal segment. Reprinted from [13]
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Likewise, the orientation matrix of the distal frame rotation by an angle, β, about

the y-axis, is given by the equation below.

Rjβ =


cos β 0 sin β

0 1 0

− sin β 0 cos β

 (2.5)

Finally, the orientation matrix of the distal frame rotation by an angle, γ, about

the z-axis, is given by the equation 2.6.

Rjγ =


cos γ − sin γ 0

sin γ cos γ 0

0 0 1

 (2.6)

To calculate the orientation matrix of a rotation about an axis of the proximal

frame, the corresponding rotation can be pre-multiplied to the previous rotation ori-

entation matrix. In contrast, to calculate the orientation matrix of a rotation about

an axis of the distal frame, the corresponding rotation can be post-multiplied to the

previous rotation orientation matrix. Therefore, the rotation matrix of a rotation

about the zp axis, followed by a rotation about the floating x axis and finally by a

rotation the yd can be calculated by the equations below.

Rj = RjγRjαRjβ =


r11 r12 r13

r21 r22 r23

r31 r32 r33

 (2.7)
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Rj =


cos γ cos β − sin γ sinα sin β − sin γ cosα cos γ sin β + sin γ sinα cos β

sin γ cos β + cos γ sinα sin β cos γ cosα sin γ sin β − cos γ sinα cos β

− cosα sin β sinα cosα cos β


(2.8)

The angles α, β and γ can be computed using the equations 2.9, 2.10 and 2.11.

α = arcsin r32 (2.9)

β = arcsin

(
−r31

cosα

)
(2.10)

γ = arcsin

(
−r12

cosα

)
(2.11)

The sequence of rotations shown above follows the Grood and Suntay [33] Joint

Coordinate System (JCS) convention. It defines joint rotations such that the first

rotation is about the medial-lateral y-axis of the proximal segment coordinate system,

the second rotation is about a floating axis orthogonal to the y-axis of the proximal

segment and the z-axis of the distal segment and the third rotation is about the

longitudinal z-axis of the distal segment coordinate system.
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2.5 Multi-Segment Foot Model

2.5.1 Introduction

The measurement of lower-limb kinematics via stereophotogrammetry is a well estab-

lished part of clinical decision-making for patients with known gait disabilities. Con-

ventional lower body models, which comprise a rigid pelvis, thigh, shank and foot, do

not provide adequate information about foot kinematics during in vivo motion analy-

sis of the foot. Hence this has been a problem for treatment specific to feet. In order

to address this issue, many multi-segment foot models have been developed. These

models have been tested for clinical significance to justify their clinical use. Multi-

segment models have their own set of small segments, defined by strategically placed

markers, and systematic procedures for detailed and repeatable attainment of foot

kinematic results. A motion capture system is used to record the three-dimensional

(3D) coordinates of these markers, that have been affixed to a moving test subject,

at a given capture rate. The marker coordinates can be analysed to calculate the

segmental axis orientations and hence the inter-segmental angles for each frame.

2.5.2 Conventional Lower Body Model

The conventional lower body model was developed by Kadaba and Davis [23, 40,

41]. It consists of pelvis, thigh, shank and foot. The conventional model represents

the foot as a single vector only and therefore does not provide adequate information

about foot kinematics during in vivo motion analysis of the foot, especially when foot

deformity is present. For example, the conventional model will not be able to detect

forefoot dorsiflexion with respect to the hindfoot during late stance while the hindfoot
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remains in equinus in a planovalgus foot. However, recent development of motion

analysis technology has led to higher resolution and precision in data acquisition.

This has allowed clinicians and researchers to scrutinise the relative motion within

the foot during gait.

2.5.3 Plug-In Gait

Plug-in Gait (PiG) is the commercial name used by Vicon (Vicon Motion Systems,

Oxford, UK) for the implementation of the conventional gait model. It can be di-

vided into four modelling modules: lower body kinematic model, upper body kine-

matic model, lower body kinetic model and upper body kinetic model. It takes in

anthropometric measurement parameters and marker trajectories to calculate joint

kinematics and joint kinetics. The anthropometric measurements include body mass,

height, leg length, knee width and ankle width. The marker trajectories are obtained

by tracking physical markers as well as virtual markers calculated using specific sets

of physical markers and subject measurements. Each kinematic model consists of

various rigid segments and the segments and corresponding segment axes are defined

by surface markers placed on bony landmarks on the foot and leg. The segments are

assumed to be rigid and are defined on a frame-by-frame basis.

2.5.4 Multi-Segment Foot Model

Since the conventional lower body model is unsuitable for providing information about

multiplanar foot kinematics, multi-segment foot models have been developed to ad-

dress the issue. Various researchers around the world have proposed multi-segment
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foot models with two or more segments. Despite the vast amount of research un-

dertaken so far, a general consensus is yet to be reached on the optimal method

of modelling the foot during gait. That said, each model has been tailored to the

information required.

Cadaveric studies have shown that accurate models are needed to describe the

complex mechanics of the foot and ankle [29, 75]. Kepple et al. [42] made the first

attempt to propose a multi-segment foot model. The model consisted of lower leg

(tibia) and hindfoot (calcaneus) segments and was tested on five healthy adult sub-

jects to output three-dimensional kinematics. In the 1990s, many other two-segment

foot models composed of the lower leg and the hindfoot were proposed [53, 59, 73, 74].

Where they differed was the dynamic inter-segmental angle calculation method. This

is epitomised by varying definitions of neutral standing position, represented either

as subtalar neutral or as actual angles. The optimum way of referencing to a neutral

standing position is still in debate as each method has varying degrees of feasibility

for pathologic feet.

From the late 1990s, research groups started proposing multi-segment foot models

with three or more segments. Kidder et al. [45] introduced the Milwaukee Foot

Model, which consists of the lower leg, hindfoot, forefoot and hallux, in 1996. Other

variations of four-segment foot models have also been developed since then but they

differ in anatomic classifications of these segments [28, 67]. The Oxford Foot Model,

first proposed in 2001 by Carson et al. [14], consisted of the tibia, hindfoot, forefoot

and hallux segments. In 2006, Stebbins et al. [78] modified it for wider clinical

application. Hunt et al. [37] and Kitaoka et al. [46] proposed models without the
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hallux segment, while Wu et al. [92] and Leardini et al. [48, 49] suggested models

which included a midfoot segment. Several models separated the forefoot into medial

or first metatarsal and lateral segments [16, 39, 49, 66, 88]. MacWilliams et al.

[55] proposed a model, composed of 9 segments including the lower leg, calcaneus,

talus and navicular, cuboid, lateral forefoot, medial forefoot, lateral toes, medial toes

and hallux. Simon et al. [76] introduced the Heidelberg Foot Measurement Method

(HFMM), which represented the foot kinematics using two-dimensional angles as

opposed to the more widely used approach, three-dimensional segment rotation.

The Shriners Hospital for Children Greenville (SHCG) group proposed a foot

model with two segments (hindfoot and forefoot) [21, 22, 72] but this was later mod-

ified by Saraswat et al. [71] for easier and wider clinical application. The modified

SHCG (mSHCG) foot model increased the number of segments from two to four, now,

composed of shank, hindfoot, forefoot and hallux segments. More recently, De Mits et

al. [24] proposed a clinically applicable six-segment foot model, known as the Ghent

Foot Model (GFM). The GFM consists of lower leg, rearfoot, midfoot, forefoot, me-

dial forefoot and hallux. It is unique in that it tried to find a compromise between the

easiness in clinical application, which is a common characteristic of the foot models

with less than five segments, and accuracy in describing entire foot kinematics, which

is a common characteristic of the foot models with more than five segments.

Motion of the foot in children has only been assessed by a handful of research

groups [20, 55, 78]. Assessment of the motion of children’s feet poses more difficulty

in comparison to that of adult feet, as one has to deal with the smaller surface area of

the foot and greater kinematic variability [80]. Also, only a few have published studies
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that investigated both stance and swing phases [14, 39, 45, 76, 78, 90, 92] as most

studies have focused on the stance phase. Many studies have tested their models on a

pathologic population. The Milwaukee Foot Model has been implemented to evaluate

ankle arthrosis [44], rheumatoid arthritis [43] and posterior tibialis tendon dysfunction

[11, 56, 60]. Woodburn et al. [90] and Siegel et al. [74] have also assessed rheumatoid

arthritis, while Tome et al. [86] have also published their study on subjects with

PTTD. Several research studies have been conducted using the Oxford Foot Model

[14, 78] to assess clubfoot [84], forefoot varus [2] and cerebral palsy [79].

Several studies have looked at the accuracy of skin-mounted marker-based foot

kinematics by comparing it with that measured using intra-cortical bone pin markers

[5, 57, 65, 92]. The main advantage of using intra-cortical bone pins to measure

the foot kinematics is its ability to directly represent the kinematics of the intrinsic

bones within the foot. However, the main drawback of this technique is its invasive

nature as it requires the subjects to undergo a surgery using anesthetics to insert the

bone pins. The inevitable gait adjustments required to accommodate the bone pins

and the difficulty in placing the skin markers as well as the bone pin markers make

it challenging to quantify the difference between the anatomical and marker-based

segments. To compensate for this limitation, videofluoroscopy has been implemented

to measure two-dimensional joint kinematics in dynamic trials [55] and compared it

against that measured using skin markers. This technique has a major advantage in

that it is able to detect the kinematics of the anatomical articulation. For example,

it is able to detect the movement of the talus and distinguish tibiotalar from subtalar

motion, which would not be possible with skin-mounted markers due to soft tissues
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that surround the talus. That said, the main limitations with this method is that the

subjects are exposed to the X-ray and is only measured in 2-dimensions. Moreover,

the X-ray source of commercially available fluoroscopic image systems generates pulses

at a maximum frequency of 25-30 Hz and therefore there is a risk of losing important

foot motion during gait cycle.

When proposing new multi-segment foot models, it is vital to substantiate relia-

bility and clinical significance before applying the model in routine clinical practice.

Moreover, the following five standards should be met [7]:

1. State the location, accuracy and reliability of marker placement.

2. State the segment definitions.

3. State the definition of segment coordinate systems.

4. State the definition of joint parameters.

5. State the reliability of joint kinematics.

The accuracy of the foot model angle calculations depends on how the markers and

segment axes relate to the underlying anatomy and to the assumptions made by the

model. Moreover, awareness of the degree of variability found in multiplanar foot

and ankle kinematics is critical when making clinical decisions. Large variation has

been reported in the transverse plane [42, 49, 59, 74, 78] and this could be due to a

lack of consistency of marker placement. Therefore, clear protocols are necessary for

minimising the effect of marker placement on kinematic results.
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Figure 2.9: Schematic of Oxford Foot Model Segments. Modified from [14]
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2.5.5 Oxford Foot Model

The first version of the OFM was tested for reliability on healthy subjects [14] and on

children with clubfoot [84]. However these studies were limited to the stance phase

only. The adapted version [78] aimed to widen its clinical utility so that it could be

implemented on subjects with significant foot deformity like children with cerebral

palsy. Stebbins et al. [79] demonstrated that the variability found in children with

hemiplegic cerebral palsy using the OFM was similar to that of typically developing

children.

The OFM consists of three rigid segments (tibia, hindfoot and forefoot) with the

hallux modeled as a vector only (Figure 2.9). The segments are defined by surface

markers placed on bony landmarks on the foot and leg. More details on the segment

definition and the corresponding axes are discussed in Section 3.1.

2.6 Clinical Utility of Oxford Foot Model

2.6.1 Introduction

The Oxford Foot Model’s clinical use ranges from patients with cerebral palsy (CP),

to those with clubfeet and various other orthopaedic and neuromuscular disorders. It

is used to plan management of their foot deformities and assess outcomes of treat-

ment, as well as to monitor any deterioration in their feet. By 2010, over 400 pa-

tients had been assessed with the OFM in one clinical gait service and gait analysis

had proved useful in locating dynamic deformity (for example, internal rotation in

hindfoot compared with forefoot adduction), clarifying ambiguous findings from the
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clinical examination or Plug-in Gait model-derived gait analysis, following up the

progression of dynamic deformity and evaluating the quality of treatment outcome

[83]. Information such as lower body joint angles, EMG, video data, kinetic data,

temporal/spatial data from many different sources is recorded during a gait analysis

session, in addition to multi-segment foot model data. All of this data is used to make

treatment recommendations, but not all data is useful in every case. In the 50% of

cases where foot model data was not directly influential, other sources of data were

used instead. Observation of a subject walking via video recordings or the naked eye

has limited usefulness in identifying gait dysfunction. For example, it may not be so

easy to recognise ankle and/or midfoot plantarflexion for a hemiplegic child with foot

drop during swing through simple observation. With the knowledge that the child is

only displaying ankle plantarflexion with the forefoot well aligned with the hindfoot,

it becomes easier to detect that spasticity of the plantarflexors could be the source of

the gait disorder.

2.6.2 Repeatability

The repeatability of the Oxford Foot Model has been investigated. Carson et al.

[14] examined between-trial, between-day and between-tester repeatability for two

subjects and two testers. The between-trial standard deviation was less than ±2° for

all inter-segment angles, showing good consistency between trials. This implies that

skin movement artifacts are repeatable and systematic. The 95% confidence interval

(CI) has been calculated for between-day and between-tester analyses. The expected

differences between any two days (same tester) were ±2.0°, ±3.0°, ±4.3° and ±6.5°
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for global tibia, ankle joint complex, midfoot and hallux angles, respectively. The

between-tester results exhibited similar values, never exceeding by more than 1° the

between-day results. In summary, the repeatability of the Oxford Foot Model has

been shown to be acceptable and therefore can provide foot kinematic measurements

with confidence.

Stebbins et al. [78] carried out a comprehensive repeatability study on 15 healthy

children. The results suggested that the sagittal plane angles are the most repeatable

while the transverse plane angles are the least repeatable as they exhibited the highest

variability out of all planes. Curtis et al. [20] went further to demonstrate that partic-

ularly high variability has been observed in the hindfoot rotation where the standard

deviation of the between-test repeatability varied from 9.4° to 10.8° for eight healthy

children tested. This poor repeatability has been linked with the difficulty in defining

and identifying the hindfoot neutral position. Curtis et al. went on to conclude that

the Oxford Foot Model demonstrates good inter-centre repeatability in the sagittal

plane but needs further investigation to validate the inter-centre repeatability in the

other two planes, especially for the hindfoot.

2.7 Accuracy of Oxford Foot Model

2.7.1 Limitations

The accuracy of the OFM angle calculations depends on how the markers and segment

axes relate to the underlying anatomy. In the Oxford Foot Model as in other leg and

foot models, there is a limitation in that layers of skin, soft tissue and fat cover bony

anatomical landmarks. This affects the accuracy of the angle calculations because
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markers do not follow the movement of the underlying bony anatomy. Secondly, liga-

ments and tendons attached to the bones could interfere with the movement between

the markers and the underlying anatomy. Thirdly, it may be difficult to pinpoint the

exact locations of palpable landmarks. Fourthly, the rigid body assumptions given

for the segments could potentially neglect significant movement within the segment.

Finally over-simplification of the foot by categorising it into too few segments leads

to an inability to measure important foot joint kinematics caused by the relatively

small size of the foot and the relatively small range of motion of foot joints.

Furthermore, the challenge correlated to the dynamic assessment of ankle and foot

motion during gait in pediatric feet inevitably exists, as one has to deal with smaller

surface area of the foot.

2.7.2 Tibia

The Oxford Foot Model Tibia segment is defined using the locations of the ankle joint

centre (AJC) and the knee joint centre (KJC). Calculating the KJC requires the global

position of the Hip Joint Centre (HJC), lateral thigh (THI), lateral femoral condyle

(KNE) markers as well as knee offset (half the knee width), which is measured from

clinical examination, and thigh wand angle offset [6]. The KJC is located in the plane

defined by the HJC, THI and KNE markers. It is distanced from the KNE marker by

the knee offset in a direction perpendicular to the line adjoining the HJC and the KJC

in the HJC-THI-KNE plane. This is known as the “chord” function. The Ankle Joint

Centre is calculated by taking the mid-point of Medial (MMA) and Lateral (ANK)

Malleoli markers. The Tibia is calculated based on the Knee Joint Centre, which
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relies on more proximal markers on the knee, thigh and hip. Therefore, the accuracy

of the Tibia segment kinematics is dependent on the accuracy of the aforementioned

marker placements. On the other hand, the hindfoot is completely independent and

thus is not affected by any other segments.

2.7.3 Hindfoot

The Oxford Foot Model hindfoot segment represents the calcaneus and talus complex

in the foot. The hindfoot segment is defined using the heel (HEE), lateral calca-

neus (LCA), sustentaculum tali (STL) and proximal calcaneus (PCA) markers. The

hindfoot segment is an area where relatively thick layers of fatty and soft tissue exist

between the surface of skin and the underlying anatomy, especially where the LCA

and the STL markers are placed. As there is a lack of palpable bony anatomical land-

marks to place the markers on, the agreement between default marker-based segment

definitions and the underlying anatomy may not be accurate.

Misplacement of the hindfoot markers will affect the orientation of hindfoot seg-

ment axes. However, the difficulty in palpating bony landmarks on lateral and medial

sides of the hindfoot means that it is very difficult to accurately locate LCA and STL

markers repeatably. The current Oxford Foot Model requires LCA and STL mark-

ers to be equidistant from the HEE marker. However in practice, the LCA and STL

markers are placed roughly equidistant from the HEE marker without use of any mea-

surement tools or jigs. Potential misplacement of the markers could lead to significant

errors in foot kinematic measurement.

In the hindfoot, the HEE marker lies close to the base of the Achilles tendon while
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the LCA marker is positioned close to the inferior peroneal retinaculum. Ligaments

and tendons attached to the bones cause movement between the markers and the

underlying anatomy.

2.8 Conclusion

The measurement of foot kinematics via stereophotogrammetry is a well-established

part of clinical decision-making for patients with known gait disabilities. However,

there are limitations associated with estimating the orientation of bone from recon-

structed skin-marker trajectories. The accuracy of the OFM angle calculations de-

pends on how the markers and segment axes relate to the underlying anatomy. In

the Oxford Foot Model as in other models, there is a limitation in that marker axes

may not agree well with the underlying anatomy-based axes and that layers of skin,

soft tissue and fat cover anatomical landmarks. This affects the accuracy of the

angle calculations because markers may not follow the movement of the underlying

bony anatomy. This was the motivation behind the present research and the aim of

the current thesis was set to investigate the agreement between marker-based and

anatomy-based hindfoot and tibia segment axes in the Oxford Foot Model. The

experimental methods used to achieve the aim are described in the next chapter.
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3 Experimental Methods

The aim of the thesis was to investigate the agreement between marker-based and

anatomical hindfoot and tibia segment axes in the Oxford Foot Model. This chapter

summarises the experimental data collection and processing protocols implemented

in the thesis.

Subject recruitment is outlined to begin with. An experimental data collection

section succeeds the subject recruitment section and is divided into clinical exami-

nation, gait analysis and medical imaging. The same tester conducted the clinical

examination and the gait analysis on the same day for all subjects. The medical

imaging session was carried out either straight after the gait analysis session or the

next day. Ankle and foot kinematic data collected was processed using the protocol

described in the kinematic data processing section. This section also summarises the

protocol used to segment and reconstruct CT images. Lastly rigid body transforma-

tions used to obtain segment orientations are explained.

3.1 Subject Recruitment

Twenty-one adult females with no known foot deformity were recruited to the study

(42 feet in total). The subjects were recruited initially to investigate [50] the develop-

ment of Patellofemoral Pain Syndrome (PFPS) in long-distance runners and thus, the

participants were recruited from running clubs in Oxfordshire and categorised into

two groups: a normal group with no previous history of PFPS and a group with a pre-

vious history of PFPS. This study was given approval by the National Health Service
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(NHS) Research Ethics Committee and the Research and Development Committees of

the John Radcliffe Hospital NHS Trust and Nuffield Orthopaedic Centre NHS Trust

(Study Reference: 09/H0605/101). The data generated from this study has been

granted to be stored by Dr Amy Zavatsky (supervisor) and be used by members of

the research team at the Nuffield Department of Orthopaedic, Rheumatology and

Musculoskeletal Sciences for 10 years after the end of the study (see Appendix). For

the purpose of this study, the groups were combined together as healthy participants

with no foot deformities or injuries.

Out of the twenty-one participants, one had to be excluded from the study as

she developed patellar tendonitis four weeks into testing and another had to be ex-

cluded from the study as she fell on the treadmill during testing and the testing was

terminated for health and safety reasons.

Inclusion criteria required that subjects were 18 years or older and that they were

injury-free at the time of testing. Exclusion criteria required that subjects had no

previous history of lower-limb surgery, knee joint swelling or patellar dislocation. In

addition, it was required that subjects did not suffer from severe claustrophobia, had

no medical implants and were not pregnant at the time of the testing for medical

imaging purposes. A subject was recruited if both inclusion and exclusion criteria

were met and two consent forms were signed.

A detailed participant information leaflet was sent to all subjects who showed

interest in participating in the study and there was an offer to discuss the investigation

with the Principal Investigator.
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3.2 Anthropometric Data Collection

The clinical examination and gait analysis were conducted at the Oxford Gait Labo-

ratory (Nuffield Orthopaedic Centre NHS Trust, Oxford, UK).

Anthropometric measurements were taken, as the subject lay supine. A designated

tester took measurements for all subjects. Leg length, the distance from the anterior

superior iliac spine (ASIS) to the medial femoral condyle, plus the distance from the

medial femoral condyle to the medial malleolus, were measured using a measuring

tape. The knee width, ankle width and the distance between the left and the right

ASIS were measured using a digital caliper. Height was measured using a stadiometer

while mass was equal to the vertical ground reaction force, measured using a force

plate during quiet standing. These anthropometric data were required as input for

the Plug-in Gait Model and the Oxford Foot Model.
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3.3 Gait Analysis

Figure 3.1: Lateral (left) and anterior (right) view of Oxford Foot Model tibia and
foot markers

Spherical reflective markers of 9 mm diameter were attached (figure 3.1 and table

3.1) using double-faced tape to the locations specified by the Oxford Foot Model (for

foot, ankle and tibia) and the Plug-in Gait model (for other parts of the lower body).

The same tester placed the markers for all subjects. Prior to the placement of the

markers on the foot and ankle, the locations were marked with a permanent pen so

that the radio-opaque markers later used for the medical imaging could be placed on

the same locations as the reflective surface markers.

Each subject’s lower limb 3D kinematics were recorded at 200 Hz using a 12-

camera VICON MX system (Vicon Motion Systems Ltd., Oxford, UK). The labora-

tory was calibrated through a standard process. Static trials were performed on each

subject with the OFM and PiG markers placed on their pelvis and lower limbs. The
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Table 3.1: Oxford Foot Model markers and their respective positions
Name Position Segment
KNE Lateral femoral condyle Femur
TUB Tibial tuberosity Tibia
HFB Head of fibula Tibia
ANK Lateral malleolus Tibia
MMA Medial Malleolus Tibia
SHN Anterior aspect of shin Tibia
TIB Lateral aspect of lower-leg (wand marker) Tibia
HEE Posterior distal aspect of heel Hindfoot
PCA Posterior proximal aspect of heel Hindfoot
CPG Wand marker on posterior calcaneus Hindfoot
LCA Lateral calcaneus Hindfoot
STL Sustentaculum tali Hindfoot
P1M Base of first metatarsal Forefoot
P5M Base of fifth metatarsal Forefoot
D1M Head of first metatarsal Forefoot
D5M Head of fifth metatarsal Forefoot
TOE Between second and third metatarsal heads Forefoot
HLX 1st phalanx hallux Hallux

Markers marked in italics are used in the static trial only and are removed for
dynamic trials.
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subjects were asked to stand still on a force plate (Model OR6, AMTI, MA, USA)

with weight evenly distributed over both feet. For dynamic trials, the subjects were

asked to walk barefoot at self-selected pace along a 10 m walkway. Without forcing

the feet to make contact with the force plates, located in the walkway, the subjects

walked across it until five satisfactory left and right force plate foot strikes were

recorded. Ground reaction force data was collected at 1000 Hz using the force plate

as the subject made each force plate strike. The force plate data was synchronised

with the motion capture system.

After the gait analysis session, the markers were removed and the subjects were

taken to the Radiography Department for medical imaging.

3.4 Imaging

Medical imaging was carried out at the Churchill Hospital (Oxford Radcliffe Hospi-

tals NHS Trust, Oxford, UK). Radio-opaque monitoring electrodes (Type 2223, 3M

Healthcare, Neuss, Germany) were placed on the feet at the locations marked by a

permanent marker from the gait analysis session. CT images (GE 64-slice Light-

speed VCT scanner) were acquired, as the subjects lay supine with their feet in a

semi-weight-bearing posture. Tube voltage and tube current were 100 kV and 110

mA, respectively. The scan was taken using the standard bone and soft tissue scan

algorithm and the slice thickness and slice distance were both 0.625 mm.

The semi-weight bearing posture was achieved using a custom-built rig that ap-

plied 40% body-weight to the lower extremity (Figure 3.2). The rig was made from

wood and was designed to fit into both a CT and an MRI scanner. It consisted of a
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Figure 3.2: Drawing of the custom-built rig [50]
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support bed, a footplate lever and an adjustable shoulder support. Foam pads were

inserted on the support bed and the shoulder support to provide comfort. The subject

lay supine in such a way that the shoulders were rested against the shoulder support

and the plantar surfaces of the feet were in contact with the footplate with both knees

flexed to about 30°. To enhance image quality, each foot was scanned individually,

which was achieved by maximally flexing the opposite knee to move the contralateral

leg out of the image capture volume.

Load was applied to the footplate lever using a container filled with water. The

applied load was 40% body weight. The subjects had to push against the footplate

to counterbalance the load applied to the foot. The CT images were captured in this

posture and the same procedure was repeated for the opposite foot. There are two

assumptions when replicating the position of the foot in standing with 40% body-

weight. The first is that the alignment of the foot bones is in the same position

with 40% loading as in standing (100% bodyweight), and the other is that applying

a load in lying down might distribute the load across the sole of the foot differently

compared to standing. Kothari et al. (unpublished work) verified that 40% load

accurately replicated the arch position compared to standing. Therefore it is better

than comparing to a completely unloaded condition, which clearly would be differ-

ent. Another limitation is that the subjects were assumed to be in a position that

replicated standing/weightbearing, but this was not fully verified.
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3.5 Kinematic Data Processing

Vicon Nexus (Vicon Nexus Version 1.5.1, Vicon Motion Systems, Oxford, UK) was

used to collect and process the coordinate data from the static and the level walking

trials. The anthropometric measurements collected during the clinical examination

were specified. A standard Vicon Skeleton Template was created that represented the

generic marker set from the Oxford Foot Model. The static trial was reconstructed,

the markers were labeled and the marker coordinate data were low-pass filtered using

quintic-spline smoothing. The skeleton template file was then scaled to the individual

subject to create a Vicon Skeleton. The static trial was processed using the Plug-In

Gait and Oxford Foot Model Static gait models. The three-dimensional coordinate

data for the walking trials were reconstructed, labeled and low-pass filtered using

quintic spline smoothing. Foot-strike and toe-off times were detected from the vertical

component of the ground-reaction-force with a cut-off value of 10 N. Knee, ankle

and foot joint angles were calculated using the Oxford Foot Model. The marker

trajectory data and three-dimensional joint angles were exported to Matlab (V7.13,

The Mathworks Inc., Natick, MA, USA) for further analysis.

The knee flexion-extension axis is dependent on the position of the thigh wand

marker. If this marker is misaligned then due to cross-talk, the angles may not reflect

true knee motion. Misplaced thigh wand markers can be accounted for by including

a rotational offset (about the long axis of the thigh). This offset is determined by

assuming minimal knee motion in the frontal plane, and iteratively changing the offset

until frontal plane knee motion is minimized [6]. Baker et al. [6] proposed a method of

applying a correction for the thigh wand marker misalignment. It first calculates the
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knee ab-adduction angle based on the thigh wand marker position. Then a new knee

ab-adduction angle is calculated by shifting the marker by a pre-determined offset.

Through an iterative process, the thigh offset that gives the minimum amplitude of

the knee ab-adduction angle is identified. This offset is applied to correctly realign

the thigh wand marker and thus to minimise kinematic crosstalk. This procedure was

implemented to process the kinematic data used in this investigation.

3.6 Image Data Processing

The objectives of the image data processing was to obtain the principal axes of the

subjects’ calcanei and tali and to obtain the 3D coordinates of the radio-opaque mark-

ers and the bony anatomical landmarks corresponding to the ideal marker locations.

Based on the CT images, the calcanei of all 38 feet were segmented using Mimics

software (Materialise NV, Leuven, Belgium). Then 3D models of the calcanei and

tali were created and these were used to create STL files, which is a file format suit-

able for Computer Aided Design (CAD) software. The STL files were imported into

Solidworks (Dassault Systèmes SolidWorks Corp., Vélizy, France) to create 3D CAD

models of the calcanei and tali. The mass properties tool in Solidworks allowed the

unit vectors of the principal axes and the coordinates of the centre of mass to be ob-

tained. The CT global coordinate system was retained when creating the Solidworks

model from the STL files. The first principal axis of the calcaneus was regarded as

the most clinically relevant way to represent the orientation of this bone. The prin-

cipal axis is implied in the Oxford Foot Model as it is assumed that the Oxford Foot

Model hindfoot Anterior-Posterior axis is representing the long axis of the calcaneus.
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The OFM hindfoot segment models the calcaneus and talus. However, the hindfoot

markers are all placed on the calcaneus, not on the talus and therefore the markers

only replicate the calcaneus. Even so, a layer of soft tissue exists between the cal-

caneus and the markers and thus hinders accurate representation of the movement

of the calcaneus. Accurate knowledge of calcaneus rotation provides useful clinical

information and minimises making inappropriate treatment recommendations. For

example, if the marker-based kinematic data showed the hindfoot to be rotated, clin-

icians might recommend surgical intervention (calcaneal osteotomy), when in reality

there is no calcaneal rotation. To find the long axis of the calcaneus, it was required

to calculate its first principal axis, assuming uniform density, since the principal axis

of a body with uniform density is an axis of rotational symmetry.

Moreover, the 3D coordinates of the radio-opaque markers and, where relevant, the

bony coordinates corresponding to the ideal marker coordinates were obtained from

the CT images using the Mimics software. For each radio-opaque marker, the slice

that located its central point was identified in all three planes and the corresponding

coordinates were recorded. To extract the bony coordinates, the slice that located

the appropriate, and typically the most prominent, point was identified for all three

planes and the corresponding coordinates were recorded.

3.7 Rigid Body Transformation

In 1993, Söderkvist and Wedin [77] introduced a method of calculating a best-fit

rigid-body transformation matrix from noisy marker coordinates using the Singular

Value Decomposition (SVD) method. This method can be used to calculate a 4×4
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transformation matrix from a matrix of the instantaneous positions of the markers at

a given time frame and a matrix of the static reference positions of the markers. In

short, the method first takes the information of the XYZ coordinates of the marker

positions to find a point that marks the centre of each of a body of markers at a given

time frame and a body of markers at the static reference position. It then centres each

body by subtracting one central point from another. The transpose of the matrix that

comprises the subtracted marker positions of the body at a given time frame is pre-

multiplied by the matrix that comprises the subtracted marker positions of the body

at the static reference position. The singular value decomposition of the resultant

matrix outputs a transformation matrix. The transformation matrix contains a 3×3

rotation matrix and a 3×1 translation vector and therefore the amount of rotation

and translation required to transform from the reference position of a rigid body to

its instantaneous position can be computed. By comparing this information with the

kinematic data gathered from gait analysis, one can test the rigid body assumption

of the Oxford Foot Model segments. More detailed information on the method is

presented in chapter 4.

The accuracy of this method is influenced by the rigidity assumption of a body

segment. If the markers move significantly relative to each other due to skin motion

artifact, the corresponding body segment cannot be approximated as a rigid body.

3.8 Conclusion

In total, of twenty-one subjects recruited into the study, nineteen subjects were el-

igible for analysis. With the experimental data available from clinical examination,
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gait analysis and CT imaging, it was possible to investigate how well the marker-

based and the anatomical-based hindfoot and tibia segment axes align statically. This

static comparison of marker-based hindfoot and tibia segment axes and anatomical

definition is described in the next chapter. Moreover, investigation of how marker

misplacement affects the static hindfoot and tibia anatomical segment definition was

carried out. This analysis is also presented in the next chapter.
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4 Static Comparison of Marker Based Hindfoot and

Tibia Segment Axes and Anatomical Definition

4.1 Introduction

The Oxford Foot Model hindfoot segment represents the calcaneus and the talus

while the tibia segment represents the tibia and fibula. For the hindfoot segment,

there is a lack of palpable bony surfaces to place the markers on and therefore the

markers can only be placed on areas where there are relatively thick layers of soft

tissue and fat. This potentially hinders an accurate description of the movement

of the calcaneus and talus. For the tibia segment, the axes are defined using the

Knee Joint Centre and medial and lateral malleoli markers. The Knee Joint Centre

is an derived anatomical landmark, whereas medial and lateral malleoli are palpable

anatomical landmarks. Even for palpable landmarks, the question remains as to how

well the markers describe the underlying anatomy. Therefore the purpose of this

study was to investigate how well the marker-based and the anatomy-based hindfoot

and tibia segment axes align. In this chapter, the marker-based hindfoot anterior-

posterior axis was also compared with the calcaneus and talus first principal axes,

while the marker-based tibia longitudinal axis was compared with that defined from

the malleoli coordinates and the Knee Joint Centre.
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4.2 Tibia Segment Definition as Defined by OFM

• Origin: Midpoint between the Medial (MMA) and Lateral (ANK) Malleoli

markers. Defined as Ankle Joint Centre (AJC).

−→o T =
−→
P AJC =

−→
P MMA +

−→
P ANK

2
(4.1)

• Proximal-Distal (P-D) Axis, y: Vector from the origin to the Knee Joint

Centre* (KJC). The positive direction points proximally for both legs.

−→y T =

−→
P KJC −

−→
P AJC∥∥∥−→P KJC −
−→
P AJC

∥∥∥
2

(4.2)

• Interim Medial-Lateral Axis, i: Vector from the MMA to ANK.

−→
i T =

−→
P ANK −

−→
P MMA∥∥∥−→P ANK −
−→
P MMA

∥∥∥
2

(4.3)

• Anterior-Posterior (A-P) Axis, x: Perpendicular to the P-D axis and the

interim medial-lateral axis. The positive direction is taken to point anteriorly

so for a left leg, it is necessary to take −→xT = −−→xT .

−→x T = −→y T ×
−→
i T (4.4)

• Medial-Lateral (M-L) Axis, z: Cross product of the A-P and P-D axes. The

positive direction points laterally for a right leg. For the left leg, it is positive

medially.
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Figure 4.1: Schematics of the Chord Function to Locate the Knee Joint Centre [97]

−→z T = −→x T ×−→y T (4.5)

*Knee Joint Centre (KJC) (Figure 4.1): Calculating the KJC requires the global

position of the Hip Joint Centre (HJC), lateral thigh (THI), and lateral femoral

condyle (KNE) markers as well as knee offset (half the knee width), which is measured

from clinical examination, and thigh wand angle offset [6]. The KJC is located in

the plane defined by the HJC, THI and KNE markers. It is distanced from the KNE

marker by the knee offset in a direction perpendicular to the line joining the HJC and

the KJC. This is described as the “chord” function by Vicon [97].
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4.3 Hindfoot Segment Definition

• Origin: Distal Heel (HEE) marker.

−→o H =
−→
P HEE (4.6)

• Mid-point (MID): Mid-point between the Sustentaculum Tali (STL) and Lat-

eral Calcaneus (LCA).

−→
P MID =

−→
P STL +

−→
P LCA

2
(4.7)

• Anterior-Posterior (A-P) Axis, x: The vector from the origin to MID and

parallel to global x-y plane (i.e. the floor). The positive direction points ante-

riorly for both legs.

−→x H =

−→
P MID(1 : 2)−

−→
P HEE(1 : 2)∥∥∥−→P MID(1 : 2)−
−→
P HEE(1 : 2)

∥∥∥
2

,−→x H(3) = 0 (4.8)

• Interim Proximal-Distal Axis, i: Vector from the origin to the Posterior

Heel (PCA) marker.

−→
i H =

−→
P PCA −

−→
P HEE∥∥∥−→P PCA −
−→
P HEE

∥∥∥
2

(4.9)

• Medial-Lateral (M-L) Axis, z: Perpendicular to the A-P axis and the in-

terim proximal-distal axis. The positive direction is taken to point laterally for

a right leg and medially for a left leg.
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−→z H = −→x H ×
−→
i H (4.10)

• Proximal-Distal (P-D) Axis, y: Cross product of the M-L and A-P axes.

The positive direction points proximally for both legs.

−→y H = −→z H ×−→x H (4.11)

4.4 Subjects

Twenty-one adult females participated in the study. However, due to the reasons

explained in Section 3.1, only nineteen subjects were eligible for analysis. Moreover,

eight feet had to be excluded as the heel marker had been displaced from its original

position due to contact with the CT loading rig plate. Therefore only thirty feet

were available for analysis (see Appendix). The right and left feet results were pooled

together, as there were no consistent differences between them.

4.5 Methods

4.5.1 Hindfoot

Based on the CT images, the bony landmark coordinates and the marker coordi-

nates in the CT global coordinate system were recorded and the calcanei and tali

of all thirty feet were segmented using Mimics (Materialise NV, Leuven, Belgium).

The method of identifying palpable bony landmark coordinates in the CT images

required locating the bony prominence on all three sagittal, transverse and coronal
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slices. A detailed protocol for each bony prominence was developed. Inter and Intra-

rater reliability was established for locating each landmark (mean inter-rater error

was 0.43mm, and intra-rater error was 0.39mm). Then 3D models of the calcanei

and tali were created once the segmentation process was completed and these were

used to create STL files, which is a file format suitable for Computer Aided Design

(CAD) software. The STL files were imported into Solidworks (Dassault Systèmes

SolidWorks Corp., Vélizy, France) to create 3D CAD models of the bones. The mass

properties tool in Solidworks allowed the unit vectors of the principal axes and the

coordinates of the centre of mass to be obtained. A uniform mass distribution was

assumed. The CT global coordinate system was retained when creating the Solid-

works model from the STL files. The principal axis of a body with constant density

is, in short, an axis of rotational symmetry. A rigid body requires a torque to rotate

it about a rotational axis with a certain angular acceleration and this is known as the

moment of inertia. The moments of inertia relative to the centre of mass about the

three coordinate axes can be described in the form of an inertia matrix. The inertia

matrix can be decomposed into the product of a rotation matrix and a diagonal ma-

trix. Here, the columns of the rotation matrix define the principal axes of the rigid

body. The first principal axis of the calcaneus was regarded as the most clinically

relevant way to represent the orientation of this bone. The OFM hindfoot segment

models the calcaneus and talus. However, the hindfoot markers are all placed on the

calcaneus, not on the talus and therefore the markers only replicate the calcaneus.

Even so, a layer of soft tissue exists between the calcaneus and the markers and thus

hinders accurate representation of the movement of the calcaneus. Accurate knowl-
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edge of calcaneus rotation provides useful clinical information and minimises making

inappropriate treatment recommendations. For example, if the marker-based kine-

matic data showed the hindfoot to be rotated, clinicians might recommend surgical

intervention (calcaneal osteotomy), when in reality there is no calcaneal rotation.

After looking at the hindfoot marker positions, both relative to the bones and on

the skin relative to the posterior plate of the loading rig, it was found that the heel

markers on eight feet had been displaced from their original position due to contact

with the plate. Therefore it was agreed that these feet could justifiably be excluded

from the study of the hindfoot axes, as already mentioned.

The marker-defined OFM hindfoot A-P axis was compared to that of the first

principal axis of the calcaneus in the horizontal projection. Both axes were also

compared to the long axis of the foot, which was defined by the Heel-Toe axis (H-

T axis) projected into the plantar plane, which extends from the HEE marker to

the TOE marker (located at the mid-point of the heads of the second and third

metatarsals). Like the A-P axis, the H-T axis in 3D was defined. Superscript I refers

to the image coordinate system while the subscript H refers to the hindfoot.

I−−→HTH =
I−→P TOE −I −→P HEE∥∥∥I
−→
P TOE −I

−→
P HEE

∥∥∥
2

(4.12)

Since the transverse plane projection of the angular difference was the required

outcome, the unit vectors of the A-P, H-T and first principal axes axes had to be

recalculted to make the axes 2-Dimensional (2D) by accounting for removal of their

vertical coordinates (y-component).
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3-Dimensional (3D) axis
−→
A consists of unit vectors in x, y and z components.

−→
A =


x

y

z

 (4.13)

To make the axis 2-Dimensional, the x and y component unit vectors need to be

recalculated.

x′ =
x√

x2 + z2
(4.14)

z′ =
z√

x2 + z2
(4.15)

Therefore the axis A in 2D is given by:

−→
A ′ =

 x′

z′

 (4.16)

Each static axis was made 2-Dimensional before calculating the 2D angular dif-

ference between the axes.

Moreover, the A-P axis, the H-T axis, and the first principal axes of the calcanei,

obtained from the Solidworks model, were plotted in Matlab, taking the origin to be

the centre of mass of the calcaneus (Figure 4.2). Finally, the angles theta between

the plantar-plane projections of the axes, say −→a and
−→
b were calculated by the dot

product equation given by:
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Figure 4.2: Plantar Projection of an example Subject’s Hindfoot Segment Axes.
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θ = arccos

 −→a �
−→
b

‖−→a ‖
∥∥∥−→b ∥∥∥

 (4.17)

The angle in the horizontal plane between the A-P axis and the first principal

axis, the A-P and the H-T axis and the first principal axis and the H-T axis were

computed for all feet. It is important to note that a positive sign was used when

the A-P axis or the first principal axis pointed more laterally than the H-T axis. To

interpret these results, limits of agreement analysis [8] was carried out to investigate

the level of agreement between the two axes.

The orientation of first principal axis of the talus relative to the first principal axis

of the calcaneus was analysed as a verification to check that the subjects did not have

any hindfoot deformity. The orientation of the long axis of the talus is more medial

than that of the H-T and the calcaneus first principal axis. Coughlin, Saltzman

and Mann [18] state that healthy feet have an anterior-posterior talocalcaneal angle

(Kite’s angle) ranging from 15 to 30 degrees. An angle greater than 30° would indicate

hindfoot valgus whereas an angle less than 15° would indicate hindfoot varus.

To find the Kite’s angle, equation 4.17 was used. The first principal axis of the

talus was put into 2D projected into the plantar plane, as the other axes were. Kite’s

angle was calculated for all thirty feet.

4.5.2 Tibia

In addition to defining a marker-based OFM tibia segment axis, an anatomy-based

tibia axis can be defined using the coordinates of the malleoli in the CT scans, which
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can be referred to as the ideal positions for the malleoli markers (ANK and MMA).

The coordinates of the malleoli as well as the radio-opaque markers on the malleoli

in the CT image coordinate system can be extracted from the CT images. Two

directions in the plane of the CT scan can be defined using identified landmarks. To

register the CT scan in three-dimensional space, the third, out of plane, direction

also needs to be defined and this was achieved using a direction normal to the CT

plane. However, while the coordinates of the radio-opaque markers on the malleoli

were available in the CT coordinate system, the coordinates of the Knee Joint Centre

were not available in the CT coordinate system. In order to define marker-based

tibia segment axes, the KJC and malleoli markers are required and therefore the tibia

marker-based axes were defined using the KJC and the malleoli markers in the global

coordinate system. In order to make direct comparison between the marker-based

axis and the anatomy-based axis, the same coordinate system must be used. The

method employed to achieve it was by transforming the malleoli coordinates in the

CT coordinate system into the global coordinate system. In order to transform the

malleoli coordinates, a transformation matrix, T, is required and one way to obtain

it is by applying a rigid body transformation method [77].

The principle of the rigid body transformation method was mentioned in Section

3.7 and is described in further detail below.

Assume that there are n landmarks in a rigid body and let {x1,. . . ,xn} be the

3D positions of these landmarks before movement (say in a reference position) and

{y1,. . . ,yn} be the positions after the movement (say, in any other position). Finding

rotation matrix R and a translation vector d that map the positions xi to the points
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Figure 4.3: Schematics of Rigid Body Transformation Method of Transforming Tibia
Segment Markers in Image Coordinate System to Global Coordinate System

yi, i=1,. . . ,n is required. Measurement errors cause the mapping to be not exact

and thus the following least-squares problem is used:

min
R∈Ω,d

n∑
i=1

‖Rxi + d− yi‖2 (4.18)

Where,

Ω = {R|RTR = RRT = I3; det(R) = 1} (4.19)

Arun et al. [5] and Hanson and Norris [34] show that the singular value decompo-

sition of the matrix C = BAT can be used to determine the solution to the problem.

The computation steps is described by the algorithm below [77].
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1. x̄ = 1
n

∑n
i=1 xi

2. ȳ = 1
n

∑n
i=1 yi

3. A = [xi − x̄, . . . , xn − x̄]

4. B = [yi − ȳ, . . . , yn − ȳ]

5. C = BAT

6. PΓQT = C. (Computations of the singular value decomposition of C, i.e. P

and Q are 3×3 orthogonal matrices and Γ = diag(σ1(C), σ2(C), σ3(C)). The

numbers σi(C) are the singular values of the matrix C and satisfy σ1(C) ≥

σ2(C) ≥ σ3(C)).

7. R = P diag(1,1,det(PQT ))QT

8. d = ȳ −Rx̄

9. Transformation matrix, T = [R, d; 0001].

The malleoli coordinates in the image coordinate system can be converted to those in

the global coordinate system by first working out the rotation matrix and translation

vector (Figure 4.3). The x’s mentioned above are the image coordinates while the

y’s refer to the global coordinates. Since the static coordinates of HEE, LCA, ANK

and MMA markers are known in both the image and global coordinate systems, those

coordinates were used to work out the transformation matrix, T . The rotation matrix

and translation vector were then implemented to convert the malleoli coordinates
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from the image to the global coordinate system. This assumes that the four markers

mentioned define a rigid segment. The subscript i represents ideal coordinates.



G−→x ANKi

G−→y ANKi

G−→z ANKi

1


=G
I T



I−→x ANKi

I−→y ANKi

I−→z ANKi

1


(4.20)



G−→x MMA

G−→y MMA

G−→z MMA

1


=G
I T



I−→x MMA

I−→y MMA

I−→z MMA

1


(4.21)

GP̂ANKi
=


G−→x ANKi

G−→y ANKi

G−→z ANKi

 (4.22)

GP̂MMAi
=


G−→x MMAi

G−→y MMAi

G−→z MMAi

 (4.23)

With the malleoli positions from the CT images in the global coordinate system,

the anatomical definition of Ankle Joint Centre can be calculated from equation 4.1

and is labeled as ideal AJC (AJCi). Thus, enough information is available to define

both marker-based and anatomy-based tibial coordinate axes in the global coordinate

system using the axis definitions in Section 4.2.
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Since the transverse plane hindfoot-tibia kinematics is the area of interest, the

transverse plane projection of the tibia antero-posterior axes were scrutinised. The

corrected anterior-posterior axis was used to visually and analytically compare with

the marker based tibia anterior-posterior axis. The plantar plane projections of the

unit vectors of the axes were calculated using equations 4.13 - 4.16 to compare in 2D.

For convenience, the various axes are referred to in the rest of this chapter by the

acronyms listed in Table 4.1.

Table 4.1: List of Axes in Chapter 4
Coordinate System Segment Acronym Definition

Image Hindfoot

A-P Anterior-Posterior Axis
H-T Heel-Toe Axis
FPAC Calcaneus First Principal Axis
FPAT Talus First Principal Axis

Global Tibia AP Anterior-Posterior Axis
APC Corrected Anterior-Posterior Axis

4.6 Results

4.6.1 Hindfoot

The H-T axis was assumed as the long axis of the foot and was used as a reference

axis, against which the other two axes are compared. Also it was assumed that the

H-T axis for each foot is "correct" or without error. Table 4.2 shows that the mean

static A-P axis and the calcaneus first principal axis orientations relative to the H-T

axis are 2.8° and 1.7° laterally, respectively. The bias between the measurements can

be estimated by the difference in the means and it was shown that the A-P axis was

laterally biased in comparison to the first principal axis by 0.9°. The static angle
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Table 4.2: Table of Results for A-P Axis and First Principal Axis Angles Measured
From H-T Axis. FPAC = Calcaneus First Principal Axis; FPAT = Talus First
Principal Axis; FPAC from FPAT also known as Kite’s Angle; SD = Standard
Deviation; SE = Standard Error. Note that a positive sign was given when A-P or
calcaneus First Principal Axis pointed more laterally than H-T. Also a positive sign
was given when the A-P pointed more laterally than the calcaneus First Principal
Axis.

A-P - H-T (°) FPAC - H-T (°) A-P - FPAC (°) FPAC - FPAT
Mean 2.8 1.7 0.9 21.5
SD 9.9 5.0 8.8 6.2
SE 1.8 0.9 1.6 1.1

difference between the calcaneus and talus first principal axes is known as the Kite’s

angle and its mean value is 21.5°. A representative subject, shown in Figure 4.2, is

in agreement with this finding. The SD value of the A-P axis relative to the H-T

axis (9.9°) suggest that the A-P axis orientation relative to the H-T axis is random

and highly variable. Similarly, the SD value of the A-P axis relative to the calcaneus

first principal axis is 8.8°, which, again, shows that the agreement between the A-P

axis and the calcaneus first principal axis is random and highly variable. In contrast,

the variation of the first principal axis relative to the H-T axis is more modest as

the SD values of 5.0° shows. Moreover, the mean and standard deviation value of

the Kite’s angle were 21.5° and 6.2°. As mentioned in Section 4.5.1, the Kite’s angle

of healthy feet ranges from 15° to 30°, which indicates that most of the subjects

tested had healthy feet. Overall, the findings imply that for healthy feet, the H-T

axis is a better representation of the calcaneus first principal axis than the A-P axis.

Standard errors of the measurements were calculated to find the standard deviation of

the sample mean based on the population mean. It was shown that the first principal
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Figure 4.4: Relationship Between Hindfoot A-P Axis Orientation Relative to Calca-
neus First Principal Axis and Kite’s Angle

axis relative to the H-T axis exhibited the least sample bias with the standard error

of less than 1. On the other hand, the data of the A-P axis relative to the H-T

axis showed the most sample bias with the standard error of 1.8. This illustrates

that the first principal axis relative to the H-T axis data was the most true to its

original population while the A-P axis relative to the H-T axis data the least true to

its original population.

Figure 4.4 shows relationship between the hindfoot A-P axis orientation relative

to calcaneus first principal axis and Kite’s angle. There is no apparent relationship

between the two factors and therefore suggests that the healthiness of the foot does

not affect the static orientation of the hindfoot A-P axis relative to the calcaneus first
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Figure 4.5: Plantar Projection of an example Subject’s Tibia Segment Axes. Blue
and red arrows represent anterior and corrected anterior axis, respectively

principal axis. As a result, it was decided not to include the feet for which Kite’s

angle fell outside the healthy range (15° to 30°) in this investigation.

4.6.2 Tibia

From Figure 4.5 it is visible that the corrected anterior axis (APC) lies more exter-

nally rotated in comparison to the anterior axis (AP). While this was the case for

the representative subject, this occurrence was also observed in most of the other

subjects. The absolute distances between the ANK and MMA markers and their

corresponding anatomical coordinates were measured for all feet and the statistical

results are outlined in Table 4.3. These absolute distances are referred to as ANK error

and MMA error for convenience. The corrected anterior-posterior axis was calculated
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Table 4.3: Table of Results for Corrected Tibia Anterior-Posterior Axis (APC) From
Tibia Anterior-Posterior Axis (AP). SD = Standard Deviation; SE = Standard Error

ANK Error (mm) MMA Error (mm) APC - AP (°)
Mean 3.9 3.5 4.4
SD 2.3 2.3 3.4
SE 0.4 0.4 0.6

using default knee joint centre and ideal ankle joint centre, defined as the midpoint

of the anatomical coordinates of the medial and lateral malleoli. The mean ANK

and MMA errors are 3.9 mm and 3.5 mm, respectively and these values contributed

to 4.4° of static orientation difference between the corrected tibia anterior-posterior

axis and the default tibia anterior-posterior axis. It is clear that the mean values

of the ANK and MMA errors (Table 4.3) are similar in magnitude. Moreover, the

SD values of the ANK and MMA errors (Table 4.3) are small. This suggests that

both malleoli marker placements were consistent and true to their ideal locations,

assuming that inevitable human errors of approximately 5 mm exist. Likewise, the

consistent placement of malleoli markers has led to a consistent and small static ori-

entation difference between the corrected tibia anterior-posterior axis and the default

tibia anterior-posterior axis as the standard deviation value of 3.4 demonstrate (Ta-

ble 4.3). The ANK and MMA error measurements showed low sampling bias as the

standard error value of 0.4 for both, indicate. This illustrates that both sets of data

were true to their corresponding population sets.
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Figure 4.6: Difference against Mean Plot of the A-P Axis and First Principal Axis
Angle. The solid green line represents the best-fit line through the points while the
dotted red lines represent the 95% limits of agreement.

4.7 Discussion

4.7.1 Hindfoot

The mean and standard deviation values of the difference in angle between the calca-

neus and the talus first principal axes (Kite’s angle) were 21.5° and 6.2°, respectively

(Table 4.2). This shows that most of the subjects’ feet fall in the category of healthy

feet (15° to 30°) and are suitable for assessment.

A starting point of this analysis was to find the differences between the measure-

ments of A-P axis and the first principal axis orientation relative to the H-T axis of

the same subject. It is possible that one measurement consistently exceeds the other

and this type of occurrence is called bias. This can be approximated by the mean

of the measurements. Also, the variation about this mean value can be estimated
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by the standard deviation. However assumptions that the bias and variability are

uniform throughout the measurements must hold for the estimates to be reasonable.

The credibility of this assumption can be checked graphically.

A histogram of the values of the differences was plotted to see if they were normally

distributed or not and it showed that they were approximately normally distributed.

Hence it would be expected for 95% of the differences to lie within the range defined by

d̄ = 1.96sd where d and sd are the mean and the standard deviation of the differences,

respectively. The boundaries that define the range are referred to as 95% limits of

agreement.

Graphical presentation of agreement can be implemented to show the agreement

of the A-P and the first principal axis in a more explicit way (Figure 4.6). The solid

green linear regression line in Figure 4.6 demonstrates that the difference between

A-P and first principal axis and the mean of the A-P and first principal axis are

positively correlated. In other words, the difference between the two axes is expected

to increase, as the two axes lie further away from the Heel-Toe axis. This implies

that the difference between the A-P axis and the first principal axis is likely to be

greater for feet with deformity in the hindfoot than in healthy feet. Moreover, the

width of limits of agreement line band is about 30° and this suggests that there is

a large variation in the difference of A-P axis and first principal axis data. It can

be concluded that the two measurements weakly agree with each other and that the

OFM hindfoot segment A-P axis is not an ideal representation of the first principal

axis of the calcaneus. In theory, it could be possible to take offset values to predict

the first principal axis from the A-P axis using the regression line but the variation
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is too large for this practice to be implemented.

The most obvious application of the results found in this chapter relates to the

relationship between the A-P axis relative to the calcaneus first principal axis and

the H-T axis relative to the calcaneus first principal axis. This means that the more

deformed the foot, potentially the more inaccurate the A-P axis definition, there-

fore this is potentially amplified in deformed feet like clubfoot and justifies further

investigation. One of the explanations as to why there appears to be a systematic

effect of the angle of the hindfoot on the error between estimates of the A-P axis and

the calcaneus first principal axis may be related to the method of the application of

markers by the clinicians. It is possible that the clinicians tend to place the hindfoot

markers so that the A-P axis is in line with the H-T axis, which is found to be closely

approximated by the calcaneus first principal axis for the healthy feet. However, in

deformed feet where the discrepancy between the H-T axis and the calcaneus first

principal axis is likely to be greater, the difference in orientation between the A-P

axis and the first principal axis would also likely to be amplified. It could also be that

the first principle axis of the calcaneus is not aligned with the marker placement pro-

tocol of making STL and LCA equidistant from HEE. This might be an anatomical

bias compared to the marker definition.

There are limitations associated with the methodology. The process of removing

motion capture system markers and reapplying radio-opaque markers for image ac-

quisition creates potential errors. Firstly, there may be discrepancy between where

the marker was originally and where the radio-opaque marker was placed, although

the skin was marked prior to applying motion capture markers to limit this error.
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Secondly, the diameter of the motion capture marker and that of the radio-opaque

marker were different, meaning that the coordinates of the centre of the markers will

be slightly different even if they were placed on the exact same location. However,

this would only affect the distance away from the skin surface, which was mostly

not a variable of interest for this study. The combination of the two aforementioned

limitations may limit the reliability of the results found in this chapter.

Another main limitation comes from application of 40% bodyweight to the sole of

the foot to replicate the loads around the foot in standing.

4.7.2 Tibia

Table 4.3 demonstrates that the mean angular difference in static tibia anterior-

posterior axis and the corrected anterior-posterior axis is 4.4°. The mean values of

the absolute distance between the ANK and MMA markers and their ideal locations

were 3.9 mm and 3.5 mm, respectively (Table 4.3). Hence marker misplacement as

small as 5 mm is enough to change the projected axes angle of the Oxford Foot Model

tibia segment anterior-posterior axis by more than 5°.

Additionally, the standard deviation values for marker errors were 2.3 mm and 2.3

mm for ANK and MMA markers, respectively and this contributed towards 3.4° of

standard deviation of the angular difference between the static tibia anterior-posterior

axis and the corrected counterpart. This indicates varying marker placement and

consequently the accuracy of tibia anterior-posterior axis orientation is compromised.

Therefore a method or a tool that ensures accurate placement of ANK and MMA

markers would be a good idea.

77



It can be inferred from Table 4.3 that there is a tendency for the corrected anterior-

posterior axis to be externally rotated in comparison to the anterior-posterior axis as

the mean value of the angular difference between the two measures was 4.4°. Moreover,

the standard deviation of 3.4° demonstrates that there is a good consistency in the

way the corrected anterior-posterior axis aligns with respect to the anterior-posterior

axis. This is a static representation of the axis, and that this may not wholly represent

the functional axis of the ankle, but this is difficult to ascertain anyway, as stated by

Leitch et al. [51]. Clinically, the findings imply that the clinicians tend to place the

malleoli markers such that the transmalleolar axis is more internally rotated than it

ought to be. The implication this has on transverse plane hindfoot-tibia kinematics

is to be investigated in the dynamic analysis.

It is important to note that the Knee Joint Centre in the image coordinate system

was recreated using hindfoot markers. Whilst it would have been more ideal to use

tibia markers to transform the KJC in the global coordinate system to the image

coordinate system, it was not possible as the acquired images were only available

to just above the ankle. Therefore the KJC in the image coordinate system was

recreated with the assumption that the segment defined by the markers from the

hindfoot are equally rigid as that defined by the markers around the tibia and the

knee. Inevitably, this assumption induces some error to the estimation of the KJC in

the image coordinate system and therefore weakens the reliability of the results found

in this chapter.
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4.8 Conclusion

This chapter provided a comprehensive analysis of static comparison of marker-based

and anatomy-based hindfoot and tibia segment anterior-posterior axes. The first

objective of the thesis was investigated in this chapter. It demonstrated that there

was good agreement between the marker-based and anatomy-based axes in the mean

values (less than 1 degree difference) but with a larger inter-subject variation (SD of

8.8 degrees). Given there is a general agreement in the gait community that errors

of less than 5 degrees of gait kinematics are acceptable, this would appear to be

outside of those limits. The tibia segment exhibited better agreement between the

marker-based and the anatomy-based segment axes. In relation to this analysis, it

is also useful to know how marker misplacement affects the static alignment of the

hindfoot anatomy-based segment definition. This is scrutinised in the next chapter.

Furthermore, the effect of any static misalignment between the marker-based and the

hindfoot and tibia anatomy-based segment axes on joint angles during motion will be

discussed in detail in chapter 6.
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5 Sensitivity Analysis

5.1 Introduction

The purpose of the sensitivity analysis was to observe how the marker placement

error of the hindfoot markers affects the orientation of the hindfoot segment axes. It

was performed on heel, lateral calcaneus and sustentaculum tali markers to examine

how the difference in distance between these markers from their corresponding ideal

locations affects the orientation of the hindfoot antero-posterior axis. Bony landmarks

on the lateral and medial sides of the hindfoot are not easily palpable, meaning that

there are no obvious locations at which to site foot-model markers. The current OFM

requires LCA and STL markers to be equidistant from the HEE marker. However

in practice, the LCA and STL markers are placed only roughly equidistant from the

HEE marker without use of any measurement tools or jigs. Sensitivity analysis was

performed to find out how much error was caused by the difference in distance between

the LCA (from HEE) and the STL (from HEE) markers and also the difference in

distance between the HEE and its ideal counterpart.

5.2 Methods

5.2.1 Hindfoot - Assuming HEE correct (MID Corrected)

Figure 5.1 is a transverse plane projection of the hindfoot markers of a subject’s right

foot where the foot is pointing upwards. This is a schematic of a case when the STL

and LCA markers are not equidistant from the HEE marker; in this example, the

STL marker is located closer to HEE than the LCA.
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Figure 5.1: Method of Determining Correct Right Foot STL Position

81



It was assumed that the LCA and STL markers can only be re-positioned along

the sides of the calcaneus, which in this study were taken to be parallel to the Heel-

Toe axis. Lines passing through LCA and STL markers and parallel to the H-T axis

were mathematically defined, as follows.

• Define radius of the circle based on LCA and HEE:

rLCA =
√

(IxLCA −I xHEE)2 + (IyLCA −I yHEE)2 (5.1)

• Define radius of the circle based on STL and HEE:

rSTL =
√

(IxSTL −I xHEE)2 + (IySTL −I yHEE)2 (5.2)

• Define gradient of the HEE-TOE line:

m =
I−−→HTH(2)

I
−−→
HTH(1)

(5.3)

• Find the y-axis intercept of the line through STL and parallel to H-T:

cSTL =I ySTL −mIxSTL (5.4)

• Find the y-axis intercept of the line through LCA and parallel to H-T:

cLCA =I yLCA −m ·I xLCA (5.5)

Then a circle extending from the HEE marker to the calcaneal marker further away

from the HEE marker, which in this example (Figure 5.1) is the LCA marker, was also

mathematically defined. There are two intersection points between the LCA-based

circle and the STL-based line but the point closer to the marker’s actual position is

defined as the ideal marker position and in this example, the point is the “ideal STL”

marker position in Figure 5.1. The steps in the calculation are:
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• See which radius of the two circles is bigger and use the circle with bigger radius:

if −→r LCA > −→r STL, r = rLCA, otherwise r = rSTL

• Calculate the x-coordinates of the points intersecting between the circle, (x −

xHEE)2 + (y − yHEE)2 = r2, and the line, y = mx+ c.

• Now, substitute equation y = mx+c into equation (x−xHEE)2+(y−yHEE)2 = r2

to solve for x. Note that the points are in image coordinate system.

x1,2 =
2(xHEE −m · c+m · yHEE)

2(m2 + 1)

±
√

4(xHEE −m · c+m · yHEE)2 − 4(m2 + 1)(x2
HEE + (c− yHEE)2)− r2

2(m2 + 1)
(5.6)

if m > 0, xLMC = x2

else, xLMC = x1

where, LMC refers to either of the ideal lateral or medial calcaneus points. This

guarantees that the distance between STL/LCA and ideal STL/ideal LCA is a mini-

mum.

• Calculate the y-coordinate of the ideal point.

yLMC = mxLMC + cLMC (5.7)

• Calculate the z-coordinate of the ideal point.

For ideal STL,

zLMC = IzSTL (5.8)
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For ideal LCA,

zLMC = IzLCA (5.9)

• Hence the ideal LCA/STL (LMC) is given by:

I−→P LMC =


xLMC

yLMC

zLMC

 (5.10)

Once the coordinates of the ideal LCA or STL marker were obtained, the A-P

axis which passed through HEE and the mid-point of a line segment connecting the

ideal marker and its opposite calcaneal marker were computed. For convenience,

this is referenced as “MID corrected A-P axis”. These MID corrected A-P axes were

first graphically compared against the uncorrected A-P axis and then their angular

differences were calculated. The steps in the calculations were:

• Assign the ideal MID.

For ideal STL,

I−→P MIDi
=

I−→P LCA +I −→P LMC

2
(5.11)

where, subscript i, for ideal, was given to indicate ideal MID point.

For ideal LCA,

I−→P MIDi
=

I−→P STL +I −→P LMC

2
(5.12)
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• Calculate the MID ideal A-P axis (APM) parallel to the plantar surface of the

foot.

I−→x APM
H =

I−→P MIDi
(1 : 2)−I

−→
P HEE(1 : 2)∥∥∥I−→P MIDi

(1 : 2)−I
−→
P HEE(1 : 2)

∥∥∥
2

, x(3) = 0 (5.13)

The next procedure consisted of computing the difference in length, in the z = 0

(plantar) plane, between the distance from HEE to LCA and the distance from HEE

to STL. It is important to note the sign convention here; a positive sign was assigned

when the distance of the LCA marker measured from the HEE marker was longer

than the distance of the STL marker measured from the HEE marker.

5.2.2 Hindfoot - Assuming LCA and STL correct (HEE Corrected)

The orientation of the A-P axis is also determined by placement of the HEE marker.

Therefore, a further sensitivity analysis was carried out to find out how misplacement

of the HEE marker affects the orientation of the A-P axis.

The misplacement of the HEE marker was defined by the difference in distance

between the centre of the HEE marker and the corresponding anatomical definition

which represents where the HEE marker should be.

The coordinates of the HEE marker centres were obtained from the CT images.

The method of attaining the coordinates of the ideal location, represented by the

anatomical representation of the HEE marker, is outlined below and is illustrated in

figures 5.2 and 5.3.

85



Figure 5.2: Illustration of Identifying the Interim Ideal Location of HEE Marker

Figure 5.3: Illustration of Identifying the Ideal Location of HEE Marker
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1. View the CT image of the calcaneus in the coronal plane.

2. Identify the slice that gives the largest surface area of the calcaneus.

3. Record the coordinates of the superior (PCS) and inferior (PCI) mid line of the

calcaneus.

4. Using Matlab, calculate the coordinates of the point of the same height (z-

coordinate) as the HEE marker along the line joining the superior and inferior

calcaneus (Figure 5.2). It was assumed that the ideal HEE and the ideal PCA

markers would be somewhere along the line joining the superior and inferior

calcaneus. The reason for making this assumption was to ensure that the hind-

foot Proximal-Distal axis, defined by the HEE and the PCA markers, would

replicate the true varus/valgus inclination of the calcaneus. This would not be

achieved if the limits of the posterior limits of the calcaneus based on the first

principal axis or the planes perpendicular to it were used to define the ideal

HEE marker location. Moreover, it was aimed to replicate clinical practice of

placing the markers on the mid point of the posterior surface of the calcaneus,

not on the most posterior point.

The superior and inferior calcaneus points share the same y-coordinates (same

in the anterior-posterior direction).

The gradient, n, of a line in the x− z plane adjoining the superior and inferior

calcaneus points is given by:

n =
IzPCS − IzPCI
IxPCS − IxPCI

(5.14)
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The z-axis intercept, k, of the line can be calculated by substituting the coor-

dinates of the superior calcaneus into the equation of the line.

k = IzPCS − n · IxPCS (5.15)

The point of interest (interim ideal HEE in Figure 5.2) shares the same z-

coordinate as the HEE marker and is on the line with slope n and intercept

k.

IzHEE′
i

= IzHEE (5.16)

Its x-coordinate can be calculated by substituting in the z-coordinate of the

HEE marker into the equation of the line, z = nx+ k, to give

IxHEE′
i

=
IzHEE − k

n
(5.17)

In addition, the y-coordinate, as mentioned earlier, is the same as that of both

superior and inferior calcaneus.

IyHEE′
i

= IyPCS =I yPCI (5.18)

The interim ideal HEE (HEE ′i) marker position, is therefore:
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I−→P HEE′
i

=


IxHEE′

i

IyHEE′
i

IzHEE′
i

 (5.19)

5. In order to locate the ideal HEE marker on the surface of the hindfoot, the

location found from the previous stage, IPHEE′ , was shifted posteriorly along a

line parallel to the first principal axis of calcaneus until it met a line through

the HEE marker perpendicular to the calcaneus first principal axis (Figure 5.3).

The gradient, m, of the first principal axis in the transverse plane is given by:

m =
I−−−→FPAH(2)

I
−−−→
FPAH(1)

(5.20)

The y-axis intercept of a line parallel to the first principal axis through the

interim ideal HEE is:

c = IyHEE′
i
−m · IxHEE′

i
(5.21)

The gradient of a line perpendicular to the first principal axis is:

d = − 1

m
(5.22)

The y-axis intercept of the line through HEE and perpendicular to the first

principal axis through the interim ideal HEE is:
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e = IyHEE − d · IxHEE (5.23)

The x-coordinate of the intersection point between the first principal axis through

the interim ideal HEE and the perpendicular line through HEE is defined as

the x-coordinate of the ideal HEE marker.

IxHEEi
=

e− c
m− d

(5.24)

The y-coordinate of the intersection point between the first principal axis through

the interim ideal HEE and the perpendicular line through HEE is defined as

the y-coordinate of the ideal HEE marker.

IyHEEi
= m · IxHEEi

+ c (5.25)

The ideal HEE marker shares the same z-coordinate as the HEE marker.

IzHEEi
= IzHEE (5.26)

6. This point is theorised as the ideal location.

I−→P HEEi
=


IxHEEi

IyHEEi

IzHEEi

 (5.27)
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HEE Corrected A-P (APH) is therefore given by:

I−→x APH
H =

I−→P MID(1 : 2)−I
−→
P HEEi

(1 : 2)∥∥∥I−→P MID(1 : 2)−I
−→
P HEEi

(1 : 2)
∥∥∥

2

, x(3) = 0 (5.28)

5.2.3 Hindfoot - PCA corrected

The Oxford Foot Model hindfoot segment is defined using not only the HEE, LCA

and STL markers but also the PCA (proximal calcaneus) marker. The PCA marker

is used to define the interim proximal-distal axis and consequently the medial-lateral

and the proximal-distal axes of the hindfoot. Therefore these axes will be sensitive to

the position of the PCA marker and sensitivity analysis was carried out to quantify

how misplacing the PCA marker can affect the hindfoot axes.

To analyse how the Hindfoot P-D axis is sensitive to PCA and HEE marker

positions, ideal locations of the PCA and HEE markers were computed. The ideal

locations were used to calculate the fully corrected Hindfoot axes and were compared

to the orientation of the actual Hindfoot axes (see Section 5.2.4). However, many feet

had missing PCA marker locations on the CT images and with several feet removed

for inaccurate placement of the HEE markers, only 13 feet were eligible for analysis.

The misplacement of the PCA marker is defined by the distance between the

centre of the PCA marker and that of the PCA marker on a proposed ideal location.

This ideal PCA marker location is the point that most truly reflects the underlying

anatomy.

The CT images were used to obtain the coordinates of the ideal PCA marker loca-

tion. Since there is no clear palpable anatomical landmark for the PCA marker, the
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following method was proposed. The method is replicated from the HEE methodology

(see Section 5.2.2), except using PCA z-coordinate.

5.2.4 Hindfoot - Fully corrected axes

The corrected A-P axis based both on the ideal HEE marker point and the corre-

sponding ideal MID point was determined.

I−→x APC
H =

I−→P MIDi
(1 : 2)−I

−→
P HEEi

(1 : 2)∥∥∥I−→P MIDi
(1 : 2)−I

−→
P HEEi

(1 : 2)
∥∥∥

2

, x(3) = 0 (5.29)

The MID corrected A-P axis, HEE corrected A-P axis and fully corrected A-P

axis were first graphically compared against the uncorrected A-P axis and then their

angular differences when projected into the plantar (z = 0) plane were calculated in

2D in global coordinate system.

In addition, the difference in absolute distance between the centre of HEE and

PCA markers and their ideal locations were calculated. A positive sign was given

when the location of the HEE or PCA marker was more lateral in relation to the

ideal position.

The final stage involved quantifying the A-P axis error by determining the 2D

angular differences between the MID corrected A-P axis, HEE corrected A-P axis and

fully corrected A-P axis with the uncorrected A-P axis. Again, the new unit vectors of

the axes in 2D were calculated and the angles between the axes were calculated using

the dot product equation, mentioned earlier. A positive sign was used in the cases

where the corrected A-P axis pointed more laterally than the uncorrected A-P axis.

The angle between MID corrected A-P axis against uncorrected A-P axis data was
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plotted against data of the difference in distance between the LCA (from HEE) and

the STL (from HEE) markers to see the correlation between the two measurements.

A linear regression line was plotted as a tool to predict A-P axis error for a given

difference in distance between the LCA (from HEE) and the STL (from HEE) markers.

Similarly, the angle between HEE corrected A-P axis against uncorrected A-P axis

data was plotted against data of the difference in distance between the HEE marker

and its ideal definition to see the correlation between the two measurements. A linear

regression line was plotted as a tool to predict A-P axis error for a given difference in

distance between the HEE marker and its ideal representation.

Furthermore, the M-L and P-D axes based on the ideal HEE and PCA marker

locations were calculated.

1. The corrected interim P-D axis is given by:

−→
i Hi

=

−→
P PCAi

−
−→
P HEEi∥∥∥−→P PCAi

−
−→
P HEEi

∥∥∥
2

(5.30)

2. The fully corrected M-L axis is perpendicular to the fully corrected A-P axis

and the interim P-D axis. The positive direction points laterally for a right leg

and medially for the left leg.

−→z Hi
= −→x APC

H ×−→i Hi
(5.31)

3. The fully corrected P-D axis is the cross product of the fully corrected M-L

and the fully corrected A-P axes. The positive direction points proximally for both

legs.
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−→y Hi
= −→z Hi

×−→x APC
H (5.32)

For convenience, the various axes are referred to in the rest of this chapter by the

acronyms listed in Table 5.1.

Table 5.1: List of Axes in Chapter 5
Coordinate System Segment Acronym Definition

Image Hindfoot

AP Anterior-Posterior Axis
APM MID Corrected Anterior-Posterior Axis
APH HEE Corrected Anterior-Posterior Axis
APC Fully Corrected Anterior-Posterior Axis
PD Proximal-Distal Axis
PDC Corrected Proximal-Distal Axis

5.2.5 Summary

Sensitivity analysis was carried out to investigate how misplacing markers from their

corresponding ideal locations affect the hindfoot segment axes. Four difference cases

were investigated. The first case examined how the hindfoot A-P axis was influenced

by correcting the MID point with HEE marker held constant. The second case scru-

tinised how the hindfoot A-P axis was determined by correcting the HEE marker

with MID held constant. The third case investigated how the hindfoot P-D axis was

affected by correcting the PCA marker with HEE marker held constant. The first,

second and third cases were aimed to find out how the hindfoot axes are sensitive to

individual hindfoot markers. The last case involved finding out how the hindfoot axes

were changed by correcting all MID, HEE and PCA markers. Correcting the MID

point and the HEE marker together enables assessment of the combined effect on the
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Figure 5.4: A Representative Subject’s Plantar Projection of Hindfoot Axes and
Fully Corrected A-P Axis. Blue, red, green and black arrows represent A-P axis,
fully corrected A-P axis, first principal axis of calcaneus and H-T axis, respectively

hindfoot A-P axis. Similarly, correcting both the HEE and PCA markers allows the

combined effect on the hindfoot P-D axis to be observed. Therefore when gauging the

combined effect of the multiple interactions between variables on the hindfoot axes,

the two aforementioned combinations cannot be ruled out. That said, the combined

interaction between the MID point and the PCA marker can be ruled out as the two

variables do not directly influence one particular hindfoot axis.

5.3 Results

5.3.1 Hindfoot

A representative subject (Figure 5.4) demonstrates that the fully corrected A-P axis

lies closer to the first principal axis than the default marker-based A-P axis. While this
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Table 5.2: Angular differences between the AP, APH (HEE corrected A-P), APM
(MID corrected A-P), and APC (Fully corrected A-P) axes.

APM – AP(°) APH – AP (°) APC – AP (°)
Mean -0.4 -1.6 -1.4
SD 1.2 13.0 11.8

phenomenon occurred in most of the other subjects, some cases showed the corrected

A-P axis to be situated further away from the first principal axis than the A-P axis.

Hence it would be misleading to hypothesise that A-P axis correction always improves

the estimation of the first principal axis. The corrected marker locations only refer to

the locations corresponding to the underlying bony anatomy the markers are trying

to represent. This is a test to see what happens to the orientation of the axes if the

markers are put where they are intended to put. Therefore, the axes formed by these

markers do not necessarily have to agree with the calcaneus first principal axis, as

this is a separate question dealing with whether bony alignment and “true” marker

placement agree. Levels of agreement between A-P axis and its corrected counterpart

were assessed and this has been elaborated in the discussion section.

Tables 5.2 and 5.3 are statistical summaries of results of the A-P axis error and

the difference in distance between the LCA (from HEE) and the STL (from HEE)

markers. For convenience, the difference in distance between the LCA (from HEE)

and the STL (from HEE) markers was referred to as MID error. The error in MID

and HEE is equivalent, but the resulting effect on the angle error (APM-AP and

APH-AP) appears to be disproportionate.

Figure 5.5 is a linear regression analysis of how marker misplacement influences
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Table 5.3: HEE and MID placement error
MID Error (mm) HEE Error (mm)

Mean 1.7 1.6
SD 4.8 7.0

Figure 5.5: How Marker Misplacement Influences A-P Axis Orientation Error

the A-P axis orientation error.

The explanatory variable is the difference in distance between the LCA (from

HEE) and the STL (from HEE) markers and the dependent variable is A-P axis

error. There is a good negative correlation (R2 = 0.76) between the two variables.

Because the equation of this line is known (y = −0.21x − 0.02), the amount of A-P

axis error for a given difference in distance between the LCA (from HEE) and the

STL (from HEE) markers can be predicted.

Figure 5.6 is a linear regression analysis of how the HEE error influences the A-P
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Figure 5.6: How HEE Error Affects A-P Axis

Table 5.4: PCA and HEE placement error and 2D angular difference between the
PD and PDC (Fully corrected P-D) axes.

PDC vs PD (°) PCA Error (mm) HEE Error (mm)
Mean -2.6 1.5 1.7
SD 11.8 5.0 7.4

axis orientation error.

Here, the explanatory variable is the difference in distance between the HEE

marker and its ideal location whereas the dependent variable is A-P axis error. It

is evident that there is a good negative correlation (R2 = 0.97) between the two

variables. As the equation of the regression line is given by y = −2.3x + 0.6, the

amount of A-P axis error can be predicted for a given difference in distance between

the HEE marker and its corresponding ideal location.

Table 5.4 is statistical summary of the static sensitivity analysis results of PCA

and HEE marker placement.

A positive sign was assigned when the corrected P-D axis was lateral relative to
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Table 5.5: Results of P-D axis multiple linear regression analysis
Values Coefficients

Adjusted R2 0.83 -
Intercept - -2.22
PCA Error - 1.17
HEE Error - 1.52

the default P-D axis. For the PCA and HEE errors, positive signs were given when

the location of the ideal marker was more lateral in relation to the actual position.

The feasibility of putting on markers accurately and how much influence this

had on P-D axis orientation was investigated. This was done using multiple linear

regression analysis with PCA error and HEE error as regressors and P-D axis error

as dependent variable.

The results show that there is a good positive correlation (Adjusted R2 = 0.83)

between the regressors and the dependent variable. The equation of the regression

line is y = −2.22 + 1.17x1− 1.52x2, where, y, x1 and x2 are estimated P-D axis error,

PCA error and HEE error, respectively. Using this equation, the static P-D axis error

can be estimated for given values of PCA and HEE marker placement errors.

5.4 Discussion

5.4.1 Hindfoot

Sensitivity analysis involved finding the difference in distance between the LCA (from

HEE) and the STL (from HEE) markers and A-P axis error. Corresponding measure-

ments were plotted and a suitable linear regression line was calculated to describe the

linear relationship between the two factors (Figure 5.5). The equation of the linear
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regression line was found to be y = −0.21x− 0.02 and therefore 10 mm of difference

in distance between the LCA (from HEE) and the STL (from HEE) markers would

affect the A-P axis by about -2.3 degrees. Table 5.3 shows that the mean difference

in distance between the LCA (from HEE) and the STL (from HEE) markers value

were only 1.7 mm which only accounts for -0.4°. The standard deviation of 4.8 mm

to 7.0 mm imply that the differences in distance between the LCA (from HEE) and

the STL (from HEE) markers of more than 10 mm or less than -10 mm were rare

occurrences. If 5° is an accepted level of error [57], it can therefore be deduced by

extrapolating Figure 5.5 that the difference in distance between the LCA (from HEE)

and the STL (from HEE) markers of more than 23.4 mm or less than -23.6 mm would

yield significant error in A-P axis orientation. However in reality, it would be rare

for clinicians well-trained in marker placement to yield such large error. Hence it can

be concluded that the difference in distance between the LCA (from HEE) and the

STL (from HEE) markers induces minimal influence on A-P axis orientation and is

not likely to be the determining factor for large intra-subject variability in hindfoot

rotation.

The results (Table 5.3 and Figure 5.5) suggest that correcting the position of either

the LCA or the STL marker induced less than 1° of change in the anterior-posterior

(A-P) axis for most feet.

When the HEE marker position was aligned with the correct anatomical location,

the orientation of the A-P axis was affected as the standard deviation value of APH-

AP infers. There was large variation in its orientation relative to the original A-P

axis with a slight medial bias as the mean HEE error of 1.6 mm lateral validates.

100



When the HEE marker was corrected, the effect it had on the orientation of the A-

P axis was found to be more profound than when the LCA and STL markers were

corrected. The mean and standard deviation values of 1.6 mm and 7.0 mm (Table 5.3)

demonstrate that the HEE error can vary both medially and laterally with respect

to the ideal location with a slight lateral bias. This implies that the clinicians have a

tendency to place the HEE marker slightly medial to its ideal location but the bias is

only 1.6 mm. The standard deviation value of the static angular difference between

the HEE corrected A-P axis (APH) and the default A-P axis is 13.0° whereas that

of the static angular difference between the MID corrected A-P axis (APM) and the

default A-P axis is only 1.2°. Likewise, the fully corrected A-P axis (APC) is also

affected by the HEE marker alignment error as the 11.8° of standard deviation value

infers. It implies that while the HEE error mean is similar in order of magnitude to

that of the MID error, the effect it has on the orientation of the A-P axis is much

greater. Linear regression analysis was conducted to investigate how sensitive the

A-P axis is to the HEE marker error. From Figure 5.6 it can be inferred that there

is a very good negative correlation (R2 = 0.97) and since the equation of the line is

known, y = −2.3x + 0.6, the A-P axis error for a given HEE error can be predicted

but with caution. Therefore if the HEE marker is placed 1 mm laterally with respect

to the corresponding ideal location, it would result in approximately 2.9° of A-P axis

error. If static axis error of 5° is perceived as clinically significant [57], it would only

require 1.9 mm of lateral HEE marker bias to cause significant A-P axis error. In

consequence, while there is yet to be a practical device or a method that identifies the

ideal location from surface anatomy, placing the HEE marker on its corresponding
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ideal location would ensure accurate orientation of the A-P axis.

Sensitivity analysis of PCA as well as HEE marker placement involved calculating

PCA and HEE marker placement errors and how these affected the orientation of

the hindfoot Proximal-Distal axis. Table 5.4 show that there was a large variation

in corrected P-D axis orientation relative to the original A-P axis with a lateral bias

as the mean and standard deviation values infer. The mean and standard deviation

values for the PCA error were 1.5 mm and 5.0 mm (Table 5.4), respectively. This

suggests that the PCA marker can vary both medially and laterally with respect to

the ideal location. The mean and standard deviation values for the HEE error were

1.7 mm and 7.4 mm (Table 5.4), respectively, which also means the HEE marker

can vary both medially and laterally with respect to its ideal location with a medial

bias. These results are consistent with the understanding that if the PCA marker

has no bias in its placement and the HEE marker is consistently placed medially with

respect to its ideal location, it would make the orientation of the Proximal-Distal

axis be more lateral to the corresponding axis produced with ideal PCA and HEE

marker positions. Multiple linear regression analysis was conducted to estimate the

P-D axis error for given PCA and HEE marker placement errors and the results

are presented in Table 5.5. The equation of the linear regression line was found to

be y = −2.22 + 1.17x1 − 1.52x2 and therefore 10 mm of PCA and HEE marker

misplacement would induce -5.72° of static P-D axis error. Table 5.4 shows that the

mean values of the PCA and HEE errors were only 1.5 mm and 1.7 mm, respectively.

Substituting these values into the regression equation, it estimates -3.1° of static P-D

axis error. Whether or not if this is significant enough to cause significant dynamic

102



angle errors is unknown at this stage but given that the well-trained clinicians are

not likely to make more than 10 mm of marker placement errors, the static P-D axis

error is not likely to exceed 5°.

The major limitation to this analysis was the assumptions used to define the ideal

marker positions. When finding the XZ planar slice with the largest surface area

to find the location of either the interim HEE or the interim PCA markers, it is

important to note that the slice is not perpendicular to the calcaneus first principal

axis. This results in skewness to the XY plane and thus the ideal marker locations

will inevitably be affected by how tilted the calcaneus first principal axis is to the XZ

plane.

5.5 Conclusion

This chapter provided a comprehensive analysis of how marker misplacement affects

the static agreement of the hindfoot and tibia anatomical segment definition. The

fourth objective of the thesis was investigated in this chapter. It demonstrated that

while the LCA and STL marker misplacement had minimal influence on the orienta-

tion of the marker-based hindfoot anterior-posterior axis, the HEE marker misplace-

ment was found to affect it significantly. In addition, while the HEE and the PCA

marker misplacement had some effect on the orientation of the hindfoot medial-lateral

and proximal-distal axes, they were not found to be large enough to concern the ac-

curacy in defining the axes. To proceed from this analysis, how marker misplacement

affects the kinematics of the hindfoot and tibia segment is scrutinised in the next

chapter.
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6 Dynamic Comparison of Marker Based Hindfoot

and Tibia Segment Axes and Anatomical Defini-

tion

6.1 Introduction

Chapter 4 scrutinised the static agreement between the marker-based and the anatomy-

based hindfoot and tibia segment axes. Chapter 5 investigated the severity of marker

misplacement and how it affected the static orientation of the hindfoot and tibia

anatomical segment definitions. To examine how clinically significant these static

results are, dynamic analysis was performed and is presented in this chapter. There

are three main objectives to achieve this aim: The first objective is to investigate how

appropriate the rigidity assumption is in estimating the hindfoot and tibia anatomy-

based segment definition from the corresponding marker-based definition. The second

objective is to investigate the effect of marker misplacement on dynamic joint angles.

Finally, the last objective is to investigate how closely the "best" representation of

the OFM, with all markers corrected, represents underlying anatomy during gait.

6.2 Methods

The ideal HEE marker coordinates calculated from chapter 5 are given in the image

coordinate system. However, the hindfoot medial-lateral and proximal-distal axes are

required for analysis of the dynamic angles and in order to refer static results with

the dynamic analysis results, the markers and coordinate system used in the overall
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investigation were made consistent.

From the singular value decomposition method, the transformation matrix re-

quired to transform the ideal HEE marker coordinates from the image coordinate

system to the Global coordinate system can be computed. Since the static coordi-

nates of HEE, LCA, ANK and MMA markers are known in both the image and Global

coordinate systems, those coordinates were used to work out the transformation ma-

trix, T . With the transformation matrix, T , the ideal HEE marker coordinates in the

Global coordinate system can be easily calculated.



GxHEEi

GyHEEi

GzHEEi

1


= T



IxHEEi

IyHEEi

IzHEEi

1


(6.1)

G−→P HEEi
=


GxHEEi

GyHEEi

GzHEEi

 (6.2)

To calculate dynamic angles, the following approach was used:

1. Define the Axes of the Hindfoot and Tibia when the subject is stationary (using

the static markers from Vicon).

• Define Oxford Foot Model Hindfoot Segment Axes (OFM)

• Define First Principal Axis Based Hindfoot Segment Axes (FPA)

The first principal axis based hindfoot segment axes in the CT coordinate system
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can be converted to the global coordinate system. From the singular value

decomposition method, the transformation matrix required to transform the

first principal axis based hindfoot segment axes in the CT coordinate system

to the global coordinate system can be computed. Since the static coordinates

of HEE, TOE, LCA and STL markers are known in both the CT and global

coordinate system, those coordinates were used to work out the transformation

matrix, T . With the transformation matrix, T , the first principal axis based

hindfoot segment axes in the Global coordinate system can be easily calculated:


G−→x FPA

H

G−→y FPA
H

G−→z FPA
H

 = T (1 : 3, 1 : 3)


I−→x FPA

H

I−→y FPA
H

I−→z FPA
H

 (6.3)

• Define Corrected Oxford Foot Model Hindfoot Segment Axes (CH, FCH)

• Define Oxford Foot Model Tibia Segment Axes (OFM)

• Define Corrected Oxford Foot Model Tibia Segment Axes (CT)

• Define Fully Corrected Axes (COFM, FCOFM)

For convenience, the various axes are referred to in the rest of this chapter by the

acronyms listed in Table 6.1.

1. Compare successive time frame marker coordinates from the various dynamic

trials to produce rigid-body transformation matrices for the hindfoot and tibia

for each time frame. For the hindfoot, HEE, PCA, LCA and STL markers

are used whereas for the tibia, HFB, SHN, TIB and TUB markers are used as
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recommended by Leitch et al. [51]. Since PCA marker coordinates in the CT

images were not available in many subjects, the PCA marker was replaced by

the TOE marker.

The technique only treats discrete movements from one frame to another (and

not a continuous displacement path). Therefore one describes the relative move-

ment of the segment for each time frame by comparing the X, Y, Z coordinates

of a set of markers (defined as the “actual” segment) to the position of corre-

sponding markers in the static trial (the “reference” segment). The outcome of

the singular value decomposition Matlab program produced a transformation

matrix T for each segment at each time frame.

2. Use the transformation matrices and static trial axes to find the orientations of

the segment axes at each time point and then the relative dynamic angles of

the ankle joint.

A Matlab code was designed to take, at each time frame, the transformation

matrix T for both hindfoot and tibia and the static hindfoot and tibia axes

to calculate the joint rotations: plantarflexion/dorsiflexion, internal/external

rotation, and inversion/eversion. The following equations were referenced from

the Cole et al. Standardisation Proposal [17].

Floating axis is defined at every time point t by:

G−→j =G −→z T ×G −→x H (6.4)

Where subscripts H and T denote hindfoot (distal segment) and tibia (proximal
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segment) respectively.

internal/external = φy = arccos

(
G−→r ·G −→x H

‖G−→r ‖ ‖G−→x H‖

)
(6.5)

Where,

G−→r =G −→z T ×G
−→
j (6.6)

inversion/eversion = φx = arccos

 G−→j ·G −→y H∥∥∥G−→j ∥∥∥ ‖G−→y H‖

 (6.7)

plantar/dorsiflexion = φz = arccos

 G−→j ·G −→x T∥∥∥G−→j ∥∥∥ ‖G−→x T‖

 (6.8)

3. Use the mean and Root Mean Square Difference to quantify differences between

axes.

One method of comparison between the different axes is to calculate the Root

Mean Square Difference (RMSD). By comparing each axis rotation to the default

Oxford Foot Model (here assumed to be a reference) with this method, a single

value can be produced, which serves as a simple measure of the difference. If

n is the total number of time frames, then the RMS value for each component

rotation is defined as:
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RMSDmodel =

√∑n
i=1 [φmodel(i)− φOX(i)]2

n
(6.9)

Where φOX and φmodel are the dynamic angles of the Oxford Foot Model and

any other axes, respectively.

To find out how the PCA error contributes to the Oxford Foot Model dynamic angles,

the kinematics of the fully corrected hindfoot segment (both the HEE and PCA

corrected) with respect to the tibia segment were calculated using the rigid body

segment approach, outlined in the previous section. To isolate the effect of the P-

D axis error on the dynamic angles, it was decided to compare the fully corrected

hindfoot segment kinematics with the default hindfoot segment and HEE corrected

hindfoot segment kinematics. As mentioned in Section 5.2.3, many feet had missing

PCA marker locations on the CT images and with several feet removed for inaccurate

placement of the HEE markers, only 13 feet were eligible when analysing how the

PCA marker misplacement affects the kinematics of the hindfoot and tibia anatomical

segment definition.

6.3 Results

Due to reasons mentioned in Section 4.4, only thirty feet were available for analysis.

The right and left feet results were pooled together, as it did not appear that there

was any consistent bias in results between feet for individual subjects.
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Figure 6.1: Verification of Rigid Body Method of Calculating a Representative Sub-
ject’s Right Ankle Angles during Level Walking Trial. Nexus refers to the Vicon
Nexus ankle joint output.

6.3.1 Hindfoot – Tibia

To test the validity of the singular value decomposition method, the default Oxford

Foot Model hindfoot segment kinematics were predicted using this approach. The

uncorrected marker-based OFM hindfoot-tibia kinematics were calculated frame by

frame, using the marker coordinates as output by default from Nexus software. The

hindfoot-tibia angles were calculated in Matlab and then compared with the Vicon

Nexus kinematic output. From Figure 6.1, it is evident that the two kinematic wave-

forms overlap for all sagittal, transverse and coronal planes. This finding was similar

for all feet.

The kinematics of the uncorrected Oxford Foot Model hindfoot against uncor-

rected Oxford Foot Model tibia, fully corrected A-P axis based hindfoot against un-
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Figure 6.2: A Representative Subject’s Right Hindfoot Plantar/Dorsiflexion with
Respect to Tibia during Level Walking Trial

corrected tiba, uncorrected hindfoot against A-P corrected tibia, corrected hindfoot

against corrected tibia and calcaneus first principal axis (projected into transverse

plane) based hindfoot against uncorrected tibia were calculated (Table 6.1). Figures

6.2, 6.3 and 6.4 are the mean kinematics of all five aforementioned permutations of

segments. Visually, whilst they show similar kinematic waveforms it is evident that

the offsets between the axes are the greatest in the transverse plane kinematics.

To quantify the spread in distribution of the axes tested, the Root Mean Squared

Differences (RMSD) against the Vicon Nexus output were calculated for all thirty

feet. The RMSD was chosen to quantify deviation between the waveforms because

it is sensitive to the shape of the waveform. Alternative methods such as comparing

the means or certain points of the waveforms lack sensitivity to the shape of the

waveform. Therefore they do not provide the implicit information found in the shapes
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Figure 6.3: A Representative Subject’s Right Hindfoot Internal/External Rotation
with Respect to Tibia during Level Walking Trial

Figure 6.4: A Representative Subject’s Right Hindfoot Inversion/Eversion with Re-
spect to Tibia during Level Walking Trial
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of the waveforms. This is vital in gait analysis as the waveforms describe the inter-

segmental joint kinematics. Tables 6.2, 6.3 and 6.4 summarised the RMSD values in

tables and Figures 6.5, 6.6 and 6.7 are boxplots of the RMSD distribution. Figures

6.5, 6.6 and 6.7 show that the spread in distribution of the RMSD values was the

greatest in the transverse plane. This statement is backed up by the interquartile

range and standard deviation values in Tables 6.2, 6.3 and 6.4. The calcaneus first

principal axis based hindfoot against uncorrected tibia RMSD show the greatest SD

value. This finding is in agreement with the static comparison of the uncorrected

hindfoot A-P axis and the calcaneus first principal axis with the high SD value, 8.8°

(Table 4.2 from Section 4.6.1).

Table 6.2: OFM, AP Corrected Hindfoot (CH), AP Corrected Tibia (CT), AP
Corrected OFM (COFM), Hindfoot First Principal Axis (FPA) Plantar-Dorsiflexion
RMSD in Comparison to Vicon Nexus Output

OFM-Nexus CH-Nexus CT-Nexus COFM-Nexus FPA-Nexus
Mean -1.98E-04 0.25 -0.52 -0.27 1.38
Median -2.18E-05 0.47 -0.51 -0.46 0.42
IQR 5.79E-05 0.63 0.41 0.69 4.95
SD 1.03E-03 1.28 0.34 1.40 5.26

Table 6.3: OFM, AP Corrected Hindfoot (CH), AP Corrected Tibia (CT), AP
Corrected OFM (COFM), Hindfoot First Principal Axis (FPA) Internal-External
Rotation RMSD in Comparison to Vicon Nexus Output

OFM-Nexus CH-Nexus CT-Nexus COFM-Nexus FPA-Nexus
Mean -1.08E-05 0.47 4.74 5.22 -4.33E-01
Median -2.61E-05 0.17 4.96 5.10 -6.42E-01
IQR 3.61E-05 6.71 4.25 8.95 11.10
SD 1.11E-04 3.42 3.42 6.93 9.51
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Table 6.4: OFM, AP Corrected Hindfoot (CH), AP Corrected Tibia (CT), AP
Corrected OFM (COFM), Hindfoot First Principal Axis (FPA) Inversion-Eversion
RMSD in Comparison to Vicon Nexus Output

OFM-Nexus CH-Nexus CT-Nexus COFM-Nexus FPA-Nexus
Mean -5.47E-05 0.57 -0.15 0.20 2.36
Median 7.98E-06 0.27 0.40 0.50 1.43
IQR 1.27E-04 0.72 1.17 2.01 2.91
SD 6.36E-04 2.06 1.47 2.52 5.79

Figure 6.5: OFM, AP Corrected Hindfoot (CH), Corrected Tibia (CT), AP Corrected
OFM (COFM), First Principal Axis (FPA) Sagittal Plane RMSD in Comparison to
Vicon Nexus Output
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Figure 6.6: OFM, AP Corrected Hindfoot (CH), Corrected Tibia (CT), AP Corrected
OFM (COFM), First Principal Axis (FPA) Transverse Plane RMSD in Comparison
to Vicon Nexus Output
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Figure 6.7: OFM, AP Corrected Hindfoot (CH), Corrected Tibia (CT), AP Corrected
OFM (COFM), First Principal Axis (FPA) Coronal Plane RMSD in Comparison to
Vicon Nexus Output

For analysis on how the PCA marker misplacement affects the kinematics of the

hindfoot and tibia anatomical segment definition, kinematics of the uncorrected Ox-

ford Foot Model hindfoot against uncorrected Oxford Foot Model tibia, fully corrected

A-P axis based hindfoot against uncorrected tiba, fully corrected hindfoot against un-

corrected tibia, fully corrected A-P axis based hindfoot against uncorrected tibia and

fully corrected hindfoot against corrected tibia were computed for the thirteen feet

available for the analysis (Table 6.1). Figures 6.8, 6.9 and 6.10 are the mean kinemat-
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ics of all five aforementioned permutations of segments. Visually, whilst they show

similar kinematic waveform it is evident that the offsets between the axes are the

greatest in the transverse plane kinematics.

To quantify the spread in distribution of the axes tested, the Root Mean Squared

Differences against the Vicon Nexus output were calculated for all thirteen feet. Ta-

bles 6.5, 6.6 and 6.7 summarised the RMSD values in tables and Figures 6.11, 6.12 and

6.13 are boxplots of the RMSD distribution. Figures 6.11, 6.12 and 6.13 show that

the spread in distribution of the RMSD values was the smallest in the sagittal and

the greatest in the transverse plane. This statement is backed up by the interquar-

tile range and standard deviation values in Tables 6.5, 6.6 and 6.7. This suggests

that correcting the HEE and PCA markers will affect the transverse plane kinematics

more so than in other planes. Moreover, in the coronal plane, only the fully corrected

hindfoot against corrected tibia and the fully corrected hindfoot against uncorrected

tibia showed significant RMSD distribution as both exhibited IQR and SD values of

more than 5°. This is consistent with the knowledge that correcting HEE and PCA

will affect the orientation of the hindfoot proximal-distal axis, which will consequently

affect the coronal plane hindfoot-tibia kinematics.

Table 6.5: Statistical Summary of OFM, AP Corrected Hindfoot (CH), Fully
Corrected Hindfoot (FCH), AP Corrected OFM (COFM), Fully Corrected OFM
(COFM) Sagittal Plane RMSD in Comparison to Vicon Nexus Output

OFM-Nexus CH-Nexus FCH-Nexus COFM-Nexus FCOFM-Nexus
Mean 3.26E-05 -0.11 0.15 -0.63 -4.53E-02
Median -1.86E-05 -0.15 2.66E-02 -0.82 -0.26
IQR 4.30E-05 0.43 0.63 0.84 1.10
SD 2.34E-04 0.56 1.19 0.74 1.63
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Figure 6.8: Mean Hindfoot Plantar/Dorsiflexion with Respect to Tibia during Level
Walking Trial

Figure 6.9: Mean Hindfoot Interal/External Rotation with Respect to Tibia during
Level Walking Trial
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Figure 6.10: Mean Hindfoot Inversion/Eversion with Respect to Tibia during Level
Walking Trial

Table 6.6: Statistical Summary of OFM, AP Corrected Hindfoot (CH), Fully
Corrected Hindfoot (FCH), AP Corrected OFM (COFM), Fully Corrected OFM
(COFM) Transverse Plane RMSD in Comparison to Vicon Nexus Output

OFM-Nexus CH-Nexus FCH-Nexus COFM-Nexus FCOFM-Nexus
Mean 3.83E-06 -2.08 1.85E-02 2.21 -7.13
Median -1.97E-05 -2.92 -0.35 1.67 -2.62
IQR 5.77E-05 3.57 10.0 7.68 20.3
SD 8.52E-05 5.93 12.7 6.28 20.5
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Figure 6.11: Boxplots of OFM, AP Corrected Hindfoot (CH), Fully Corrected Hind-
foot (FCH), AP Corrected OFM (COFM), Fully Corrected OFM (COFM) Plantar-
Dorsiflexion RMSD in Comparison to Vicon Nexus Output

Table 6.7: Statistical Summary of OFM, AP Corrected Hindfoot (CH), Fully
Corrected Hindfoot (FCH), AP Corrected OFM (COFM), Fully Corrected OFM
(COFM) Coronal Plane RMSD in Comparison to Vicon Nexus Output

OFM-Nexus CH-Nexus FCH-Nexus COFM-Nexus FCOFM-Nexus
Mean -2.04E-04 2.47E-04 6.69 -0.86 5.48
Median 7.42E-06 0.11 3.90 -0.68 -1.37
IQR 1.28E-04 0.87 7.67 2.13 13.6
SD 6.22E-04 1.10 16.2 2.25 18.0
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Figure 6.12: Boxplots of OFM, AP Corrected Hindfoot (CH), Fully Corrected Hind-
foot (FCH), AP Corrected OFM (COFM), Fully Corrected OFM (COFM) Internal-
External Rotation RMSD in Comparison to Vicon Nexus Output

Figure 6.13: Boxplots of OFM, AP Corrected Hindfoot (CH), Fully Corrected Hind-
foot (FCH), AP Corrected OFM (COFM), Fully Corrected OFM (COFM) Inversion-
Eversion RMSD in Comparison to Vicon Nexus Output
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6.4 Discussion

6.4.1 Hindfoot – Tibia

The purpose of dynamic analysis was to find out how the static differences observed in

hindfoot and tibia marker and anatomy-based axes influence dynamic angles. In this

analysis, the singular value decomposition method was used to predict the kinematic

patterns of the hindfoot and tibia axes and their root mean squared difference values

with respect to Vicon Nexus kinematic output were compared.

The way Vicon Nexus outputs the dynamic angles is by, first, calculating the

hindfoot and tibia segment axes at each time frame and then computing the Euler

angles between the two sets of axes. As mentioned in section 3.7, the way the rigid

body transformation method calculates the dynamic angles is by first, calculating a

transformation matrix from a matrix of the instantaneous positions of the markers at

each time frame and a matrix of the static reference positions of the markers. It then

uses a singular value decomposition technique to calculate the best-fit transformation

matrix and this transformation matrix can be multiplied to the matrix of the static

reference position of markers to predict its instantaneous rigid body positions at each

time frame. The estimated instantaneous positions can then be used to calculate the

segment axes for both the hindfoot and tibia and computing the Euler angles between

the two sets of axes outputs the dynamic intersegmental angles. To validate the

accuracy of the rigid body method, the dynamic angles calculated using this approach

were verified against the Vicon Nexus outputs (Figure 6.1). This notion is backed

up by the results in Tables 6.2, 6.3 and 6.4; the median RMSD values for sagittal,

transverse and coronal planes were mere −2.2 × 10−5, −2.6 × 10−5 and 8.0 × 10−6
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respectively. Hence it can be safely substantiated that the rigid body assumptions for

the hindfoot and tibia are valid and that the singular value decomposition technique

can be used alternatively to calculate kinematics.

The sagittal, transverse and coronal plane interquartile range values for the A-

P corrected hindfoot segment were 0.6, 6.7 and 0.7 degrees, respectively. This has

a clinical implication in that the hindfoot markers, has a significant effect on the

accuracy of the transverse plane OFM hindfoot-tibia kinematics, assuming that a

change in dynamic angle of 5 degrees or more is clinically significant [57].

The sagittal, transverse and coronal plane interquartile range values for the cor-

rected A-P axis based tibia segment were 0.4, 4.1 and 1.1 degrees, respectively (Table

6.2, 6.3 and 6.4). While the effect is not as pronounced as that of the corrected hind-

foot segment, it is still evident that accurate placement of tibia markers is pivotal in

obtaining accurate OFM hindfoot-tibia kinematics.

Furthermore, the kinematics of the corrected OFM hindfoot against the corrected

OFM tibia was computed to observe the overall effect of marker placement in OFM

hindfoot-tibia kinematics. Figures 6.2, 6.3 and 6.4 as well as the boxplots in Figures

6.5, 6.6 and 6.7 illustrates the significance of the consistent and accurate placement

of hindfoot and tibia markers as the spread of the distribution is quite large for the

transverse plane; from Table 6.2, 6.3 and 6.4 the sagittal, transverse and coronal

plane interquartile range values are 0.7, 9.0 and 2.0 degrees, respectively. These

results exhibit evidence to suggest that marker placement can be the source of large

variability in transverse plane hindfoot-tibia kinematics, as stated in past literatures

[42, 49, 59, 74, 78].
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When the hindfoot was fully corrected (including correction of the P-D axis),

it was found that coronal plane kinematics were affected as well as the transverse

plane. This is intuitive as correcting HEE and PCA will affect the orientation of

the hindfoot proximal-distal axis, which will consequently affect the coronal plane

hindfoot-tibia kinematics. The mean sagittal, transverse and coronal plane fully cor-

rected hindfoot-tibia kinematic RMSD values are 0.15, 0.019 and 6.69 degrees while

the fully corrected hindfoot-fully tibia kinematic RMSD values are -0.045, -7.13 and

5.48 degrees, respectively (Tables 6.5, 6.6 and 6.7 and figures 6.11, 6.12 and 6.13).

This suggests that correcting all hindfoot markers significantly affects the coronal

plane hindfoot-tibia kinematics. Figure 6.10 shows that fully correcting the hindfoot

segment axes will result in more inversion around the ankle. This is not consistent

with the result of the static comparison of the default hindfoot proximal-distal axis

and the corrected hindfoot proximal-distal axis, as mentioned in Section 5.3 (Table

5.4), where the corrected proximal-distal axis was found to be everted on average by

2.6 degrees in relation to the default proximal-distal axis. The inter-quartile range

values of the coronal plane fully corrected hindfoot-tibia kinematic RMSD and fully

corrected hindfoot-fully tibia kinematic RMSD values are 7.7 and 13.6 degrees, re-

spectively (Table 6.7 and figures 6.13). This large spread in distribution suggests

why dynamic angles show inversion when static angles show eversion. Hence, we are

under-estimating inversion.

Figures 6.5 illustrates that the sagittal plane FPA-Nexus error is clearly larger than

any other variables. With the interquartile range around 5 degrees, this relationship

suggests that the marker-based hindfoot axes significantly differ from the anatomy-
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based hindfoot axes. However, fully correcting the hindfoot and/or tibia markers do

not affect the sagittal plane hindfoot-tibia motion. This implies that even correcting

the markers does not improve the agreement between the marker-based and anatomy-

based hindfoot and tibia segments. Since the Oxford Foot Model as well as many

other multi-segment foot models uses markers to represent the calcaneus, this is a

significant finding as it suggests that the calcaneus first principal axis cannot be

replicated well using markers. Hence, the hindfoot kinematic results derived from

these models may be unreliable to make accurate clinical interpretations. That said,

an explanation for why the FPA-Nexus error was so large is the error in transforming

the first principal axis in the CT image coordinate system to the global coordinate

system. Essentially, this means that there were discrepancies between the locations

of the markers in the global coordinate system and those in the image coordinate

system. This is as a result of the process of removing motion capture system markers

and reapplying radio-opaque markers for image acquisition creates potential errors,

as stated in section 4.7.1, and the corresponding limitation is made apparent, here.

Therefore, this may limit the reliability of the results found in this chapter. Tables

6.2, 6.3 and 6.4 show that the mean sagittal, transverse and coronal plane kinematic

RMSD values for FPA-Nexus are 1.38, -0.43 and 2.36, respectively. This hints that

the coronal plane is where the marker-based and anatomy-based segment kinematics

differs the most while the transverse plane differ the least. However, figures 6.2, 6.3

and 6.4 as well as the boxplots shown as Figures 6.5, 6.6 and 6.7 explicitly suggest

that the spread in distribution of the RMSD values for the transverse plane is greater

than for either sagittal or coronal planes and this is backed up by the interquartile
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range and standard deviation values in Tables 6.2, 6.3 and 6.4. The sagittal, transverse

and coronal plane interquartile range values for the calcaneus first principal axis based

hindfoot segment are 4.9, 11.1 and 2.9 degrees, respectively. It can be inferred that the

Oxford Foot Model does not consistently embody the movement of the calcaneus, the

represented bone of the hindfoot segment, especially the transverse plane movement.

This finding was in contrast to the finding of Reinschimdt et al. [69], who investigated

the tibiocalcaneal motion during walking using external and skeletal markers. They

found that the mean sagittal, transverse and coronal RMSD values for five subjects

tested were 3.1, 2.5 and 3.4 degrees, respectively. While the order of magnitudes are

similar, the results showed that the kinematic difference was smallest in the transverse

plane. This difference may be explained by the fact that the subjects in the study by

Reinschmidt et al. [69] walked shod with markers placed on the shoes.

There are limitations associated with predicting the kinematics of the corrected

OFM and anatomy-based segments. The kinematics of the corrected OFM and calca-

neus based hindfoot segment were predicted using the rigid body methodology. While

the embedded rigid body movement assumption was found to be quite accurate, the

kinematics could only be predicted not measured. Since the current 3D motion anal-

ysis technology does not allow the underlying bones to be measured, the rigid body

movement prediction was thought to be the best approach to observe the kinematic

patterns of the subcutaneous bones.

Another limitation is that the skin artefact was not accounted for in this compar-

ison. The skin artefact affects the marker movement relative to the underlying bone

and therefore will prevent the markers replicate true movement of the underlying
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bone. This provides a future scope of this investigation to quantify the skin motion

artefact and how it affects the dynamic angles. That said, the rigid-body prediction

was good and therefore suggests little skin movement.

6.5 Conclusion

This chapter followed from the work of the previous chapters and outlined the dynamic

comparison of marker-based hindfoot and tibia segment axes and anatomy-based

segment definitions. The second, third and the fourth objectives of the thesis were

investigated in this chapter. It has been demonstrated that the agreement between

the marker-based and the anatomy-based segment axes was worst in the transverse

plane, showing more than 5 degrees of dynamic angle RMSD difference and that heel

and malleoli marker misplacement was found to affect the hindfoot-tibia kinematics.

However, it was shown that the hindfoot and tibia rigidity assumption was valid in

estimating the motion of the underling anatomy from the marker-based segment axes

definition.
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7 Conclusion

The measurement of foot kinematics via stereophotogrammetry is a well-established

part of clinical decision-making for patients with known gait disabilities. However,

there are limitations associated with estimating the orientation of bone from recon-

structed skin-marker trajectories. The accuracy of the OFM angle calculations de-

pends on how the markers and segment axes relate to the underlying anatomy. In

the Oxford Foot Model, there is a limitation in that layers of skin, soft tissue and

fat cover anatomical landmarks. This affects the accuracy of the angle calculations

because markers do not follow the movement of the underlying bony anatomy. The

aim of the current thesis was to investigate the agreement between marker-based and

anatomical hindfoot and tibia segment based axes in the Oxford Foot Model. The

thesis investigated marker-placement error but did not investigate skin-movement

error.

Overall, twenty-one healthy female adults were recruited to this study but due to

various reasons, only nineteen subjects were eligible for analysis. Moreover, seven feet

had to be excluded as the heel marker has been displaced from its original position

due to contact with the foot loading plate. The loading rig was used to provide a sim-

ulation of the loaded ankle. As mentioned in section 3.4, there are two assumptions

when replicating the position of the foot in standing with 40% bodyweight. The first

is that the alignment of the foot bones is in the same position with 40% loading as

in standing (100% bodyweight), and the other is that applying a load in lying down

might distribute the load across the sole of the foot differently compared to standing.

Kothari et al. (unpublished work) verified that 40% load accurately replicated the
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arch position compared to standing. Based on this result, it is reasonable to rec-

ommend future studies to perform measurements under loading. CT images of the

subjects’ feet were acquired to measure the anatomical segment axes of the hindfoot.

Gait analysis was implemented to obtain three-dimensional angles at the foot and

ankle for all subjects.

The first objective was to investigate the static agreement between the marker-

based and the anatomical hindfoot and tibia segment based axes. The second ob-

jective was to investigate the dynamic agreement between the marker-based and the

anatomical hindfoot and tibia segment based axes. Overall, it can be concluded

that there is enough evidence that there is a discrepancy between the Oxford Foot

Model hindfoot A-P axis and the corresponding anatomical definition in the trans-

verse plane, both statically and dynamically. The relationship between the A-P axis

the calcaneus first principal axis and the H-T axis and the calcaneus first principal

axis suggested that the more deformed the foot, potentially the more inaccurate the

A-P axis definition and therefore this is potentially amplified in deformed feet such

as the clubfoot. This implies that when planning for treatments, clinicians can pro-

vide inappropriate treatment recommendation to the patients with deformed feet and

potentially result in an unsuccessful treatment outcome. The third objective was

to investigate how appropriate the rigidity assumption is in estimating the hindfoot

and tibia anatomical segment definition from the corresponding marker based defini-

tion. The root mean square difference between the hindfoot-tibia kinematics derived

from a standard stereophotogrammetric procedure (frame by frame reconstruction)

and that estimated by the rigid body transformation method was insignificant. This
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implies that the hindfoot and tibia rigidity assumption was valid in estimating the

motion of the underling anatomy from the marker-based segment axes definition. The

fourth objective was to investigate how marker misplacement affects the description

of the hindfoot and tibia anatomical segment definition. The results showed that

there was a discrepancy between the OFM hindfoot and tibia axes and the corrected

OFM hindfoot and tibia axes in the transverse plane, both statically and dynami-

cally. The results imply that the aforementioned reasons cause the large variability

in transverse plane hindfoot-tibia kinematics, as stated in past literatures [42, 49, 59,

74, 78]. Since many multi-segment foot models [45, 49] use similar hindfoot and tibia

definitions as those of the Oxford Foot Model, a new paradigm of the hindfoot and

tibia segment definitions would be needed to accurately describe the motion of the

underlying anatomy.

Predicting the kinematics of the corrected hindfoot, calcaneus first principal axis

based hindfoot and corrected tibia segment using the rigid body methodology has

limitations. The fact that the kinematics could only be predicted not measured and

the assumption that each segment is perfectly rigid will always induce errors. How-

ever, as the results show, the rigid body assumption was found to be quite accurate

and since the current 3D motion analysis technology does not measure the kinematics

of the underlying bones, the rigid body approach was accepted as the optimal method

to calculate the kinematic patterns of the subcutaneous bones.

Furthermore, measurement of skin motion artefact and the kinematic errors caused

by it was not within the scope of this study. Quantifying the skin movement error

would show how much influence it has on the joint kinematics. If there is a consistent

131



and significant skin movement error, clinicians can offset the skin movement error from

the kinematic data and interpret based on it. Measuring the skin motion artefact and

how it affects the dynamic angles could potentially help the clinicians in making

accurate interpretation of the dynamic Oxford Foot Model angles.

7.1 Recommendations for Future Work

As stated from the conclusion of this study, improving marker placement, especially

the HEE marker, would enhance prediction of the motion of the underlying anatomy.

In practice, it is time consuming and costly to get all patients have their feet CT

scanned, identify the ideal location of the markers and place the markers on these ideal

locations. One practical way of placing the markers consistently and accurately on

the ideal locations is to manufacture the base plates, which the markers are attached

to, more form fitting. The default base plates are flat and therefore it is difficult to

place the markers on specific locations, at times. If they are made to follow closely

to the curvature of the surface of the marker locations, the marker placement might

be more consistent and true to the ideal locations.

Moreover, measuring the skin movement error can be added to the scope of future

study. As mentioned previously, the knowledge of the effect of the skin motion artefact

on the dynamic Oxford Foot Model angles could help clinicians make more accurate

interpretation of the dynamic angles and consequently make more appropriate treat-

ment decisions. One way of quantifying the skin motion artefact is to measure the

movement of the markers on the surface of the skin, approximated by a plane defined

using nearby markers. For example, to measure skin movement underneath the HEE
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marker, HEE, PCA and STL and LCA markers can be used to define a plane and

calculate the HEE movement vectors in that plane.

The current Oxford Foot Model assumes the forefoot segment as a single rigid

segment [14, 78]. The forefoot is made up of more bones than other segments and

therefore behaves less rigidly than other segments. The forefoot is an area with little

previous research. Just like the previous analysis, the forefoot should be analysed to

find out the accuracy of the forefoot segment in describing the motion of the forefoot.

Appropriate modifications to the marker sets should be suggested, if necessary. It is

known that the forefoot is not as rigid as other segments like the hindfoot or the tibia.

However, the Oxford Foot Model assumes it as a single rigid segment. Hence, it is

hypothesised that there will be some differences in the marker-based forefoot segment

kinematic data and that predicted from the rigid body transformation method.
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9 Appendix

Figure 9.1: List of Feet Used in Chapter 4
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Figure 9.2: List of Feet Used in Chapter 5
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Figure 9.3: List of Feet Used in Chapter 6
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