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Abstract

Abstract

Osteoarthritis and degenerative cartilage diseases affect millions of people. Therefore,
there is huge interest in developing new therapies to repair, replace and/or regenerate
cartilage. This necessitates advances in techniques which make earlier non-invasive
diagnosis and objective quantitative evaluations of new therapies possible. Most
previous research has focused on the knee and neglected the ankle joint. Hence, the
aims of this thesis are to describe and quantify the geometric properties of ankle
cartilage, to evaluate joint contact characteristics and develop techniques which allow

quantitative measurements to be made in vivo.

Chapters 3 and 6 describe the application of a high resolution stereophotography system
for making highly accurate 3-D geometric models from which quantitative
measurements of cartilage parameters and joint area contact can be made. Chapters 4
and 5 report the testing of image analysis algorithms designed to segment cartilage
sensitive MR images. Work focused on initially on a semi-automated 2-D segmentation

approach and subsequently on a pilot study of 3-D automated segmentation algorithm.

The stereophotographic studies were highly accurately and demonstrated that ankle
cartilage thickness is greater than previously reported with the thickest cartilage
occurring where cartilage injuries are most commonly seen. Furthermore, joint contact
area is larger than previously believed and corresponds to the regions of the thickest
cartilage over the talar shoulders. The image analysis studies show that it is possible to
accurately and reproducibly segment the thin cartilage layers of the ankle joint using a
semi-automated approach. The feasibility of a fully automated 3D method for future

clinical use is also shown.

In conclusion this thesis presents novel methods for examining ankle articular cartilage
in vitro and in vivo, showing that the thickest cartilage occurs in highly curved regions
over the shoulders of the talus which correspond to regions of greatest contact.
Importantly, the image analysis techniques may be used for future clinical monitoring of

patients sustaining cartilage injuries or undergoing cartilage repair therapies.
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Introduction

Chapter 1.  Introduction

The articular cartilage of the ankle joint may be injured without an associated fracture or
ligamentous injury occurring and damage to the articular surface in some instances may
lead to progressive joint degeneration. Articular cartilage repair and techniques to
stimulate articular cartilage regeneration are currently extremely topical areas of
research; however, there is little well defined experimental data on the 3D topographical
distribution and mechanical properties of the articular cartilage of the ankle especially
joint under high rate loading. In order for clinicians to evaluate and appropriately treat
patients with articular cartilage injuries they require an understanding of the injury
mechanisms and the typical natural history of such injuries. Researchers need to have an
understanding of cartilage injury mechanisms and properties under varied loading
conditions if they are to develop new treatment methods and develop safety systems to
prevent such injuries. Knowledge of the topographical distribution and variation in
mechanical properties of the ankle articular cartilage are essential if, in future, we are to
ensure that articular cartilage repair produces tissue with properties similar to the native
articular cartilage. Limited awareness of articular cartilage injury, difficulty in diagnosis
and lack of suitable methods for evaluating outcomes of cartilage repair and cartilage

restorative techniques pose significant obstacles in a rapidly expanding area of research.

The majority of research relating to articular cartilage properties and injury has
understandably focused on the knee joint due to the high incidence of injury and
osteoarthritis, thick articular cartilage layers and relatively simple surgical access which
makes the knee more amenable to study than other joints. The articular cartilage of the
ankle joint has been less extensively studied and although similarities do exist between
the articular cartilages of the knee and the ankle there are important and significant
differences between the articular cartilages of these joints(Treppo et al., 2000) including

cartilage thickness, joint congruency, cartilage stiffness, and mechanical forces.
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Introduction

1.1. Ankle anatomy

The ankle is a modified hinge joint consisting of three bones (tibia, fibula, and talus);
the ligaments bind these bones into a single functional unit, allowing motion to occur.
The distal inferior articular surface of the tibia is referred to as the tibial plafond and is
concave antero-posteriorly and medio-laterally. The tibial plafond is wider along its
anterior boarder than its posterior boarder and the lateral side of the plafond is longer

than the medial side.

The medial malleolus represents the most distal projection of the tibia whereas the
lateral malleolus is the terminal extension of the fibula. The lateral malleolus has a
broad medial surface for articulation with the lateral facet of the talus. Characteristically
the fibula extends approximately 1 cm more distally and posterior than the medial

malleolus, figure 1.1.

Figure 1.1 Anterior view of the left ankle

A coronal schematic of a left ankle viewed from anteriorly. The fibula is positioned
slightly posterior to the tibia and extends approximately 1cm more distally. (Adapted
from Chapman MW: sprains of the ankle instr course lect. 1975; 24; 294-308.)

The bones forming the articular surfaces of the ankle are held in place by strong
ligamentous support. Medially, by the deltoid ligament, figures 1.1 and 1.2, which is

divided into two portions: The superficial deltoid runs from the tip of the medial

17
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malleolus distally as a broad ligament inserting onto the navicular, sustentaculum tali,
and the talus. The deep deltoid is the very strong condensation of capsular fibres that
extend from the intercollicular notch to the medial surface of the talus as the anterior

and posterior tibiocalcaneal ligiaments.

colcaneongviculor
bgoment

Figure 1.2~ Medial view of the ankle ligamentous structures.

The broad, strong deltoid ligament extending from the medial malleolus to the
navicular, sustentaculum tali, and the talus. (Adapted from Chapman MW: sprains of
the ankle instr course lect. 1975; 24; 294-308.)

The lateral ligaments, figure 1.3, are typically not as strong as those on the medial side
of the ankle; they consist of three components: the anterior talofibular ligament (ATFL),

calcaneofibular ligament (CFL), and the posterior talofibular ligament (PTFL).

A number of anatomical features help to maintain the rotatory stability of the ankle
joint: firstly the collateral and syndesmosis ligaments, secondly, the fit of the talus in
the mortise and the shape of the articular surfaces under loading conditions; and thirdly

the ATFL, CFL and PTFL in the loaded ankle.
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Antenor

Posterior
tibiohbulor higoment

rbiofibulor ligament
Posterior

ralofibulor ligoment

Biurcated ligoment Cakoneohbular ligoment

Figure 1.3 Lateral view of the ankle ligamentous structures

There are a larger number of ligamentous structures on the lateral aspect of the ankle
but they are not as strong as those on the medial aspect. The three main components are
the the anterior talofibular ligament (ATFL), calcaneofibular ligament (CFL), and the
posterior talofibular ligament (PTFL) (Adapted from Chapman MW: sprains of the
ankle instr course lect. 1975; 24; 294-308.)

The talus has five articular surfaces, all of which have a weight-bearing function, figure
1.4. Two thirds of the talar surface is covered with articular cartilage, and the bone has
no muscle attachments. Principally, the talus consists of three parts, the head, neck, and
body, the two processes, the lateral and posterior may be considered extra. The head is
the portion that articulates mostly with the navicular. The body includes the dome of the
talus articulating in the ankle joint and the posterior facet articulating in the subtalar
joint. Between the head and the body is the neck, which does not articulate with the

ankle and sits over the sinus tarsi below.
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Articulor surfoce-

madial molleolus
Articulor surfoce- Surfoce for insertion—
loteral malleolus tolotibial portion of
Tubercles for insertions : delioid ligoment
q‘ anterior talofibular Posteromedial tubercle
ligoments Tubercle of insertion-
A ——— Lateral process B deltoid igament

Anteromedial
exlension—
trochlear surfoce

Anterior cakconeaol
articular facet
Middle calcaneal
articular focet
Tarsal canal
Posterior cokoned
articulor facet

Loterol process
Trochlear surface

Posterclateral tubercle
—— Posteromedial tubercle

Conal of flexor hallucis
longus tendon

Posterior calcaneal
articulor focet
Posterclateral tubercle
Posteromedial fuberciel

Figure 1.4  Anatomical features of the talus.

The characteristic anatomical features of the talus from five views: a) Laterally, b)
medially, c) superiorly d) inferiorly and e) posteriorly. The talus is predominantly
covered by articular cartilage and has no muscle attachments. (Adapted from
www.orthoteers.com)

The body of the talus is arbitrarily divided into five surfaces: lateral, medial, superior,
inferior, and posterior. The lateral surface consists of the lateral facet which articulates
with the distal fibula. The lateral facet lies over the lateral process which is a non-
articular component of the talus. The lateral talocalcaneal ligament inserts at the inferior
tip of the lateral process. Along the anterior border of the triangular lateral process are
two tubercles for insertion of the anterior talofibular ligament. Along the posteroinferior
border of this lateral surface lies a groove for the attachment of the posterior talofibular
ligament. The medial surface of the body presents two areas, superior and inferior. The
superior portion is occupied by the articular facet which is shaped like a comma, with
the long axis oriented anteroposteriorly. The inferior portion is non-articular and the site
of insertion for the deep component of the deltoid ligament. The superior surface of the

talar body is completely covered with articular cartilage and is shaped like a pulley,
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with the groove of the pulley (trochlea) slightly closer to the medial border. The
transverse diameter of the superior surface is greater anteriorly than posteriorly and is
classically said to resemble a keystone. The inferior surface of the talar body consists of
the facies articularis calcanea posterior tali. This articular surface is quadrilateral in
shape and is concave in the long axis while being flat transversely. It articulates with the
posterior facet of the calcaneus. The posterior surface of the talar body consists of
posterolateral and posteromedial tubercles that flank the sulcus for the flexor hallucis
longus tendon. The posterolateral tubercle is larger and more prominent than the
posteromedial tubercle. An accessory bone, the os trigonum, is sometimes found in

connection with the posterolateral tubercle.

1.2. Articular cartilage structure

Articular cartilage is a highly specialised tissue suited to withstanding high levels of
repeated loading throughout an average persons life time. Articular cartilage is an
avascular, aneural tissue with no lymphatic channels and a low cellular density
(Stockwell, 1979). In fact chondrocytes account for less than 10% of the cartilage
volume (Stockwell, 1979), however, the cell are synthetically active producing and
maintaining the organic part of the extracelluar matrix (ECM). The ECM is composed
of a collagen fibre network, mainly type II collagen, embedded in proteoglycans (PG)
(Eyre, 1980; Muir, 1983). Typically collagen account for 15 — 22% of cartilage by wet
weight, PG’s account for 4 — 7 % by wet weight, with the remaining 60 — 85% being
accounted for mainly by water and inorganic salts (Mow and Ratcliffe, 1997). Collagen
and PG’s are the main components supporting the mechanical stresses applied to
articular cartilage and in combination with water they determine the biomechanical
behaviour of articular cartilage(Ateshian et al., 1997, Maroudas, 1979; Mow and
Ateshian, 1997; Mow et al., 1980; Mow et al., 1984).

The collagen within articular cartilage has a highly organised structure that provides a
fibrous scaffold for the cartilage; it is inhomogeneously distributed which produces the
layered appearance of articular cartilage (Lane and Weiss, 1975; Mow and Ratcliffe,

1997). Typically, cartilage is accepted as having 3 zones: the superficial tangential zone;
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the middle zone and the deep zone, figures 1.5. In the superficial tangential zone the
collagen fibres are tightly packed and run parallel to the cartilage surface, this layer
typically accounts for 10 — 20% of the total thickness of the cartilage layer. In the
transitional (or middle) zone the collagen fibres are more randomly orientated, often
running obliquely to the cartilage surface, and are less tightly packed. The transitional
zone forms 40 — 60% of the total cartilage thickness. The radial (or deep) zone accounts
for approximately 30% of the total cartilage thickness and the collagen fibres are
radially orientated; this zone includes the calcified cartilage and the tidemark which
represents the interface between articular cartilage and the calcified cartilage. The
radially orientated fibres which pass into the calcified cartilage help to securely anchor
the cartilage to the underlying bone (Bullough and Jagannath, 1983), figure 1.6. The
varying orientation of the collagen fibres plays an important role by distributing
different applied stresses evenly over the loaded region of the cartilage (Setton et al.,
1995). The functional integrity of cartilage depends on its biochemical composition.
The collagen component of the structure is largely responsible for the tensile stiffness of
articular cartilage during loading (Poole et al., 2001), but collagen fibres provide little
resistance to compressive loading. The varying orientation of the collagen fibres is
believed to be partly responsible for the anisotropic material properties of articular

cartilage (Kempson, 1979; Mow and Ratcliffe, 1997; Woo et al., 1987).
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“transitional

Figure 1.5 A photomicrograph of articular cartilage with H & E staining.

The characteristic zones of articular cartilage are highlighted. In the tangential zone
fibres run parallel to the surface and chondrocytes are oblong with their long axis
parallel to the surface. Chondrocytes are ‘round’ and randomly distributed whilst in the
radial layer they are more columnar and orientated perpendicular to the tidemark.
(Mag.x 10)
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Figure 1.6 Schematic representation of articular cartilage structure.

A characteristic representation of articular cartilage structure and subchondral bone
showing the layers and variation in collagen orientation from the joint surface to the
subchondral bone. Adapted with permission from (Imhof et al., 2002)

Proteoglycans found within articular cartilage are large protein-polysaccharide
molecules composed of a protein core to which glycosaminoglycans (GAG) molecules

are attached, figures 1.7 and 1.8. It is the GAG content of articular cartilage which is

largely responsible for its compressive stiffness(Poole et al., 2001). PG’s form large
aggregates by binding to a Hyaluronan molecule; these aggregates immobilise the PG’s
within the collagen network so providing the ECM with more stability and
rigidity(Muir, 1983; Ratcliffe et al., 1986).
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Figure 1.7 Schematic of a proteoglycan macromolecule.

Aggrecans non-covalently bind to HA, stabilised by link proteins to form the
proteoglycan macromolecule which help to give articular cartilage its compressive
stiffness. (Adapted from Nordin & Franklin: Basic biomechanics of the musculoskeletal
system 3" Edition Lippincott, Williams and Wilkins, 2001)
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Figure 1.8 Schematic of the structure of an aggrecan.

The negatively charged glycosaminoglycans (chondrotin sulphate and keratin sulphate
chains) covalently bind to the proteoglycan core protein. (Adapted from Nordin &
Franklin: Basic biomechanics of the musculoskeletal system 3" Edition Lippincott,
Williams and Wilkins, 2001)
Water is the largest component of articular cartilage and it is mostly concentrated near

the cartilage surface. Water within the articular cartilage plays an essential role as it
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allows diffusion of gas and nutrients to the chondrocytes within the avascular cartilage.
Moreover, water plays a significant role in the biomechanical response of articular
cartilage. The interaction of water with the collagen and PG’s via the Donnan osmotic
pressure regulates the swelling properties of cartilage(Maroudas, 1968; Maroudas,
1975). Under load a large proportion of the water within the cartilage may be moved
and it is the control of this movement which is highly important in determining the

mechanical behaviour of the cartilage(Ateshian et al., 1997; Hlavacek, 1995).

1.3. Articular cartilage injury

The articular cartilage of diarthrodial joints has unique properties which allow the
smooth, painless movement of synovial joints. However, the articular cartilage may be
injured by acute impact and/or torsional loading or less severe repetitive loading;
cartilage injury can in turn lead to degenerative change in the articular cartilage with
associated joint pain and decreased movement(Buckwalter et al., 2000). The
mechanisms of articular cartilage injury; the frequency with which they occur and their
natural progression is poorly understood by researchers and clinicians alike(Buckwalter,
1992; Buckwalter, 1995; Buckwalter and Mankin, 1997). In many cases articular
cartilage injuries are associated with another injury which distracts attention from the
articular cartilage injury e.g. meniscal injury, ligamentous injury, joint capsule injury,
synovial injury or intra-articular fracture. Buckwalter(Buckwalter, 2002) describes three
broad classes of severity of articular cartilage injury: 1) damage to the joint surface that
does not cause visible mechanical disruption of the articular cartilage, but does cause
chondral damage and may cause subchondral bone injury; 2) Mechanical disruption of
the articular surface limited to the articular cartilage and 3) mechanical disruption of the
articular cartilage and bone. Repo and Finlay(Repo and Finlay, 1977) studied articular
cartilage injuries in explants from renal transplant donors they showed that articular
cartilage could withstand loads in excess of 25 MPa without injury and suggested that a
stress greater than that necessary to fracture the femur would be required to produce
injury. However evidence to support the importance of the first two classes described

above is provided by several authors(Borrelli, Jr. et al., 2003; Haut, 1989; Haut et al.,
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1995; Rudd et al., 2004). Between them they have demonstrated that articular cartilage
injury due to impact loading can occur at sub-fracture levels in a variety of joints
including the knee and ankle. Others have demonstrated that single impact loading
above physiological levels but below levels required to produce surface disruption can
damage chondrocytes and have a detrimental effect on the cartilage matrix(Borrelli, Jr.
et al., 2003; Donohue et al., 1983; Torzilli et al., 1999). The initial effects following
impact loading are chondrocytes apoptosis and a decrease in the proteoglycan (PG)
content followed by decreased stiffness and increase permeability of the articular
cartilage(Borrelli, Jr. et al., 2003; Buckwalter, 1992; Chen et al., 2001; Donohue et al.,
1983; Han et al., 2002; Jeffrey et al., 1997; Loening et al., 2000; Thompson, Jr. et al.,
1991). A causal link between chondrocyte apoptosis and osteoarthritis has been
suggested by Kim et al(Kim et al., 2000) who found increased numbers of apoptotic

cells with increasing severity of osteoarthritis.

Most studies of acute articular cartilage injury have examined the effects of impact
force or energy; however, Atkinson et al(Atkinson et al., 1998) suggest that shear
stresses occurring in the articular cartilage may be more significant indicators of

cartilage injury than impact energy and impact force.

Chondrocytes have the ability to repair the macromolecular structure of articular
cartilage through synthesis of new molecules when they sense a change in the cartilage
matrix(Martin and Buckwalter, 2000), but the repair response of the articular cartilage is
limited and often fails to completely heal the defect in the articular cartilage surface; the
point at which damage becomes irreversible is unclear. In most cases large areas of
chondral repair begin to degenerate relatively rapidly with a decrease in PG content,
surface fibrillation increased permeability and decreased cell content. The contribution
of each of these responses to injury in the development and progression of post

traumatic osteoarthritis remain to be determined.
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1.4, Ankle injury and osteoarthritis

Primary osteoarthritis (OA) of the ankle is relatively rare(Dieppe and Kirwan, 1994;
Funk, 1976), with radiographic changes of osteoarthritis being nearly 10 times more
frequent in the knee than the ankle, in patients seeking treatment(Cushnaghan and
Dieppe, 1991; Wilson et al., 1990). The sex distribution of ankle osteoarthritis also
differs from knee osteoarthritis as ankle OA occurs slightly more frequently in men than
women as opposed to knee OA which is more common in women(Cushnaghan and
Dieppe, 1991). The major cause of ankle osteoarthritis is secondary post traumatic
osteoarthritis  which commonly occurs after high energy tibial plafond
fractures(Buckwalter and Saltzman, 1999; Walter, Jr. and Spector, 1991). This is in
keeping with the finding of Brown et al(Brown et al., 1988) who reported that the
sensitivity of a joint to a step off in the articular cartilage was inversely proportional to
the thickness of the articular cartilage layer of the injured surface. As the ankle joint has
thin articular cartilage layers it is sensitive to small step off’s and therefore prone to post
traumatic osteoarthritis. There are also other significant factors in a joints susceptibility
to the effects of surface incongruity including the modulus of elasticity of the articular
cartilage, the global congruity of the joint(Huber-Betzer et al., 1990) and the age of the
patient(Martin et al., 1997; Martin and Buckwalter, 2001). The ability of the articular
surfaces of the human ankle joint to remodel incongruities is unclear, but several animal
models have demonstrated a remarkable potential for remodelling incongruities in joint

surfaces(Llinas et al., 1993; Lovasz et al., 1998).

For rotational intra-articular ankle fractures (typically lower energy fractures) the rate of
post traumatic osteoarthritis is substantially increased if ankle mortise widening due to
the fracture is not adequately corrected(Michelson, 1995). The author speculated that
the heightened risk of post traumatic osteoarthritis was due to altered joint loading
characteristics. However, subsequent cadaveric studies have demonstrated that
relatively normal joint loading occurs under static loading conditions with 50% of the
tibial surface (posterior malleolus) removed(Macko et al., 1991). The dynamic loading

characteristics also remain relatively unchanged with large posterior tibial plafond
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defects(Fitzpatrick et al., 2001). It would therefore seem that altered contact
characteristics do not fully explain the increased prevalence of osteoarthritis following

intra-articular fracture of the ankle.

Axial compression loading of the ankle joint; such as occurs in falls from a height or
footwell intrusion in motor vehicle collisions; more commonly results in high energy
fractures of the tibial plafond. Typically these injuries are more challenging to treat and
have a worse outcome. In assessing the outcomes of intra-articular ankle fractures, it is
extremely difficult, if not impossible to separate the effect of the injury to the articular
cartilage at the time of impact from the effects of the treatment. Several studies have
demonstrated that injury severity is closely correlated with the quality of the surgical
reduction, i.e. the most severe fractures had the worst reductions(DeCoster et al., 1999;
Marsh et al., 1997). As it is not possible to separate these two variables there is
currently no way to know whether it is the initial injury or the quality of the reduction of
the articular surface that leads to the development of posttraumatic osteoarthritis. As a
result of this lack of clarity and understanding a report from American Orthopaedic
Association(Marsh et al., 2002), has called for research into a number of areas including
methods to measure the accuracy of joint surface reduction; methods to measure the
severity of injury to the articular cartilage and the effects of acute damage versus
chronic effects of altered contact stresses. Greater knowledge in these areas will help
direct future treatment and determine whether it is better to focus research on attempts
to improve joint mechanics or to improve the biological environment of the damaged

cartilage.

1.5. Cartilage MRI

Magnetic resonance imaging (MRI) of articular cartilage is becoming an increasingly
useful tool for the assessment and monitoring of articular cartilage injury and
degeneration. It is an excellent research instrument and there is considerable potential
for expansion of the role of MRI in clinical practice as it becomes more widely
available and cost efficient to use(Recht et al., 2001). Magnetic resonance imaging is a

non invasive, non contact, multi-planar technique capable of producing high resolution,
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high contrast images in serial contiguous slices. In recent years there has been
considerable development in the field of articular cartilage imaging and refinement of
imaging sequences to enhance the visualization of articular cartilage and hence the
accuracy of quantitative measurements. Extensive work by Eckstein et al(Al Ali et al.,
2002; Eckstein et al., 1994; Eckstein et al., 1995; Glaser et al., 2001; Graichen et al.,
2000) has shown spoiled 3D gradient echo (FLASH) sequences with water excitation to
be particularly useful, giving high resolution high contrast images of the articular
cartilage. These images work by selectively obtaining signal from only the protons on
water, resulting in a “fat suppressed” image, which helps to delineate cartilage from
bone(Burstein and Gray, 2003). Trattnig et al(Trattnig et al., 1998) and Ba-Ssalamah et
al(Ba-Ssalamah et al., 2002) have developed sequences with the potential to reduce
image acquisition time by a factor of 4; however, these sequences currently lack the
resolution for precise quantitative measurements. Most articular cartilage imaging work
has concentrated on the knee joint(Cohen et al., 1999; Eckstein et al., 1994; Eckstein et
al., 2005b; Eckstein et al., 2005c; Faber et al., 2001; Lukasz et al., 1998; Peterfy et al.,
1994; Pilch et al., 1994; Schnier et al., 1997) which displays the thickest articular
cartilage layers in the human body. However there have been a few notable
exceptions(Al Ali et al., 2002; Graichen et al., 2000; Nishii et al., 2004; Peterfy et al.,
1995) which have quantitatively examined joints with thinner articular cartilage layers

(<2mm thick) which are more typical in most joints of the human body.

Accurate quantification of thin cartilage layers has become possible firstly because the
development of more powerful magnets has meant higher resolution images can be
acquired in a given time. Without these developments doubling the resolution in all
three dimensions would require a 64 fold increase in imaging time if all other
parameters were to remain the same(Wehrli et al., 1998). Secondly there has been a
parallel improvement in image analysis and processing techniques. Image interpolation
means that the sub-pixel resolution inherent in MR images(Seul et al., 2000) can be
utilised to reduce the percentage error in measurements from MRI data, which is
essential when working with thin cartilage layers. A variety of image segmentation

techniques have been used previously including: manual segmentation(Cohen et al.,
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1999; Eckstein et al., 1994; Jonsson et al., 1992; Peterfy et al., 1994; Pilch et al., 1994);
seed point and region growing algorithms(Eckstein et al., 1998a; Haubner et al., 1997;
Losch et al., 1997); fully automated 2D shape recognition techniques(Robson et al.,
1995; Solloway et al., 1997); interpolated B splines(Cohen et al., 1999) and most
recently B-spline snakes(Stammberger et al., 1999b). Other more primitive methods for
making point measurements have been simple point to point measurements and
thresholding along a line perpendicular to a surface(Tan et al., 1996). Many of these
techniques have limitations especially in the noisy images of thin articular cartilage
layers of highly congruent joints. The B-spline snake approach, is a semi-automated
technique which appears to be superior to the other techniques used so far. It is precise
and reproducible(Eckstein et al., 2001a) and hence avoids the subjectivity and labour
intensiveness of manual segmentation techniques and the inability of fully automated

processes to detect indistinct boundaries.

Ba-Ssalamah et al(Ba-Ssalamah et al., 2002) used a fat suppressed multi-shot echo
planar imaging sequence, to image the ankles of patients with ankle symptoms. They
showed that the sequence was comparable to fat suppressed gradient recalled images for
detection of lesions and reduced the image acquisition times by a factor of 4.
Unfortunately the resolution of this particular sequence (0.5 x 0.5 mm in plane
resolution) suffered from insufficient resolution for precise quantification of cartilage
thickness and volume. Similarly the sequence used by Tan et al(Tan et al., 1996) (0.63 x
0.63 mm in plane resolution) lacked sufficient resolution; this combined with the use of
a thresholding technique to measure thickness led to errors of = 100% in their

measurements.

Al-Ali et al(Al Al et al., 2002) have performed high resolution MRI imaging (FLASH
sequence with water excitation) of the ankle joint and utilised a B-spline snake image
segmentation program to segment and reconstruct the cartilage layers after interpolation
of the images to an in plane resolution of 0.125 x 0.125 mm. However, the image data
was not isotropic (1 mm slice thickness) and the images were acquired sagittally;

therefore, the authors were unable to produce suitable images or reconstructions of the
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talar shoulders or malleolar cartilage; additionally the acquisition times for these image

sequences were very long limiting their application in clinical practice.

Standard MRI techniques, described above, can be used to provide excellent anatomical
analysis; however, more advanced techniques are currently being developed which
allow biochemical and functional imaging of articular cartilage in clinical
practice(Burstein and Gray, 2003; Kim et al., 2003). Contrast agents such as Gd-DTPA
are negatively charged and when administered intravenously penetrate articular
cartilage. As glycosaminoglycans (GAG’s) are also negatively charged the Gd-DTPA
concentrates in areas of low GAG concentration and is relatively excluded from regions
of high GAG concentration. Gadolinium Enhanced MRI of Cartilage (dGEMRIC)
utilises these differences in Gd-DTPA distribution and has been shown to be the “gold
standard” for measurement of GAG content(Bashir et al., 1999; Trattnig et al., 1999).
These techniques are still experimental and there are several methodological issues to
resolve; however, the possibility of combining high quality anatomical and functional
MRI data could produce a paradigm shift in the diagnosis, monitoring and timing of

intervention for degenerative conditions of articular cartilage.

1.6. Quantitative Cartilage Measurements

In order to characterise the mechanical properties of a diarthrodial joint it is essential to
have accurate measurements of the articular cartilage thickness and the variation in
thickness across the surface of the joint. It is also essential to know the range of
quantitative metrics of the articular cartilage of healthy joints if we are to use cartilage
thickness and cartilage volume etc. as longitudinal quantitative measures of joint

degeneration such as occurs in osteoarthritis.

Most investigations of articular cartilage thickness have dealt with the knee and there
have been relatively few studies of the ankle and other joints with thin articular cartilage
layers. A variety of methods have been used to measure the thickness with varying
accuracy both in vitro and in vivo. In vitro methods include anatomical

sections(Jurvelin et al., 1987); needle probe measurements(Shepherd and Seedhom,
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1999); stereophotographic techniques(Ateshian et al., 1991) and ultrasound(Adam et al.,
1998a; Jurvelin et al., 1995). In vivo methods include: X-ray measurements(Hall and
Wyshak, 1980; Karvonen et al., 1994); computer tomography sections(Eckstein et al.,
1998a); and magnetic resonance imaging(Al Ali et al., 2002; Cohen et al., 1999). The in
vitro techniques require disarticulation of the joint and/or may alter the thickness due to
deformation during contact. Whereas, the in vivo techniques with the exception of MRI
rely on indirect measurement techniques or can only make measurements at a discrete

number of points.

Early studies of cartilage thickness often failed to make allowance for the out of plane
surface curvature of the joint when using 2 dimensional techniques such as anatomical
sections and X-ray studies. The error in these oblique measurements meant that the
thickness of the articular layers may have been over-estimated. More recent studies
have utilised advanced 3D reconstruction techniques which allow precision thickness
measurements to be made at a perpendicular to the joint surface, hence allowing for

curvature in all directions and giving true thickness measurements.

With specific regard to the ankle joint, Athanasiou et al(Athanasiou et al., 1995) took
osteochondral cores; at 8 sites on the talar surface, 5 sites on the distal tibial surface and
1 site on the distal fibula from each of 14 cadaveric ankles; they measured the thickness
at the edge of each core and reported a maximum and mean thickness for the talus of
1.45mm and 1.22 mm respectively. For the tibia the maximum and mean were 1.3 mm
and 1.14 mm respectively, the distal fibula was reported to have the thinnest cartilage,
0.95 mm. The measurements made by Athanasiou et al(Athanasiou et al., 1995) are not
measurements of the true thickness perpendicular to the surface and may be affected by
the harvesting process. Shepherd and Seedhom(Shepherd and Seedhom, 1999) used a
needle probe attached to a load cell displaced at a constant rate; they reported mean
tibial and talar thicknesses of 1.35 mm and 1.16 mm respectively. Unfortunately the
needle probe technique is a destructive technique which ruptures the surface preventing
further testing and Jurvelin et al(Jurvelin et al., 1995) previously reported the change in
force signal was not very sharp and a subjective evaluation was required; furthermore,

only discrete individual measurements can be made so it is not possible to produce
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continuous topographical maps. Adam et al(Adam et al., 1998a) dissected 20 cadaveric
ankle joints and used A-mode ultrasound (12MHz) to measure cartilage thickness over
the joint surfaces and provided an example of a thickness distribution map over the talar
dome. The accuracy of measurements made using this approach is dependent on the
assumption that sound travelled at a uniform speed through all layers of the articular
cartilage. Considerable variation in the velocity of sound in human articular cartilage
has been shown by Yao and Seedhom(Yao and Seedhom, 1999) and similar concerns
have also been previously expressed by Jurvelin et al(Jurvelin et al., 1995) who saw
large scatter in their results especially in thin cartilage layers. Using ultrasound Adam et
al(Adam et al., 1998a) reported a maximum and mean talar cartilage thickness of
1.734#0.21 mm and 0.93+0.16 mm respectively; in the distal tibia the measurements

were 1.5+0.19 mm and 1.0+0.17 mm respectively.

Ateshian et al(Ateshian et al., 1994) developed an analytical stereophotographic
technique for measuring the thickness of articular cartilage and have applied the
technique to the knee, but not to thin articular layers such as the ankle joint. This
technique is a non contact method with which Ateshian et al have been able to make
very precise measurements (£ 90 um). Unfortunately this method is destructive to the
cartilage, requires complete dissection of the joint and using the method they described
it is not possible to make measurements over the entire surface. The stereophotographic
method described by Ateshian et al(Ateshian et al., 1994) requires the application of
complex mathematical techniques, including fitting B-splines through the digitised
points to produce a 3D reconstruction of the surface(Ateshian, 1993) and then calculate
thickness measurement perpendicular to the joint surface. Despite these limitations the
stereophotogrammetric analysis approach is an extremely useful method providing a
gold standard for validating other measurement techniques such as MRI(Cohen et al.,
1999) as well as generating detailed geometric data for input into computational

models(Anderson et al., 2006).

MRI is becoming more widely available and offers many benefits over other methods
for measuring thickness. It is a non contact 3D technique capable of high resolution

which can be used in vivo. Using surface reconstruction techniques MRI can be used to
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longitudinally measure changes in thickness and volume in a patient as well as
producing 3D topographical distribution maps. Initial attempts to make cartilage
thickness measurements were applied to the knee joint which has the thickest cartilage
in the body and is relatively easy to segment as it does not have large congruent

areas(Eckstein et al., 1996; Eckstein et al., 1997; Peterfy et al., 1994).

The ankle joint represents a greater technical challenge than the knee joint as the
cartilage layers are thinner, the joint is more congruent and there is a sharp curvature of
the surfaces at the medial and lateral edges of the talar dome. Attempts to utilise MRI to
measure the thickness of the cartilage layers of the ankle were firstly limited by the
achievable resolution of the images and secondly by the techniques for determining the
cartilage boundaries(Tan et al., 1996). The work of Eckstein and colleagues has been
essential to the development of quantitative MRI measurements. Al-Ali et al(Al Ali et
al., 2002) have applied these developments to the human hind foot including the ankle
joint. Following segmentation they used a Euclidean distance transformation to
calculate thickness at every voxel on the cartilage surface. In 16 healthy volunteers they
reported a maximum and mean thickness of the talar dome cartilage of 1.56+0.35 mm
and 0.89+£0.19 mm respectively, and for the distal tibial cartilage 1.54+0.34 mm and
0.82+0.15 mm respectively. Unfortunately, as mentioned in section 1.5, the imaging
sequence used by Al-Ali et al(Al Ali et al., 2002) was rather long for clinical practice
and did not acquire isotropic data; therefore, their measurements do not include the
malleolar surfaces and a subjective decision was required to determine the edges of the

talar dome.

1.7. Ankle joint contact area

In order to develop a model to help understand the effects of loading on articular
cartilage and be able to calculate stress within articular cartilage it is essential to
determine the contact area of the joint. Ankle joint contact area experiments have been
particularly challenging, as the ankle joint is highly congruent, and has only limited
access. There have been several reported experimental studies of ankle joint contact

characteristics with wide variations in methodology and loading conditions resulting in
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varying reports of the extent and location of the contact area(Calhoun et al., 1994;
Driscoll et al., 1994; Greenwald et al., 1977; Kimizuka et al., 1980; Kura et al., 1998;
Macko et al., 1991; Yao and Seedhom, 1991). Techniques applied to measuring human
ankle joint contact area include; dye injection(Black et al., 1981); silicone
moulding(Kimizuka et al., 1980); the ‘3S technique’(Yao and Seedhom, 1991);
stereophotographic proximity analysis(Ateshian et al., 1994), Fuji film(Calhoun et al.,
1994; Christensen et al., 1994) and more recently roentgen stereophotography(Corazza
et al., 2005). The most widely used technique for measuring joint contact area in the
ankle has been Fuji film(Calhoun et al., 1994; Choung and Christensen, 2002;
Christensen et al., 1994; Driscoll et al., 1994; Macko et al., 1991). Ateshian et
al(Ateshian et al., 1994) published an elegant study comparing a number of different
techniques for measuring joint contact area in an incongruent and a congruent joint.
They reported that the dye staining technique consistently overestimated the contact
area especially in the congruent joint; this may be attributable to surface tension effects
of the dye, additionally air bubbles may lead to erroneous areas of contact. Silicone
casting produced the smallest contact areas and this probably occurs for two reasons,
firstly the silicone ‘film’ cannot be squeezed out of the contact area in a finite time,
secondly the viscosity of the silicone rapidly increases as it turn from the liquid to solid
state relatively rapidly. Dye staining and silicone moulding also require extensive joint
dissection prior to testing which may significantly affect joint stability and hence joint
contact area. Fuji Film and stereophotography proximity techniques produced consistent
results in both the congruent and incongruent joints. Fuji film gives the benefit of also
allowing pressure measurement, but suffers from several problems. 1) It requires the
insertion of the film which has a finite thickness; 2) it can only measure the contact area
on one side of the joint i.e. it is difficult to normalise the contact area to the entire joint
surface area; 3) crinkling and crimping of the film occur and 4) slippage and shearing of
the film can produce spurious results. Stereophotography proximity experiments do not
require disruption of the joint prior to testing or during the loading phase and the
experiments can be performed relatively quickly. Unfortunately this technique requires
expensive testing equipment and a considerable amount of complex post processing of

the data is required.
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Several of the techniques outlined above have been applied to the ankle joint: including
reversible cartilage staining (Black et al., 1981), Silicone oil-carbon black powder
suspension squeeze, known as the ‘3S’ technique(Yao and Seedhom, 1993), dye
injection(Yao and Seedhom, 1991), silicone rubber moulding(Kimizuka et al., 1980),
and more recently roentgen stereophotography(Corazza et al., 2005). Unfortunately, the
wide variation in the joint positioning and the loading conditions make direct

comparison between studies difficult.

Previous studies of ankle joint contact area have used a range of different joint load
magnitudes varying from to 490N to 3200 N(Calhoun et al., 1994; Yao and Seedhom,
1993) and have measured contact area with the ankle joint in variety of
positions(Calhoun et al., 1994; Christensen et al., 1994; Kimizuka et al., 1980) which
has substantially influenced the results previously reported. However, these earlier
studies have not assessed the joint contact area under load at the extremes of ankle

movement where injury may be more likely to occur

Calhoun et al(Calhoun et al., 1994) and Driscoll et al(Driscoll et al., 1994), using Fuji
film, reported that the contact area of the ankle joint was distributed over the central
region of the talar dome; Kimizuka et al.(Kimizuka et al., 1980) reported a similar
distribution from silicone rubber moldings. In contrast, studies using reversible
staining(Greenwald et al., 1977) and roentgen stereophotography combined with a 3-D
digitiser(Corazza et al., 2005) reported the ankle joint contact area to be located over the

lateral and medial margins of the talus.

Unfortunately, these earlier ankle studies were unable to reliably evaluate highly curved
areas over the shoulders of the talus and accurately quantify the total surface area of the

joint.
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Chapter 2.  Aims of the thesis

The purpose of this thesis is to characterise the geometrical and joint contact properties
of the articular cartilage layers of the ankle joint in order to further understanding of
ankle cartilage injuries. Furthermore, this thesis seeks to develop and validate methods
for in vivo quantification of articular cartilage parameters using magnetic resonance

imaging and image analysis.
The specific aims of the thesis are:

e To describe and test a high resolution stereophotogrammetry system for
quantifying the geometric parameters of the ankle articular cartilage layers in
vitro which can be used as an independent standard to validate in vivo

techniques.

e To illustrate the topographical distribution of ankle articular cartilage across the

surface of the talus, tibia and fibula.

e To test and validate image processing algorithms on high resolution cartilage
sensitive MR images which can be used for in vivo quantification of articular

cartilage parameters.

e To quantify the ankle joint contact area under compressive load throughout the
range of movement using a stereophotogrammetric system which does not
require introduction of material, such as Fuji film, into the joint during the

loading process.

The studies which make up this thesis will improve understanding of the geometry,
thickness distribution and variation in contact area distribution of cartilage across the
ankle joint. Moreover, the results will provide essential experimental results which can
be used to enhance computational models of the ankle joint which are used to study
ankle joint injury and development of degenerative conditions such as post traumatic

osteoarthritis.
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Stereophotography experiments
Chapter 3.  Stereophotography experiments

3.1. Introduction

As outlined in section 1.6 a variety of techniques have been applied, with varying
success, to make quantitative measurements of articular cartilage in diarthrodial joints.
Such quantitative measurements are required in order to characterise the mechanical
properties of joint articular cartilage, improve the accuracy of computational models,
such as finite element models, and to provide baseline measurements of metrics which

may potentially be used to monitor degenerative change such as occur in osteoarthritis.

In the ankle joint a limited number of studies of the cartilage thickness and other
quantitative parameters have been performed. These earlier studies have used
microscope measurements on osteochondral cores(Athanasiou et al., 1995), needle force
probes(Shepherd and Seedhom, 1999), A mode ultrasound(Adam et al., 1998a) and
MRI(Al Ali et al, 2002; Tan et al., 1996) to make quantitative measurements.
Unfortunately these studies provide data on only a small number of discrete sites across
the joint surface or exclude large areas of the surface which are of considerable clinical

interest such as the shoulders and malleolar facets of the talus.

The experiments reported in this chapter seek to address some of the shortcomings
identified in earlier studies. Therefore, the objectives of this study were first, to describe
a high resolution stereophotographic technique for quantifying the thin cartilage layers
of the ankle joint, providing a method to validate other techniques; second, to describe
the topographical variation of ankle joint articular cartilage across the joint surface; and
finally, to provide baseline measurements of quantitative parameters of ankle cartilage

in with joints with no visual signs of degeneration or cartilage defects.
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3.2. Materials & methods

3.2.1. Ethical approval

All specimens used in this set of experiments were acquired in accordance with US state
and federal laws. Ethical approval for the study was provided by the University of

Virginia institutional review board and human usage review panel.

3.2.2. Specimen preparation

Twelve fresh frozen foot and ankle specimens were harvested from 12 male cadavers,
with a mean age of 61.5 years (range 51-75 years). From the available medical histories
there were no reports of trauma to the lower limbs or musculoskeletal disease in the
ankle(s) of the subjects tested. The specimens were stored at -25°C. Prior to testing,
each specimen was allowed to thaw at room temperature for 24 hours. After thawing,
the ankle joints were disarticulated, and soft tissues were removed from around the
tibia-fibula complex and the talus. The syndesmosis was left intact. Each specimen was
visually examined by and stained using the India ink technique to assess for cartilage
surface lesions and/or degeneration. No cartilage lesions were seen in any of the
specimens tested, minor localised surface fibrillation was seen in 2 ankles, which is in

keeping with the findings of Meachim et al(Meachim, 1975) in autopsy specimens.

The bones were then potted in custom potting cups using a fast-setting resin (R1
Fastcast, Goldenwest manufacturing inc. CA, USA) taking care to ensure that the
articular surface was above the level of the potting material, figure 3.1. The talus was
elevated above the potting material by inserting 3 screws into the inferior surface of the
talus, leaving part of the screw shafts projecting into the potting material so that the
screws became rigidly embedded into the resin and fixed the talus in position. During
preparation the specimens were kept hydrated with phosphate buffered saline containing
protease inhibitor (Sigma-Aldrich, USA). The potting cups incorporated a flange at their
rim with photo targets fixed to it, the rigid fixation of the specimen ensured that there

was no motion of the specimen relative to these targets, figure 3.1.
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Figure 3.1 Potted tibia- fibula complex and talus specimens

Representative tibia-fibula and talus specimens rigidly fixed into the custom made
potting cups. The articular surface of the talus has been prepared with a fine white
power to improve image contrast and optimise the performance of the ATOS system.
Black and white photo targets are fixed to the flange on the potting cup.

3.2.3. Advanced Topographic Sensor (ATOS™)

Figure 3.2 The ATOS™ system

The major components of the ATOS™ system are shown in this photograph including
the fringe pattern projector, the CCD cameras, the 6 degrees of freedom mounting
system and the computer processing unit

The Stereophotogrammetric system (Advanced TOpometric System - ATOS II SO,
Capture 3-d, CA, USA), consists of two high resolution CCD cameras, a fringe pattern
projector and digital image processing software, figure 3.2. The ATOS™ system has a
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measurement noise (accuracy) of + 2um and point spacing of 0.03 mm

(http://www.gom.com/EN/measuring.systems/atos/system/variations).

The system functions by projecting a fringe pattern onto the specimen and the fixed
photo targets; the system then uses triangulation and digital image post processing to
assign 3D coordinates to each pixel, thereby generating a dense point cloud. By
combining multiple point clouds taken from different views, a full detailed 3D model of
each surface can be generated, typically yielding on the order of 70,000 points for each
cartilage or bone surface, figure 3.3. In order to improve image contrast and optimise
the performance of the ATOS™ system a fine coating of white powder was sprayed

onto the surface being imaged, figure 3.1.

Figure 3.3 A typical talar data point cloud

A typical point cloud of the talar surface generated through combination of multiple
point clouds. The green crosses mark the location of photo targets automatically
detected by ATOS™ and used to register the point clouds together
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3.2.4. Data Acquisition

Each cartilage surface was imaged, and the point cloud data were saved to disk. The
articular cartilage was then dissolved by submerging the specimen in a 5% sodium
hypochlorite solution for 6-8 hours to reveal the intact subchondral bone(Ateshian et al.,
1991), figure 3.4. During this process the specimen was not allowed to move relative to
the photo targets due to the rigid fixation. After removal from the 5% sodium
hypochlorite the specimen was again visually examined to ensure that all the cartilage
had been removed. The imaging process was then repeated for the subchondral bone
surfaces. Finally, the common photo targets were defined and used to spatially register
the cartilage and subchondral bone surfaces together using software incorporated in the
ATOS™ gystem which performs a rigid body rotation and transformation of the

cartilage surface onto the bone.

Figure 3.4 Talar subchondral bone surface after removal of the articular cartilage.

A potted talus specimen following immersion in 5% sodium hypochlorite; the articular
cartilage has been dissolved to reveal the intact subchondral bone surface.
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3.2.5. Post Processing Technique

In order to handle the large quantities of point cloud data in an efficient manner it was
necessary to develop a custom written post processing algorithm. To achieve this it was
necessary to establish collaboration with Dr Markus Grabner and Mag. Ralph Wozelka
at the Technical University of Graz, Austria; and I thank them for performing the

necessary programming and “bug fixing” to develop a suitable algorithm.

Briefly, the cartilage thickness was measured by performing an octree-based search for
every point on the cartilage surface to find its nearest neighbour on the corresponding
bone surface. This is a reasonable approximation since the average distance between
adjacent points on any surface is small, typically less than 40 micrometers. However,
care had to be taken at the edges of the surfaces because although the cartilage and bone
surfaces were registered to each other, their borders did not necessarily match
identically, since the surfaces were imaged independently. If the boundary of one of the
meshes were to extend beyond the other, as depicted in, figure 3.5, an incorrectly large
thickness would be reported for the extended part of the surface. These offending
regions were identified by inspecting a triangle T = (V,V2,v3) on M and the nearest
neighbors vi' of vj (i=1. .. 3) on M', see figure 3.5, (V3 is not shown in this 2D sketch).
Ifall v, i=1... 3, lie on the boundary of M', triangle T is discarded, steps 1 and 2 in
figure 3.5. Additionally, in some specimens small amounts of periarticular tissue, e.g.
fat, joint capsule and/or ligamentous tissue, which could not be completely removed
caused artefacts, making the cartilage layer appear thicker along parts of the boundary
figure 3.5. Therefore, any extraneous parts at the periphery had to be identified post hoc
and repaired To alleviate this problem, we define a maximum thickness dy and shrink
both meshes M and M' until the distance between them is not larger than dy anywhere at

the boundary.

44



Stereophotography experiments

cartilage

a) different mesh extents

cartilage

b) diverging meshes

Figure 3.5 Schematic of the corrective post processing procedure.

a) Different mesh extents. b) Diverging meshes. Step 1, removal of non-
corresponding regions; step 2, for each vertex on the cartilage surface the nearest
neighbour on the bone surface is found; step 3 the edges of the meshes are
“stitched” together.
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The final step was to “stitch” the cartilage and bone meshes together to form a closed
volume. Note that these corrective procedures had no impact on the more central

portions of the surface models, as they only occur at the periphery.

The processed triangulated meshes for each cartilage layer were used to measure the
cartilage surface arcas and the bone cartilage interface (BCI) areas. The cartilage
volumes were determined from the closed polyhedra formed by the combined cartilage
and bone meshes. In addition, the coefficient of variation was calculated for each
cartilage layer in order to provide a description of the variation of thickness within a

cartilage layer.

3.2.6. Statistical analysis

The coefficient of variation was calculated for each cartilage layer in order to provide a
description of the variation of thickness within a cartilage layer. Quantitative parameters
were statistically analysed for differences between the talar, tibial and fibula layers

using an ANOVA with a post hoc Tukey test, p < 0.05 was considered significant.

3.3. Results

Precise 3-D geometric models and thickness distribution maps were generated for each
articular cartilage layer, providing complete geometric data including the highly curved
regions and the peripheries of the surfaces. Representative examples of the 3-D
thickness distribution maps of the talus, tibia and fibula are shown in figures 3.6, 3.7
and 3.8. The 3-D models faithfully reproduce the keystone shape of the talus with a
central groove running anterior-posterior over the superior surface and the concavity of
the distal tibial surface. Moreover, the thickness distribution maps reveal several
characteristic patterns. The talus maps displayed two distinct areas over the talar
shoulders, one anterior-laterally and one posterior medially, where the thickest cartilage

occurred, figure 3.6.
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Figure 3.6 Stereophotographic 3-D talus cartilage thickness maps

Representative 3-D thickness distribution maps of the talar articular cartilage layer,
viewed from the medial (left) and lateral aspect (right) of a left talus.

The tibial cartilage thickness was more evenly distributed; however, the thickest
cartilage typically occurred in two areas; the central part of the anterior tibial plafond
and the curved region at the transition between the tibial plafond on the medial

malleolus, figure 3.7.

Figure 3.7 Stereophotographic 3-D tibial cartilage thickness maps

Representative 3-D thickness distribution maps of the tibial articular cartilage layer,
viewed from the inferior aspect of a right tibia.

The fibula showed a characteristic valgus angulation of the distal articular surface and

had the most homogeneous cartilage thickness of the ankle cartilage layers, figure 3.8.
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Figure 3.8 A stereophotographic 3-D fibula cartilage thickness maps

A representative 3-D thickness distribution map of the fibula articular cartilage layer,
viewed from the anterior aspect of a left fibula.

The articular cartilage thickness was measured at every point on the articular cartilage
surface; the mean number of measurements per surface was 73236. The mean and
standard deviations (across the 12 specimens) of spatial mean thickness, maximum
thickness, cartilage surface area, bone cartilage interface area and volume are shown in
table 3.1. Since the surface areas and volumes are measured from the triangulated mesh,
created from the point cloud data, noise in the vertex locations could result in local
variations in the surface normals which may subsequently affect the measurements.
While this effect is small for any given vertex the cumulative effect across the total
surface area maybe considerable; however, the area error is small if the vertex
displacement is small compared to the triangle edge length. Table 3.2, shows the results
for different numbers of iterations of a previously described denoising
method(Fleishman et al., 2003). The results show that while the surface area error due
to vertex noise is larger than volume error it is still negligibly low; therefore mesh

denoising was not used for the purposes of these tests.

48



Stereophotography experiments

N=12 Talus Tibia Fibula

Mean thickness (mm) 1.10+£0.18 1.16+0.14 0.85+0.13
Max thickness (mm) 238+04 2.18+£0.19 2.06+0.08
Cartilage surface area (cm?) 21.56+2.14 1345+128 4.30+0.79

Bone-cartilage interface area (cm?) 23.6+1.67 12.57+0.79 3.67+0.63

Volume (ml) 244+£048 1.50+0.28 0.32 £0.08

Table 3.1 Stereophotographically determined quantitative cartilage parameters.

Mean values (£ S.D.) for each of the quantitative parameters measured from 12 ankle
specimens.

There was no significant difference between the mean articular cartilage thickness of
talar and tibial cartilage layers. The talar (p<0.01) and the tibial cartilage (p<0.001)
spatial mean thickness values were significantly greater than the fibula cartilage. For

maximum cartilage thickness the only significant difference was between the talus and

the fibula (p < 0.05).
Number of iterations % Reduction of total % Reduction in volume
surface area
1 0.23 0.01
2 0.30 0.02
3 0.36 0.03
4 0.40 0.04
5 0.44 0.05
Table 3.2 Impact on area and volume of the denoising algorithm

The effect of different iterations of the denoising algorithm. Reduction in area and
volume measurements are given in percentage relative to the original unsmoothed mesh.
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Cartilage surface area and BCI area measurements showed clear significant differences.
The talus had a significantly larger surface area than both the tibia (p<0.001) and the
fibula (p<0.001). Even when the tibia and fibula were combined, representing the
superior half of the ankle joint, the talus had a significantly larger surface area

(p<0.001).

The talar cartilage volume was also significantly greater than the combined tibia-fibula
cartilage volume (p<0.001) and the tibia had a significantly greater volume than the
fibula (p<0001). This is a clear reflection of the larger area covered by articular

cartilage on the talus compared with the tibia and fibula.

As an assessment of the homogeneity/inhomgeneity of the cartilage thickness across the
joint surface the coefficient of variation was calculated for the superior part of the joint
(tibia-fibula complex) and the inferior part of joint (the talus). The coefficients of
variation were very similar for both halves of the joint, 30.21% over the tibia-fibula

complex cartilage and 30.54% over the talar cartilage.

3.4. Discussion

In this study a highly accurate technique for generating 3-D geometric models and
making quantitative measurements in thin cartilage layers, based on a commercially
available stereophotography system, ATOS™, has been described. The system allows
rapid acquisition and processing of large volumes of geometric data with a measurement
noise (accuracy) of £ 2 um. The versatility and accuracy of the technique have made it
possible to study geometrical parameters of thin highly curved cartilage layers to a level

of detail that has not been previously possible.

The results show that the mean cartilage thickness ranged from 0.85 + 0.13 mm in the
fibula to 1.16 = 0.14 mm in the tibia, and maximum thickness ranged from 2.06 £+ 0.08
mm in the fibula to 2.38 + 0.4 mm in the talus. The coefficients of variation show that
that ankle cartilage thickness has a relatively consistent level of homogeneity

throughout the joint; the values are lower than those reported in the knee joint(Ateshian
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et al., 1991), but consistent with other results reported in the ankle joint(Adam et al.,

1998a).

A variety of techniques have been used previously to measure cartilage thickness in the
ankle. Using the in vitro needle force probe technique(Athanasiou et al., 1995; Shepherd
and Seedhom, 1999), mean cartilage thickness values have been reported as 1.22 mm
and 1.16mm for the talus, 1.18 mm and 1.35 mm for the tibia and 0.95 mm for the
fibula. Using A-mode ultrasound in an in vitro study the reported mean thickness values
were lower; 0.95 mm and 1.0 mm for the talus and tibia, respectively. In an MRI based
study of volunteers(Al Ali et al., 2002) the mean cartilage thickness was at the lower
limit of values reported in the literature; 0.89 mm and 0.82 mm in the talus and the tibia,

respectively.

Unfortunately each of the above techniques has limitations. The needle probe technique
can only be used at a number of discrete points over the surface and ruptures the surface
limiting the usefulness of further testing. Furthermore, Jurvelin et al(Jurvelin et al.,
1995) previously reported the change in force signal was not very sharp and a subjective
evaluation was required when using a needle probe. The accuracy of ultrasound
measurements is dependent on the assumption that sound travels at a uniform speed
through all layers of the articular cartilage. However, previous studies(Jurvelin et al.,
1995; Yao and Seedhom, 1999) have shown considerable variation in the velocity,
especially in thin cartilage layers, which may help to explain the lower mean values

seen with ultrasonic measurements.

MRI can avoid many of these limitations, allowing measurements at every voxel and
calculation of surface areas and volumes. Unfortunately, the earlier MRI study(Al Ali et
al., 2002) excluded the talar shoulders and malleolar facets as well as the tibial medial
malleolar and fibular surfaces, because non-isotropic sagittally acquired data were used.
Therefore, a direct comparison of volume and surface area measurements with the

current study is not possible.

During the disarticulation and potting of the specimens they were kept hydrated with

phosphate buffered saline which theoretically may result in some swelling of the
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articular cartilage; however, if the cartilage was left untreated it would potentially
become dehydrated by exposure to the atmosphere and the surface preparation. The
relatively short preparation time and the rapid data acquisition process for the cartilage
surface by the ATOS™ system helped to minimise these effects; therefore, it is
reasonable to believe that the results of the present study realistically represents the

thickness of the cartilage in the in vivo state.

Although the reported stereophotography technique is destructive to articular cartilage,
and thus can only be performed in vitro it is still a very useful technique as it provides
an independent gold standard for validating the accuracy of other measurement
techniques, such as MRI(Cohen et al., 1999), which may also be used for in vivo

studies.

In the talus the thickness distribution maps indicate the thickest cartilage region occurs
anterior-laterally and posterior-medially over the shoulders of the talus. This is in
contrast to earlier studies, which were unable to assess the highly curved regions of the
joint surfaces, and reported the thickest cartilage to occur in the central region of the
talar dome(Adam et al., 1998a; Athanasiou et al., 1995; Shepherd and Seedhom, 1999).
The findings in this set of experiments are in keeping with those of Muller-Gerbl et
al(Muller-Gerbl and Putz, 1995) who described findings from anatomical sections. The
results reported here clearly show that the regions of greatest thickness on the talus
correspond to the most common site of osteochondritis dissecans (OCD) lesions in the
ankle(O'Farrell and Costello, 1982). Furthermore, the thick cartilage over the anterior
border of the tibia corresponds to cartilage injury sites seen in the dorsiflexion
tests(Rudd et al., 2004) which provided a stimulus for developing the experimental
studies which make up this thesis. It is also interesting to note that the regions of
greatest cartilage thickness in the ankle joint correspond to regions on the talus and tibia
where the subchondral bone is most dense(Muller-Gerbl and Putz, 1995). These finding

may be a response to the prevailing mechanical conditions occurring in the ankle joint.

Understanding the behaviour of ankle articular cartilage requires a true understanding of

the 3-D anatomy, including the distribution of cartilage thickness across the joint
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surface. Additionally, biomechanical knowledge of the joint contact pattern and
cartilage stiffness distribution across the joint surface is important. As the results of this
study show that the thickest cartilage occurs where cartilage injuries are most
commonly seen, investigation of the joint contact characteristics and cartilage

mechanical properties in these regions is of significant interest.

Changes in quantitative geometric parameters have been suggested as potentially
sensitive measures of degenerative change in cartilage layers (Burgkart et al., 2003;
Gray et al., 2004). The described stereophotography technique offers the possibility to
validate MRI derived measurement for surface areas and volumes, in addition to
thickness in thin cartilage layers. Validated MRI techniques offer a powerful tool for

detecting and monitoring cartilage injury and degenerative change

The geometric data generated using this technique can be used as input to finite element
(FE) computational models. As a result the geometric database created from this study
may be used to generate a representative geometry of the ankle joint and it cartilage
layers(Cohen et al., 2003). FE models based on representative geometry can be of
significant benefit for stress and strain analysis(Fitzpatrick et al., 2004) and to aid

development of improved ankle prostheses (Cheung and Zhang, 2005).

3.5. Conclusions

In this chapter a highly accurate technique for acquiring geometric data and making
quantitative measurements of thin articular cartilage layers has been described and
applied to the ankle joint. The reported stereophotographic technique may be used as an
independent standard for validation of the accuracy of in vivo measurements in thin
cartilage layers using MRI. Furthermore, the 3-D geometric ankle cartilage data will
help to produce more realistic computational models for biomechanical analysis.
Finally, the thickness distribution maps produced show that the thickest articular
cartilage in the ankle occurs at the clinically relevant regions where cartilage lesions

most commonly occur(O'Farrell and Costello, 1982).
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Chapter 4.  2-D Semi-automated cartilage

segmentation study

4.1. Introduction

In the western world, osteoarthritis is the most common form of disability. The socio-
economic impact of degenerative joint diseases is huge, in the United States alone the
cost was approximately $65 billion per year during the 1990’s (Yelin and Callahan,
1995). This cost is only set to rise with an aging population and rising drug costs. The
potential impact of chondro-protective treatments and articular cartilage restoration

techniques are significant.

Unlike other major joints of the lower limb, the ankle is rarely affected by primary
osteoarthritis. However, the ankle appears to have a greater predisposition to the
development of post traumatic osteoarthritis than the hip and knee joints(Marsh et al.,
2002; Marsh et al., 2003). Furthermore, ankle post traumatic osteoarthritis often
develops in a younger population and more rapidly than in other joints(Buckwalter and
Saltzman, 1999; Dieppe and Kirwan, 1994; Funk, 1976). Another challenging problem
in the ankle is osteochondritits dissecans (OCD) of the talar body, which typically
occurs over the anterior-lateral or posterior-medial shoulders of the talus(O'Farrell and

Costello, 1982).

Currently precise evaluation of a patients’ degenerative joint(s), qualitatively and
quantitatively both pre- and post treatment is technically demanding, especially in
highly congruent joints with thin articular cartilage, e.g. the ankle joint. However, in
order to clinically evaluate present and future treatments we must be able to precisely
and reproducibly image and quantify the articular cartilage of these joints (Burgkart et
al., 2001; Burgkart et al., 2003; Eckstein et al., 2001a; Eckstein et al., 2002; Peterfy and
Genant, 1996), especially because quantitative geometric measurements of cartilage

parameters such as cartilage thickness and volume, have been suggested as sensitive
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image based biomarkers for detecting and monitoring cartilage degeneration in

osteoarthritis(Gray et al., 2004).

Accurate assessment of articular cartilage layers requires the use of three-dimensional
reconstruction of joints in order to quantify the cartilage parameters independently of
slice location or orientation. Three dimensional reconstructions are particularly
important for longitudinal studies of patients in which measurements must be

reproducible.

The objectives of the experiments reported in this chapter were firstly to evaluate
quantitative parameters of the cartilage layers of the entire ankle joint using high
resolution MRI. Secondly, to test the precision (reproducibility) of the quantitative
measurements made using a semi-automated directional gradient vector flow (dGVF)
snake segmentation algorithm which was developed during the course of this thesis in
collaboration with Prof Scott Acton, Dr Jinshan Tang and Bing Li of the University of
Virginia, department of Electrical and Electronic Engineering. The final aim was to
describe the topographical distribution of articular cartilage over the surfaces of the

ankle joint from the 3D reconstructions generated from the segmented MRI data sets.

4.2. Material & methods

4.2.1. Ethical approval

Ethical approval for this study was provided by the University of Virginia institutional
review board and human usage review panel. All the experimental components of the
study were performed at the University of Virginia, Charlottesville, VA, USA;
therefore, all human cadaveric specimens used in the studies presented in this thesis

were acquired in accordance with Virginia state law and US federal laws.

4.2.2. Specimen preparation

Eight fresh frozen human, male cadaveric lower leg and foot complexes harvested from

five cadavers, were studied. The mean age was 52.3 years. From the available medical
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histories there were no reports of trauma to the lower limbs or musculoskeletal disease
in the ankle(s) of the subjects. Each lower leg specimen was stored at -25°C. Prior to
MRI examination, the specimen to be evaluated was removed from the freezer and
allowed to thaw at room temperature for 24 hours. All specimens were thoroughly
defrosted so that all water molecules were freely mobile and MRI examinations could

be performed without difficulty.

4.2.3. Magnetic Resonance Imaging protocol

The MR images were acquired using a 1.5 T MR scanner (Magnetom vision, Siemens,
Erlangen, Germany) with a circularly polarized transmit and receive extremity coil. A
sagittal spoiled 3D gradient echo sequence, fast low angle shot (FLASH), with selective
water excitation imaging sequence used was, TR of 18 ms, TE 7.65 ms, flip angle 25°,
in-plane resolution 0.3 mm x 0.3 mm, slice thickness 0.3 mm, field of view 160 mm,
and a 512% matrix. The acquisition time was 17 mins 14 secs. As the image resolution
was isotropic we were able to reconstruct the images in three perpendicular planes

(sagittal, coronal and axial).

In five cadaveric ankles six repeated data sets were acquired with repositioning of the
ankle and re-shimming of the magnet between acquisitions. In all other specimens, a

single data set was acquired.

4.2.4. 2-D Cartilage segmentation algorithm

Since there are no suitably accurate and reliable image analysis software programs
commercially available for the purpose of segmenting articular cartilage surfaces it was
necessary to develop a custom written image segmentation algorithm. To this end I am
deeply grateful to Prof Scott Acton, Dr Jinshan Tang and Bing Li from the Virginia
image and video analysis (VIVA) laboratory at the University of Virginia department of
electrical and electronic engineering for their considerable effort in programming the
Matlab based image segmentation algorithm. I worked in close collaboration with the

members of the VIVA team on the algorithm and user interface which went through a
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number of stages of development in order to make it stable, user friendly, versatile and
semi-automated. The work presented in appendix 2 describes the directional Gradient
Vector Flow (dGVF) snake and anisotropic noise reduction algorithms in detail. The
algorithm was subsequently improved to allow the snake to curve under itself so
overcoming a major limitation of the initial version of the program which occasionally

failed when used for segmenting coronal image of the ankle joint.

The snake is an active contour that is optimized with respect to curve smoothness and

collocation with the strong image edges.

Following image acquisition all image data sets were transferred to and stored on a
desktop work station for post processing and segmentation. In the initial experiments,
reported in appendix 2, sagittal images were segmented since the tibia and talar cartilage
layers surfaces do not have any “over hanging” regions when viewed in this plane;
however, this meant that the shoulders and malleolar surfaces were excluded from
analysis. Following further modification of the algorthim so that the dGVF snake could
handle “overhanging” regions, coronal images were segmented since they allow

visualisation of all the relevant cartilage, appendix 3.

4.2.5. Anisotropic diffusion — noise reduction algorithm

The post processing and segmentation procedure consist of a number of steps. First, the
image volume is cropped to a smaller volume containing all the cartilage layers of the
ankle, but excluding unnecessary image data such as from the distal tibial shaft.
Secondly, the images are linearly interpolated (doubling the number of voxels in each
row and column of each slice) to an in-plane resolution of 0.15 mm x 0.15 mm. The
third step was to run an anisotropic diffusion ‘de-noising’ algorithm(Tang et al., 2004).
For a detailed description of the anisotropic noise reduction algorithm see appendix 2.
Briefly, the anisotropic diffusion technique preserves the quality of edges within the
images by using a non linear filtering method that encourages smoothing in
homogeneous regions, e.g. bone and cartilage substance, while inhibiting smoothing

across the edges i.e. at the boundaries between cartilage and bone or apposing cartilage
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surfaces. The anisotropic diffusion algorithm increases the robustness of the dGVF
snake to noise. In the presence of noise the dGVF snake may produce a boundary which
requires considerable manual editing. However, the use of the anisotropic diffusion
algorithm prior to segmentation improves the performance of the dGVF snake by

enhancing the cartilage and bone boundaries and reduces the need for manual editing,

figure 4.1.

Figure 4.1 Enhanced segmentation performance due to the anisotropic diffusion
noise reduction algorithm

A typical coronal MRI slice acquired using the isotropic cartilage sequence. a) Before
noise reduction and b) after noise reduction using the anisotropic diffusion denoising
algorithm. The dashed green line represents a very simple approximate initialisation for
the bone boundary and the solid yellow line represents the boundary detected by the
dGVF snake

The fourth step was to segment the talar, tibia and fibula cartilage layers using the semi-
automated directional gradient vector flow (dGVF) snake algorithm(Tang et al., 2004).
Briefly, a manual initialisation is required for each border in the first image segmented,
the dGVF snake algorithm is then applied and the resulting contours serve as the
initialisation for the borders in the next image. This approach takes account of the 3D
context of the image data and facilitates segmentation in regions where the cartilage
surfaces are closely apposed. The system is interactive and allows manual editing of the
segmentation lines in each image if required. After completing the full segmentation the
final step was to interpolate the data to an isotropic resolution of 0.15mm?® and generate

3D reconstructions of each cartilage layer.
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4.2.6. Data analysis

For ground truth data manual tracings were used in order to evaluate the border
positioning of the computer aided segmentation. The Pratt figures of merit (FOM)(Pratt,
1978), calculated using equation 4.1, were computed to assess the computer aided

border positioning compared to manual segmentation. The FOM is given by

Ia L
= rad)?)
max(l As I M )

FOM =

Equation 4.1 Pratt figures of merit (FOM)

In equation 1, 15 is the number of boundary pixels delineated by the computer-aided
segmentation method, Iy is the number of boundary pixels delineated by manual
segmentation. d(i) is the Euclidean distance(Stammberger et al., 1999a) between a
boundary pixel delineated by the expert and the nearest boundary pixel delineated by
the dGVF snake segmentation algorithm and « is a scaling constant, with a suggested
value of 1/9(Pratt, 1978). A FOM = 1 represents a perfect match between the boundary
pixels delineated by computer-aided segmentation method and the boundary pixels
delineated by manual segmentation. The relationship between the FOM and the average
distance between the computer-aided segmentation boundary and a ground truth derived

boundary is shown in figure 4.2.
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Figure 4.2 A plot of Pratt figure of merit (FOM) vs. “average segmentation error” in
units of pixel width

The segmentation error is defined here as the average distance between the computed
boundary and the ground truth boundary. The error units are pixel widths

Two image stacks each containing 20 contiguous image slices through the middle of the
talus in the region of cartilage to cartilage contact were selected from the image data set.
Each image stack was manually segmented and a 2 week interval lapsed before
performing the segmentation with the dGVF snake algorithm, in order to ensure there

was no “training effect”. The FOM values were then calculated using equation 4.1.

The sagittal image segmentation experiments were performed using the initial version
of the dGVF snake algorithm which was unable to deal with overhangs; therefore a
limited subset of the data was segmented. For these experiments four repeated data sets
from four ankles were segmented as a pilot study of the usability and reproducibility of

the approach.
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The coronal image segmentation experiments were performed using the finalised
version of the dGVF snake algorithm which is capable of dealing with overhanging

regions. In these experiments the full MRI data set was segmented.

3D reconstructions were used to make quantitative measurements and visualize the
thickness distribution of the articular cartilage. Using 3D reconstructions of the cartilage
layers for thickness calculations ensures measurements are independent of section
orientation and allow for out-of-plane curvature. Thickness was determined at each
voxel on the cartilage surface (4444 sites/cm?) using a 3D Euclidean distance
transformation(Stammberger et al., 1999a). Cartilage surface area and bone cartilage
interface (BCI) area were measured from the triangulated mesh(Eckstein et al., 2001b)
and the cartilage volume of each layer was determined by integration of the

voxels(Peterfy et al., 1994)

In order to evaluate the precision (reproducibility) of the dGVF approach the mean,
standard deviation (s.d.) and coefficients of variation (CV%), for each of the
quantitative parameters studied from the six repeated data sets in five ankles were
determined. The root mean square (RMS) average(Gluer et al., 1995) of the CV’s and
s.d. from the individual joints were calculated for each of the parameters measured in

the talar, tibia and fibula cartilage layers.

The performance of the anisotropic diffusion algorithm was evaluated quantitatively by
measuring variance reduction ratio (Acton et al., 1999; Acton and Bovik, 1998). The
variance reduction ratio is defined as the ratio of variance reduction following noise
reduction and the original variance in a defined region of interest. A value of 0 means
no noise reduction and a value of 1 means perfect noise reduction. This test is used in
order to quantify the improvement given by the anisotropic diffusion process, thus
avoiding absolute computation of signal and noise power for a given image. For these
variance reduction computations, five contiguous slices from the central part of the joint
were selected from every data set. The variance reduction was calculated for two
regions of interest (ROI’s), one in the bone, one in the cartilage. A total of 165 images

were evaluated.
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4.2.7. Statistical analysis

Statistical analysis was performed using an analysis of variance (ANOVA) with
repeated measures (mixed model) and post hoc Tukey tests. Results were considered

significant at the p < 0.05 level.

4.3. Results

4.3.1. Sagittal image segmentation experiments

The precision (reproducibility) of the MRI based cartilage measurements was
determined by calculating the root mean square average (RMS thickness), standard
deviation (STD) and coefficient of variation of mean thickness (CV) were determined
for the tibia and talar cartilage layers from the four repeated image data sets for each of

the four specimens individually; the results are shown in tables 4.1 and 4.2,

respectively.

Specimen No. 1 2 3 4
RMS Thickness (mm) 1.28 1.44 1.03 1.22
STD of RMS Thickness (mm)  0.05 0.02 0.03 0.04
CV of Mean Thickness (%) 4.28 1.24 3.16 3.17
Table 4.1 Tibial cartilage thickness measurement results

The RMS mean thickness, STD of the RMS thickness and coefficient of variation from
four repeated measurements in four different tibia specimens
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Specimen No. 1 2 3 4
RMS Thickness (mm) 1.31 1.41 1.12 1.36
STD of RMS Thickness (mm)  0.09 0.05 0.11 0.06
CV of Mean Thickness (%0) 7.00 3.33 10.13 4.34
Table 4.2 Talar cartilage thickness measurement results

The RMS mean thickness, STD of the RMS thickness and coefficient of variation from
four repeated measurements in four different talus specimens. The malleolar surfaces
were excluded from segmentation using the initial dGVF snake.

When considering all four ankles together the RMS CV of mean thickness for cartilage
thickness was 2.96% and 6.20%, for the tibia and talus, respectively. For cumulative
values (tibia and talus combined), the RMS CV mean thickness was < 4.6%. The mean
RMS thickness was 1.24 + 0.17 mm in the tibia and 1.30 + 0.13 mm in the talus, table
4.3.

Tibia Talus
RMS CV of Mean Thickness (%) 297 6.20
Mean RMS Thickness (mm) 1.24 1.30
STD of Mean RMS thickness 0.17 0.13
RMS STD 0.04 0.08
Inter-subject variability/Technical precision 4.42 1.56
Table 4.3 Mean morphological values for all specimens

Mean morphological values and inter-subject variability / technical precision ratios for
all talus and tibia specimens. The malleolar surfaces were excluded from segmentation
using the initial dGVF snake.

The inter-subject variability (i.e. the STD of mean RMS thickness across the four

specimens) was compared to the technical precision(Gluer et al., 1995), (i.e. the RMS
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STD for repeated thickness measurements in all specimens), of the segmentation
approach; the ratios were 1.56 and 4.42 for the talus and tibia, respectively, table 4.3.
The ratios reflect that the mean articular cartilage thickness has a relatively low inter-

subject variability, particularly for talar cartilage.

4.3.2. Coronal image segmentation experiments

Once the dGVF snake algorithm had been modified to handle overhanging regions the
finalised version was used to segment coronal images from all MRI sets. Segmentation
of coronal images allowed all region of ankle cartilage to be segmented including the

malleolar surfaces and the highly curved regions over the talar shoulders.

The mean number of images segmented (+ s.d.) per data set was 110 = 6. From the eight
ankles imaged, the mean values (+ s.d.) for thickness, maximum thickness, cartilage
surface area, cartilage bone interface area and volume are shown in table 4.4. The
results show that for each of the parameters measured the talar cartilage had the largest

values and the fibula cartilage gave the lowest values

Mean Max Cartilage BCI area Cartilage
thickness thickness area (cm?*+sd.)  volume
(mm+sd) (mm#sd) (cm?+s.d.) (ml£s.d.)

Talus 1.34+0.14 2.67+0.25 28.03+£2.56 2453+2.16 332+0.55

Tibia 1.21+0.14 2.44 4+ 0.58 1530+1.69 1487+148 1.72+£0.25

Fibula 0.91 +0.08 1.68+0.18 4.21+0.63 3.75+0.56 0.35+0.06

Table 4.4 Quantitative cartilage measurements using the final dGVF snake

Absolute mean values (+ S.D.), from the eight subjects, for each of the quantitative
parameters measured for the talar, tibial and fibula cartilage layers. Measurements made
using the final dGVF snake include all parts of the ankle cartilage layers

There were significant differences between the talus, tibia and fibula for all quantitative
parameters: mean thickness p < 0.001, maximum thickness p < 0.005, cartilage surface

area p < 0.001, cartilage bone interface area p < 0.001 and cartilage volume p < 0.001.
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In order to compare the superior part of the ankle joint (tibia-fibula complex) to the
inferior part of the ankle joint, with which it articulates, the values for surface areas and
volume in the talar cartilage were compared to the combined tibia and fibula values.
The talar cartilage layer has a significantly larger cartilage surface area p < 0.001,
cartilage bone interface p < 0.001 and cartilage volume p = 0.002, than the superior part

of the joint with which it is articulated.

The mean FOM value for the border positioning between the manually defined borders
and the borders obtained with dGVF snake segmentation algorithm was 0.88 £ 0.06.
From figure 4.2 it can be seen that a FOM = 0.9 represents approximately a one pixel
(0.15 mm) “average” Euclidean distance between the boundary pixels delineated by
computer-aided segmentation method and the boundary pixels delineated by manual
segmentation. Figure 4.3 shows a sample image with an expert traced border and the
corresponding border detected by the dGVF snake algorithm.

Figure 4.3 dGVF snake vs manual segmentation

Talar cartilage borders detected by the dGVF snake (solid red line) and manual
segmentation (dashed yellow line), with an FOM value of 0.937.

When evaluating the precision of the approach using the six repeated data sets from five
ankles, table 4.5 the RMS average coefficient of variation (min — max) ranged from

2.82% (1.21% — 4.21%) for the talar cartilage bone interface area to 9.62% (5.08% -
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12.0%) for the fibula volume. Segmentation of the talar cartilage was the most precise
in terms of all measured parameters followed by the tibial cartilage; the fibula gave the

largest mean CV’s for all the parameters assessed.

Mean Max Cartilage BClarea% Volume %

thickness % thickness % area %

Talus  3.49 4.47 3.23 2.82 4.95
(2.67-4.75) (3.26-6.24) (2.01 -4.48) (1.21-4.21) (2.57-7.48)
Tibia 4.57 6.33 4.51 3.99 5.04
(326-5.75) (3.77-1135) (241-7.71) (2.27-6.96) (3.29 —6.98)
Fibula 4.67 7.44 9.28 9.46 9.62

(2.62-7.40) (4.14-9.51) (7.29-11.96) (8.21-11.10) (5.08— 12.00)

Table 4.5 Reproducibility of segmentation using the dGVF snake algorithm

Mean coefficients of variation (min — max) from the six repeated measurements in five
subjects for each of the quantitative parameters.

Figure 4.4  Talus thickness distribution map generated from MRI segmentation

A typical 3D thickness distribution map of a talar cartilage layer in context with the
original 3D MRI data.
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The colour 3D thickness distribution maps of each segmented cartilage layer show,
clear characteristic thickness distributions. In all the tali studied there were two distinct
areas, one anterior-laterally and one posterior-medially, over the talar shoulders where
the thickest cartilage occurred, figure 4.4. For the tibial cartilage layers the cartilage
thickness appeared to be more evenly distributed; however, two areas, the central part of
the anterior tibial plafond and the curved region at the transition between the tibial
plafond on the medial malleolus, were typically thicker than the other regions, figure
4.5. The fibula cartilage was typically more homogeneous, but slight valgus angulation

of the distal articular surface was seen, as shown in figure 4.6.
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Figure 4.5 A tibia thickness map derived from MR segmentation

A typical tibial cartilage 3D thickness distribution map generated from MRI
segmentation using the dGVF snake algorithm
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Figure 4.6 A tibia thickness map derived from MR segmentation

A typical tibial cartilage 3D thickness distribution map generated from MRI
segmentation using the dGVF snake algorithm

The evaluation of the anisotropic diffusion denoising algorithm showed that the
technique produced marked enhancement of the images with a clear improvement in the
definition of the edges in the images, as can be clearly seen in figure 4.1. The variance
reduction ratios were 0.98 + 0.01 and 0.74 + 1.38 for the bone and cartilage,

respectively.

4.4, Discussion

The objectives of this study were to: evaluate the quantitative geometric parameters of
the cartilage layers of the ankle joint; test the precision of our segmentation technique
and describe the topographic distribution of the cartilage over the ankle joint surfaces.
This is the first study to quantify the articular cartilage of the entire ankle joint,
including the fibula and highly curved regions over the talar shoulders and the medial

malleolus, using MRI.

When studying the entire cartilage layers from the coronal segmentation experiments

the results showed that the mean thickness ranged from 0.91 £ 0.08 mm in the fibula to
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1.35 £ 0.14 mm in the talus and maximum thickness ranged from 1.68 = 0.18 mm in the
fibula to 2.69 + 0.25 mm in the talus. The figure of merit values show that the border
positioning achieved with the dGVF snake, relative to manual segmentation, is better
than the border positioning obtained with standard snake techniques(Tang et al., 2006).
Furthermore, the high FOM values obtained are encouraging since the images analysed
were in the middle of the joint and showed extensive cartilage to cartilage contact which
represents some of the most challenging regions to segment in the ankle joint, figure
4.3. However, in some images the dGVF snake failed and it was necessary to manually
edit the borders detected by the dGVF snake; this typically occurred where there were

large areas of continuous cartilage to cartilage contact with indistinct borders.

The results show that the coefficients of variation for the quantitative geometric
parameters studied varied from 2.82% - 9.62% in the different cartilage layers. The
inter-subject variability in this study was slightly smaller than reported by Al Ali et
al(Al Ali et al., 2002); what is more, it was notably larger than the variability seen in the

serial measurements.

Quantitative MRI of thin congruent cartilage layers has, to date, been challenging
because of the trade-off between maintaining an acceptable scan time and signal to
noise ratio (SNR) whilst obtaining a sufficient resolution required for accurate
quantitative measurements. The scan time, 17 mins 14 secs, used for this set of
experiments is relatively long; however, Al Ali et al used a longer sequence on
volunteers and reported no motion artefacts and suggested that the scan time is
acceptable for routine in vivo use(Al Ali et al., 2002). It is reasonable to believe the
scan time used in this study is acceptable for research use; however it is unclear whether
this would be well tolerated by symptomatic patients, who may experience discomfort
and have difficultly remaining motionless. After discussion with a number of colleagues
and musculoskeletal radiologist it was felt that it was acceptable to sacrifice some of the
SNR by using one image acquisition in order to obtain high resolution, isotropic image
data and maintain a suitable scan time. By using isotropic image data reconstructions
can be made in all three planes whilst the resolution was sufficiently high to avoid

partial volume effects. Furthermore, the variance reduction ratio values show that it is
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possible to effectively counteract the reduced SNR by applying the anisotropic diffusion
algorithm to enhance the images whilst preserving edges with the image. Through the
combination of the anisotropic diffusion algorithm and the dGVF snake segmentation
algorithm it has been possible to segment images that others believed lacked sufficient

definition for reliable segmentation(Al Ali et al., 2002).

The coefficients of variation achieved in this set of experiments are approaching those
observed in quantitative studies of knee articular cartilage(Eckstein et al., 1998b;
Hyhlik-Durr et al., 2000; Kshirsagar et al., 1998; Peterfy et al., 1994; Stammberger et
al., 1999a), which is very encouraging. Unfortunately, the CV values for the fibula are
slightly higher due to the much smaller area and thickness of the layer which makes

measurements more sensitive to small variations.

Further improvements in precision will be possible in the future through a number of
technological advancements. Current and ongoing development of higher field strength
can be observed and a new clinical standard at 3.0 Tesla seems to be being
established(Craig et al., 2005; Eckstein et al., 2005a; Eckstein et al., 2005c; Schibany et
al., 2005; Schmitt et al., 2004). High-field MRI allows increased resolution while
maintaining the same scan time. In addition, the development of parallel imaging allows
shorter scan times. Multi-element coils can reduce the scan time by a factor of 2-
4(Heidemann et al., 2004). Furthermore, there has been renewed interest in SNR
efficient imaging sequences for cartilage, including forms of steady-state precession as
well as driven equilibrium and TSE imaging. These new sequences offer the possibility
to acquire 3D data sets with isotropic voxels, which provides excellent segmentation

possibilities(Hargreaves et al., 2003; Menzel and et al, 2005).

The values for mean and maximum cartilage thickness of the talus, tibia and fibula
measured using this approach are greater than those previously reported using a number
of different techniques including A-mode ultrasound(Adam et al., 1998a), MRI(Al Ali
et al., 2002; Tan et al., 1996) and force-needle probes(Athanasiou et al., 1995; Shepherd
and Seedhom, 1999). However it is important to note that these studies excluded the

highly curved regions over the talar shoulders, which have been shown to be the site of
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maximum cartilage thickness in anatomical sections(Muller-Gerbl and Putz, 1995) as
well as in the stereophotography experiments(Millington et al., 2004), chapter 3.
Notably, the values obtained using this MRI segmentation approach are in keeping with
values found using the high resolution stereophotography technique that should be

considered as a reference standard for the “true” cartilage thickness (Millington et al.,

2004), chapter 3.

The 3D thickness distribution maps demonstrate a characteristic distribution pattern
which is most marked in the talus. It is widely believed that the thickest cartilage in the
ankle occurs at the centre of the talar dome and tibial plafond(Adam et al., 1998b;
Athanasiou et al., 1995; Shepherd and Seedhom, 1999), but MRI segmentation
generated thickness maps clearly show the thickest cartilage occurred over the anterior-
lateral and posterior-medial shoulders of the talus which corresponds to the most
common site of OCD lesions in the ankle joint (O'Farrell and Costello, 1982) and
corresponds to measurements from anatomical sections(Muller-Gerbl and Putz, 1995)
and those from the stereophotography experiments in chapter 3. Furthermore, the thick
cartilage over the anterior border of the tibia corresponds to cartilage injury sites seen in

dorsiflexion testing(Rudd et al., 2004), which formed part of the rational for this thesis.

4.5, Conclusions

These 2-D semi-automated cartilage segmentation studies have quantified the geometric
parameters of the talar, tibial and fibula cartilage layers. They have demonstrated that
the mean and maximum thickness of each layer of ankle cartilage exceed the
measurements previously reported(Adam et al., 1998a; Al Ali et al., 2002; Athanasiou
et al., 1995; Shepherd and Seedhom, 1999; Tan et al., 1996). Additionally, it has been
shown that by using the dGVF snake segmentation algorithm combined with the
anisotropic diffusion denoising algorithm it is possible to extract the cartilage layers
more precisely than previously achieved(Al Ali et al., 2002) in the ankle joint. Finally,
the 3D thickness distribution maps generated from the segmentation have shown a

characteristic pattern with the thickest cartilage occurring over the anterior-lateral and
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posterior-medial talar shoulders, where OCD lesions commonly occur(O'Farrell and

Costello, 1982).
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Chapter 5.  Preliminary 3-D fully automated

cartilage segmentation study

5.1. Introduction

As outlined in section 4.1 osteoarthritis and degenerative cartilage diseases affect
millions of people and the treatment and socio-economic costs are enormous(Yelin and
Callahan, 1995). As a result, new articular cartilage therapies have very significant
practical implications and applications for future patient management and care.
Therefore there is huge research and commercial interest in developing new therapies to
repair, replace and/or regenerate injured or degenerate cartilage. This drive to develop
new therapies necessitates advances in techniques which make earlier non-invasive
diagnosis possible and allow objective and quantitative evaluation of new therapies.
Gray et al.(Gray et al., 2004) have suggested that quantitative geometric measurements
of cartilage parameters such, as cartilage thickness and volume, are potentially sensitive
image based biomarkers for detecting and monitoring cartilage degeneration in
osteoarthritis. This belief forms the basis for one of the major study areas in the
National  Institute = of Health (NIH), @USA  osteoarthritis initiative
(http://www.niams.nih.gov/ne/oi/). However; to date all techniques used, including the
dGVF snake reported in Chapter 4, have been limited, being tedious and labour
intensive, requiring slice by slice and border by border segmentation or editing. As such
the previously reported 2D approaches are impractical for routine clinical use and have
only been utilised in a research setting.(Cohen et al., 1999; Eckstein et al., 2005c;
Eckstein and Glaser, 2004; Solloway et al., 1997)

A clinically useable, accurate and reproducible quantitative 3-D analysis tool for
cartilage images has the potential to produce a paradigm shift in the early diagnosis and
detection of osteoarthritis, degenerative diseases and cartilage injury. Non-invasive
monitoring methods will be particularly useful for clinical trials yielding new treatments
developed by the pharmaceutical and biotechnology industries. Furthermore, automated

quantitative analysis of 3-D cartilage images has the potential to significantly enhance
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large epidemiological trials, such as the Osteoarthritis Initiative, which seek to identify
risk factors for osteoarthritis and cartilage degenerative diseases. What is more, the
development of automated 3D cartilage image analysis with quantitative measurements
and 3D mapping of cartilage layers has the potential to significantly aid pre-operative
planning and post operative monitoring of patients undergoing cartilage reparative and

restorative therapies.

The specific objectives of this study were first to demonstrate that a 3D graph search
algorithm can detect multiple cartilage surfaces automatically and simultaneously;
second to assess segmentation errors and demonstrate sub-pixel accuracy of the
cartilage segmentation and morphological measurements compared to existing

independent standards and finally to evaluate the reproducibility of the algorithm.

5.2. Material & methods

5.2.1. Ethical approval

Ethical approval for this study was provided by the University of Virginia institutional
review board and human usage review panel. All the MR images used in this study were
acquired at the University of Virginia, Charlottesville, VA, USA; therefore, all human
cadaveric specimens used in the study were acquired in accordance with Virginia state
law and US federal laws. Furthermore, ethical approval was also provided by the
University of lowa USA for the use of the anonymous MR data in the development of

the automated 3D image analysis algorithm.

5.2.2. MRI data sets

The MRI data sets acquired for the 2-D segmentation studies reported in chapter 4 were
re-used for this study. To recap, the MR images were acquired using a 1.5 T MR
scanner (Magnetom vision, Siemens, Erlangen, Germany) with a circularly polarized
transmit and receive extremity coil. A sagittal spoiled 3D gradient echo sequence, fast

low angle shot (FLASH), with selective water excitation imaging sequence used was,
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TR of 18 ms, TE 7.65 ms, flip angle 25°, in-plane resolution 0.3 mm x 0.3 mm, slice
thickness 0.3 mm, field of view 160 mm, and a 512° matrix, figure 5.1. The acquisition
time was 17 mins 14 secs. As the image resolution was isotropic we were able to

reconstruct the images in three perpendicular planes (sagittal, coronal and axial).

Figure 5.1 A high resolution isotropic cartilage sensitive MR image stack

A sample image stack acquired using the sagittal 3D gradient echo sequence, fast low
angle shot (FLASH), with selective water excitation. Since the images have isotropic
voxels 3D reconstructions can be made in the coronal and axial planes

5.3. 3-D segmentation algorithm

The 3-D segmentation algorithm used in this study was developed by Prof Milan Sonka
and his graduate student Kang Li at the University of Iowa. The basis for this
collaboration originated from a meeting with Prof Sonka at which I presented my earlier
2-D segmentation work and outlined ongoing and future projects related to articular

cartilage imaging.
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The proposed algorithm used in this study represents a non-trivial modification and
advancement of a 3-D approach previously developed at the University of lowa for

segmenting tubular structures in medical images, e.g. blood vessels (Li et al., 2004).

The proposed algorithm is described in greater detail in appendix 4. Briefly, the method
allows segmenting multiple interrelated surfaces in volumetric images and facilitates
subsequent quantitative analysis. The general strategy of the method is to achieve the
final segmentation in two stages. The initial stage provides approximate segmentation
of the three dimensional object, in this case the subchondral bone, and the final
segmentation is achieved by accurate and simultaneous segmentation of the multiple
surfaces of interest i.e. the subchondral bone and cartilage surfaces. The outputs of the
algorithm are triangulated meshes that are ready for visualization and quantitative

measurement, figure 5.2.
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b)

Figure 5.2 Triangulated output meshes

a) Presegmentation triangulated mesh generated using the level set methods this serves
as the initialisation for the 3D automated segmentation algorithm. b) Segmentation
triangulated mesh, the bone surface mesh is shown in white and the cartilage mesh is
shown in red

The method consists of the following three main steps, figures 5.3 and 5.4:

1. Bone surface pre-segmentation. A level set based algorithm is used. Starting
from several seed spheres placed within the bone of interest, the method uses the
image derived edge and regional information to evolve a smooth surface toward
the bone boundary. The pre-segmented subchondral bone surface serves as an

initialization to the subsequent segmentation.

2. Mesh generation and optimization. The pre-segmentation results in an implicit
surface that is the zero level set of a 4-D function embedded in a volumetric
digital grid. An iso-surfacing algorithm (e.g., marching cubes) is used to convert

the implicit surface into an explicit triangulated mesh. The mesh is optimized by
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removing or merging isolated and redundant triangles. The resolution of the
mesh can be increased or decreased using progressive level of detail approaches

when necessary.

3. Co-segmentation of the cartilage and bone surfaces. The mesh generated by the
second step is used to initialize a graph in a narrow band around the pre-
segmented bone surface. The novel multi-surface graph search algorithm,
appendix 4, is used to simultaneously obtain the precise positions of the bone
and cartilage surfaces based on two cost functions separately designed for the

two surfaces while considering specific geometric constraints.

Steps 1 and 3 represent innovative approaches within the field of medical image
analysis, in particular articular cartilage segmentation; step 2 utilises well established
standard techniques in the field of graphics, therefore only steps 1 and 3 are outlined in

more detail in appendix 4.
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Figure 5.3 Processing blocks of the automated 3D segmentation approach

5.3.1. Independent Standard.

In order to assess the accuracy of the proposed approach we compared the results of the
computer segmentation to two different independent standards: 1) phantom images with

different levels of noise and 2) comparison to manual tracing.

Noisy phantom image data modelling cartilage layers across a joint were generated to

allow validation of the quantitative indices in a phantom environment for which the
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ground truth was known. Three volumetric phantoms were generated containing a
simplified rendering of a bone and its cartilage. Each 3-D phantom data set consisted of
20 image slices. Three different levels of Gaussian noise were introduced (none,
medium, high). Thus, a total of 9 phantoms (3x3) consisting of 180 image slices were
used. In the data sets, all parameters were known by design and so the output of the

segmentation algorithm could be easily compared to the true result.

From the 8 MR image data sets, 55 coronal or sagittal slices were randomly selected for
manual tracing. The selection of coronal as well as sagittal slices allows assessment the

performance of the inherently 3D segmentation method using 2D manual tracings.

5.3.2. Comparisons with the Independent Standard.

Computer segmentation of the talus bone and its cartilage surfaces was initialised and
performed on the entire 3D volume for each data set, image phantoms and ankle MRI
volumes. Consequently, the segmented surfaces were available for the entire closed 3D
object. The automated borders detected in the 55 slices where manual tracings were

available were further analysed.

The automated segmentation method locally failed in 5 of the 55 image slices due to
local pre-segmentation errors. The segmentation accuracy was assessed in the remaining
50 image slices by computing signed, unsigned, and RMS surface positioning errors.
The positioning errors were defined as the shortest distances between the manually
traced borders and the computer determined surfaces in the coronal and sagittal MR
slices for which the independent standard was available. The errors are reported on a per

slice basis as mean =+ standard deviation.

5.3.3. Reproducibility

To assess the reproducibility of the 3D automated cartilage segmentation, the method
was independently initialized 5 times in each joint and the mean and maximum cartilage

thicknesses were determined for each of the 8 talus cartilage layers. The reproducibility
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was assessed by calculating mean + standard deviation of differences between the

average values obtained in the 5 reproducibility runs and the individual results.

5.4. Validation Indices

To assess the performance of this proof-of-concept implementation of the algorithm we

used the following validation indices:

54.1. Approximate Bone Segmentation Indices.

Figure 5.4 Visualisation of the 3D automated segmentation processing steps

a) Interactive initialization of the bone segmentation — defining which bone(s) shall be
segmented using seed spheres. b) Result of the approximate bone segmentation (green).
c¢) Accurate bone and cartilage surfaces of an ankle obtained by simultaneous optimal
detection of two surfaces in 3D (red and yellow, respectively). Note that during
development optimisation concentrated on the ankle joint, not on the sub-talar joint.

As outlined in figures 5.2 and 5.3 approximate bone segmentation is necessary for
automated initialization of the multiple-surface segmentation method. Therefore, the
mean and maximum unsigned distances between the approximate bone segmentation
surface and the true bone surface known from the independent standard was determined
for each segmented bone and reported in mm. Similarly, the agreement between the
normals of the manually-traced and automatically determined bone surfaces were
assessed at 1 mm intervals along the manually traced independent standard borders of
the respective bone. Mean and standard deviation, as well as maximum difference

between the directions of the border normals are reported in degrees.
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5.4.2. Surface Positioning Errors.

The signed and unsigned mean surface positioning errors of the identified surfaces were
determined between the corresponding points — the first point being from a computer
detected surface and the second point from the independent standard surface, that were
closest to each other using the Euclidean metric. The positioning errors were determined
for each point on the computer-detected surfaces as the distances between
corresponding surface points. These errors were determined across the talar dome
surface, the sub-talar cartilage surface regions were excluded from analysis as the
segmentation algorithm was not optimised to segment these regions. The surface

positioning errors are reported as means + standard deviations in pixels and in mm.

54.3. Cartilage Morphology Indices.

Similarly, the signed and unsigned mean measurement errors of the morphologic
indices were determined in comparison to the indices derived from the independent
standard. The errors of cartilage thickness are reported as means + standard deviation in

pixels as well as in mm.

5.5. Results

All experiments were performed on a workstation with dual 3.0GHz processors and
4GB of RAM. For each data set, we used 3 seed-spheres inside the bone region to

initialize the pre-segmentation.

The phantom experiments showed that the proposed algorithm was able to accurately
detect the bone and cartilage surfaces. The segmentation was successful in all 9

phantoms; the achieved segmentation performance is shown in tables 5.1 and 5.2
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Distance Mean Distance Mean Maximum
Maximum Angular Angular
Difference  Difference

Approximate  1.69 +0.31 pixels 2.09 £0.24 pixels 1.16 +1.03° 3.13 £1.23°
Bone
segmentation

Table 5.1 Performance of approximate segmentation used for initialisation in
phantoms

To make the segmentation process more efficient, the MR volume was cropped to
include only the talus and unnecessary regions such as the distal tibial shaft so forming
smaller volumes of approximately 250x250x150 voxels each. The pre-segmentation
was performed on 2-times down-sampled copies of the cropped images, while the final

segmentation was performed on the original full-resolution images, figure 5.4.

Mean error Bone surface Cartilage surface Cartilage thickness

Signed -0.06 £ 0.35 pixels  0.04 £ 0.41 pixels 0.24 £ 0.22 pixels

Unsigned 0.33 £0.13 pixels 0.37 £0.17 pixels 0.27 £ 0.19 pixels

Table 5.2 Performance of the 3D graph searching segmentation algorithm in
phantoms

For each ankle data set, the average execution times of the pre-segmentation and
segmentation stages were about 200 seconds and 70 seconds, respectively. The surface
positioning errors (distance and angular) of the approximate computer-segmentation,
which served as the initialisation, compared to the manual tracings are shown in table
5.3. The surface positioning errors and cartilage thickness errors of the final

segmentation of the talus bone and its cartilage surface are shown in table 5.4.
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Approximate Distance Distance Mean Angular Maximum

Bone Mean Maximum Difference Angular

segmentation Difference

Pixels 1.35+0.88 2.26+1.08 4.65 +4.54° 11.11 £6.27°

mm 0.41+£0.26 0.68 £0.33 mm -- --

Table 5.3 Performance of approximate segmentation used for initialisation on ankle
MR data sets

Mean error Bone surface Cartilage surface Cartilage thickness

Signed (pixels) 0.12+1.04 0.41+1.27 -0.20+1.11

Unsigned (pixels)  0.86 = 0.60 1.00 £0.89 0.85+0.74

Signed (mm) 0.04 £0.31 0.12+0.38 -0.06+0.33

Unsigned (mm) 0.26+0.18 0.30+0.27 0.26 +£0.22

Table 5.4 Performance of the 3D graph searching segmentation algorithm on ankle
cartilage MR data sets

Error measurements reported in pixels and mm, compared to ground truth manual
segmentation. Unsigned values indicated the sub-pixel accuracy of the method, whilst
the signed values indicated that the method is unbiased.

Examples of the achieved computer-segmentation are shown in figure 5.5 and a
comparison between the computer segmentation and manually-traced bone and cartilage

contours are shown in figure 5.6.

83



3-D fully-automated cartilage segmentation study

Figure 5.5  Examples of segmentation in the talo-tibia joint contact region

a) Original image (enlarged portion shown). b) Accurate bone and cartilage surfaces of
an ankle obtained by simultaneous optimal detection of two surfaces in 3D (red and
yellow, respectively). ¢) Comparison of the approximate segmentation (green) and the
final accurate bone segmentation (red) shows the segmentation improvement achieved
by the optimal border detection step. In this figure, only the talus bone and cartilage
borders are shown for clarity.

Figure 5.6 A comparison of 3D automated and manual segmentation

Typical borders detected by automated (purple and blue) and manual segmentation (red
and yellow). Sagittal and coronal ankle MR images are shown in order to allow a
comparison between the 2D manual segmentation and the optimal graph searching
algorithm which is inherently 3D.
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The mean cartilage thickness measurements achieved a signed error of 0.08 + 0.07mm,
and an unsigned error of 0.09 = 0.06mm. All border positioning errors show sub-voxel

accuracy (voxel size 0.3 x 0.3 x 0.3 mm°).

In the reproducibility experiment, the initializing spheres were modified from the
original settings by adding up to 10% of random variation to their radii and 2 to 5
voxels of random translations to each coordinate of their positions. The Bland-Altman
plots of the signed differences between each individual measurement and the average
measurements are shown in figure 5.7 demonstrating that repeated measurement of

cartilage thickness with varying initialisation is unbiased and reproducible.

Mean Cartilage Thickness Reproducibility
0.15 7
0.1 1 . E
:
0.05 .
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Figure 5.7 Bland-Altman plots of cartilage thickness measurement reproducibility.
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5.6. Discussion

The Bland Altman plots from the reproducibility tests of the segmentation algorithm
following repeated initialisations using different seed sphere sizes and positions clearly

display that the approach is both reproducible and unbiased.

Traditional approaches to the problem of cartilage segmentation, such as, manual
segmentation(Cohen et al., 1999; Eckstein et al., 1994; Jonsson et al., 1992; Peterfy et
al., 1994) , seed and region growing algorithms(Eckstein et al., 1998b; Haubner et al.,
1997; Losch et al., 1997), b-splines(Cohen et al., 1999) and b-spline snakes(Al Ali et
al., 2002; Graichen et al., 2000) are not suitable for clinical use as they are slow, labour
intensive and potentially prone to error. The 3D graph searching method used in this

study has been shown to be fully automated, fast, accurate and reproducible.

A drawback of the algorithm described is the need to set the size and position of the
seed sphere and the necessity to perform the pre-segmentation step. However in the
algorithms current format this is essential to ensure the algorithm produces good
accurate results; moreover, even when this step is included the whole process is
significantly faster and less labour intensive than earlier methods. Additionally, further
work is required to optimise the system for use in other joints such as the hip and
shoulder and to develop a user interface that is widely acceptable and easy for clinicians

to use.

Over the past decade a number of surgical interventions have been developed in an
attempt to produce a durable cartilage repair(Brittberg et al., 1994; Hangody et al.,
1998; Minas and Nehrer, 1997). In parallel there have been considerable advances in
anatomical and functional MRI, such that MRI can provide information regarding the
biochemical and biomechanical status of articular cartilage, including the
glycosaminoglycan content and collagen organisation(Bashir et al., 1997; Mosher et al.,
2000; Nieminen et al., 2004; Trattnig et al., 1999). However, until now accurate 3D
visualisation and objective measurement of articular cartilage properties, in a clinically

useable timeframe, at injury sites and the properties of repair/graft sites has not been
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possible. The ability to combine these new functional techniques with the reported
algorithm offers a potentially powerful set of tools for pre-operative assessment of
cartilage injuries sites as well as the post operative monitoring of patients undergoing
cartilage repair and restorative therapies. This area holds a lot of promise for cartilage
repair surgery planning; with on going work to co-register biochemical and

biomechanical sequences, such as dGEMRIC, with high resolution 3D sequences.

5.7. Conclusions

This study evaluates the feasibility with regard to accuracy and reproducibility of a fully
automated 3D multi-surface segmentation algorithm on cartilage sensitive MRI images.
The results indicate that both the pre-segmentation steps and the final segmentation

process are fast, accurate and reproducible.

The reported 3D approach addresses a number of the existing challenges in articular
cartilage segmentation and quantification; what is more this approach carries substantial
promise for the future utility for automated quantitative 3D analysis of articular

cartilage in a clinical setting.
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Chapter 6.  Ankle joint contact area measurement

study

6.1. Introduction

Knowledge of the joint contact area under physiological loads and throughout the range
of motion is essential for understanding the biomechanics of the ankle joint, furthermore
it is beneficial for understanding the pathogenesis of joint degeneration as well as
improving prosthetic design and ligament reconstruction surgery. Importantly, cartilage
restoration and repair therapies, such as mosaicoplasty and autologous chondrocyte
implantation (ACI), are becoming more common for talar articular cartilage
lesions(Hangody et al., 2001; Hangody, 2003; Mandelbaum et al., 2003; Whittaker et
al., 2005). Lesions occurring on the talus that are amenable to surgical treatment
commonly occur over the anterior-laterally or posterior-medial talar shoulders(O'Farrell
and Costello, 1982); therefore the joint contact characteristics in these regions under

different loading conditions are of particular interest.

As highlighted in section 1.7 there have been several reported experimental studies of
ankle joint contact characteristics with wide variations in methodology and loading
conditions resulting in varying reports of the extent and location of the contact
area(Calhoun et al., 1994; Corazza et al., 2005; Driscoll et al., 1994; Greenwald et al.,
1977; Kimizuka et al., 1980; Kura et al., 1998; Macko et al., 1991; Yao and Seedhom,
1991).

The most common approach to measuring ankle joint contact area has been Fuji film.
Calhoun et al(Calhoun et al., 1994) and Driscoll et al(Driscoll et al., 1994) used Fuji
film and reported that the contact area of the ankle joint was located over the central
region of the talar dome; Kimizuka et al.(Kimizuka et al., 1980) reported a similar
distribution from silicone rubber mouldings. In contrast, studies using reversible

staining(Greenwald et al., 1977) and roentgen stereophotography combined with a 3-D
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digitiser(Corazza et al., 2005) reported the ankle joint contact area to be located over the

lateral and medial margins of the talus.

There has been considerable variation in parameters during joint contact area tests, most
notable has been variation in the joint load magnitudes ranging from to 490N to 3200
N(Calhoun et al., 1994; Yao and Seedhom, 1993) and variation in the joint loading
positions(Calhoun et al., 1994; Christensen et al., 1994; Kimizuka et al., 1980) these
factors have substantially influenced the results previously reported. However, these
earlier studies have not assessed the joint contact area under load at the extremes of

ankle movement where injury may be more likely to occur.

The specific objectives of this study were first to measure the joint contact area in intact
ankle joints under a physiological load in a variety of positions including neutral and the
extremes of dorsiflexion, supination, pronation and plantar flexion. Second, to describe
the distribution of the contact area across the joint surfaces and last, to demonstrate a
technique which allows analysis of the entire ankle joint surface with greater accuracy

and fewer limitations than other techniques.

6.2. Materials & methods

6.2.1. Ethical approval

Ethical approval for each of the sets of experiments reported in this thesis study was
provided by the University of Virginia institutional review board and human usage
review panel. All the experimental components of my research were performed at the
University of Virginia, Charlottesville, VA, USA; therefore, all human cadaveric
specimens used in the studies presented in this thesis were acquired in accordance with

Virginia state law and US federal laws.
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6.2.2. Specimen preparation

10 lower leg specimens (6 right and 4 left legs) were obtained from 9 fresh frozen
cadavers, mean age 64.6 years (6 male, 3 female). From the available medical histories
there were no reports of trauma to the lower limbs or musculoskeletal disease in the
ankle(s) of the subjects. The specimens were stored at -25°C; prior to testing each
specimen was allowed to thaw at room temperature for 24 hours. A normal range of
movement and ligamentous stability were confirmed by physical examination prior to

testing.

Each lower leg specimen was transected approximately 20 cm proximal to the ankle
joint. The soft tissues were stripped from the proximal tibia and fibula and the two
bones were then rigidly fixed into a potting cup using a fast setting resin (R1 Fastcast,
Goldenwest manufacturing inc. CA, USA) with the leg in an anatomically neutral

position.

Two Steinmann pins were inserted into the tibia approximately 1 cm proximal to the
joint line, via minimal incisions, a further two pins were inserted into each of the talar
neck and the distal fibula. 45° bevelled frames with mounted photo targets were then
rigidly fixed to Steinmann pins using polymethylmetharcrylate (PMMA). The range of
movement was once again examined to ensure that the reference frames did not come
into contact with each other or impinge the range of motion at the ankle joint. The foot
was then rigidly mounted to a foot plate using three screws into the calcaneous, one

screw into the distal part of the first metatarsal, and taping across the forefoot, figure 6.1
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Figure 6.1 A lower leg specimen mounted in the test rig in 20° plantarflexion.

Bevelled frames with the mounted photo targets are rigidly attached to each of the
bones. The foot is rigidly attached to the foot plate by screws in the calcaneus the first
metatarsal Additionally, the forefoot was tapped to the foot plate prior to the application
of load.

6.2.3. Specimen Loading

In the next step the foot plate was rigidly fixed to the base of the test fixture. The
actuator of the hydraulic materials testing machine (Tinius Olson, USA) was lowered
and the base of the potting cup was positioned flat against the actuator plate. This
configuration ensured that the axial compressive load was applied along the vertical axis
of the tibia and fibula. For testing in positions other than neutral, a 20° angled

aluminium block was incorporated between the foot plate and the base of the test rig,

figure 6.1

Each ankle was tested in five positions: neutral, 20° plantar flexion, 20° supination, 20°

pronation, and 20° dorsiflexion which reflect the more extreme ends of movement. The
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specimen was steadily loaded over 3 minutes to a peak load of 1000N, the actuator was
then held in a stationary position, for approximately 20 secs whilst the photo targets
were imaged using the stereophotogrammatric system. The load was then released and
the specimen was repositioned. The process was repeated for each of the joint positions

studied.

6.2.4. Modification of the Stereophotography Technique

At peak load the photo targets were imaged and formed the spatial co-ordinate frame for
the subsequent registration of the tibia, talus and fibula surfaces together. Once the
loading studies were completed the ankle joint was disarticulated and the joint surfaces
were examined for signs of surface fibrillation or degeneration using the India ink
technique. Each articular surface was then imaged relative to the photo targets rigidly

fixed to the relevant bone, using the ATOS™ system.

The surfaces of the three ankle bones were then realigned into the positions assumed in
each of the joint loading configurations. This was performed using software
incorporated into the ATOS™ system. First the photo targets associated with an
individual cartilage surface were identified and then the same photo targets in the
loaded configuration were identified. An automated transformation to position the photo
targets and the associated surface into the loaded joint position was performed and the
point cloud data was saved. The procedure was performed for each bone hence,
providing the relative positions of the joint surfaces when under load. The procedure

was repeated for each of the five joint positions evaluated.

6.2.5. Post Processing Technique

The force applied to the cartilage layers during the loading phase causes cartilage
deformation to occur; however, the force is then removed, the ankle joint is
disarticulated and the joint surfaces are independently imaged with the
stereophotography system in the undeformed state. When the undeformed surfaces of

the talus, tibia and fibula are transformed into the common co-ordinate system formed
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by the photo targets in the loaded state the undeformed cartilage surfaces overlap. This
overlapping region is a good approximation of the true contact area according to the
Winkler elastic foundation model (Johnson, 1985). However, determining the
overlapping regions is not straightforward since the surfaces are not closed, so heuristics
must be applied to decide which part of the surface should be considered in contact (i.e.,

overlapping) with the opposite surface.

contact area

Figure 6.2 Contact area post processing steps.

1) Values of €, and &; are set to allow for the surface uncertainty and the maximum
deformation; 2) the direction from one surface to the other is determined, which is the
surface normal vector (n) in non-overlapping regions and (-n) in overlapping regions; 3)
Regions of the surface extending beyond the border of the opposing surface are
excluded.

We define two constants €; and &, and treat all triangles on mesh A with a distance of
less than &, from the corresponding triangle on the opposite mesh B as part of the
contact area. Moreover, overlapping regions are considered in contact for distances up
to &, to account for a certain amount of deformation, figure 6.2. We set € > 0 since in
the deformed state a greater area of cartilage will be in contact with its opposing surface
than compared to the overlap of undeformed surfaces; furthermore ¢, allows for a small
amount of uncertainty in the surface due to the surface preparation. To ensure that only
valid solutions are yielded, and erroneous results at the peripheries of the joint surfaces
are avoided, the value of &, should not exceed the maximum expected value of overlap.
The values of & may theoretically be up to the combined cartilage thickness of the
opposing surfaces. For this study the parameters are set as £,=0.03mm and &,=1mm. To
distinguish overlapping and non-overlapping regions, the surface normal vector n is
examined. In the non-overlapping case, n points towards the opposite surface, while the

opposite surface is found in the negative direction -n in the overlapping case, figure 6.2.
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Finally, to make the processing more efficient regions that extend beyond the opposite
surface's border and therefore cannot be in contact with each other are disregarded, as

previously described(Millington et al., 2007b), figure 6.2.

Since the surface areas and contact areas are measured from the triangulated mesh,
created from the point cloud data, noise in the vertex locations could result in local
variations in the surface normals which may subsequently increase the size of the
measured area. While this effect is small for any given vertex the cumulative effect
across the total surface area or joint contact area maybe considerable; however the area
error is small if the vertex displacement is small compared to the triangle edge length.
To assess whether vertex location noise produced a marked effect on the joint contact
area measurement the change in joint contact area following consecutive iterations of a

previously described denoising method(Fleishman et al., 2003) was assessed

6.3. Results

The results of multiple iterations of the denoising method show that the contact area
error due to vertex location noise is negligibly low; therefore mesh denoising was not

used for the purposes of these tests, table 6.1.

Number of iterations % Reduction of total Normalised contact area
surface area (%)
0 - 39.86
1 0.23 39.83
2 0.30 39.83
3 0.36 39.84
4 0.40 39.82
5 0.44 39.83
Table 6.1 Impact of the denoising algorithm on surface area and normalised contact

area measurements.

The effect of noise reduction on surface area and normalised contact area measurements
for consecutive iterations of the noise reduction algorithm. Reductions in total surface
area a reported relative to the initial mesh.
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The absolute size of the joint surface area for each bone, the talo-tibia joint contact area,
talo-fibula contact area and total joint contact area were calculated for each joint
position. In order to compensate for variations in the size of the joint contact area
caused by differences in the size of the limbs of the specimen donors the normalised

joint contact area was also calculated.

The joint surface area measurements are shown in table 6.2. The mean talo-tibia contact
area was greatest in dorsiflexion 7.34 cm” £ 1.69 cm” and was significantly larger than
in plantar flexion (P < 0.05) which showed the smallest joint contact area 4.39 cm” +
1.41 cm®. When considering the talo-fibula contact area, the maximum joint contact
occurred in dorsiflexion, 2.02 cm’ + 0.78 cmz, and the minimum joint contact area
occurred in pronation, 0.77 cm” + 0.49 cm?, respectively (P<0.05). Mean total talar,
tibia and fibula contact areas for the different loading positions are shown in figure 6.3.
The total talar contact area in dorsiflexion and neutral were both significantly larger
than the total contact area in plantarflexion, P < 0.005 and P < 0.05, respectively.
Furthermore, the total contact area in dorsiflexion was significantly larger than in

pronation, P < 0.05.

Bone Mean surface Standard Minimum Maximum
area, cm? deviation, cm? surface area, cm?>  surface area, cm?
Talus 20.0 2.3 16.3 24.1
Tibia 10.4 1.2 8.7 12.8
Fibula 3.0 0.5 2.4 4.0
Table 6.2 Absolute joint surface area measurements

Mean, standard deviation and range of joint surface areas for each bone in the ankle
joint, N=10
The joint contact area for each measurement was normalised to the joint surface area
appropriate bone i.e. the talus, tibia or fibula of the respective specimen. The mean
normalised total talar, tibia and fibula contact areas for the different loading positions
are shown in figure 6.4. The normalised plantarflexion contact area was significantly

smaller than in dorsiflexion, P < 005, neutral, P< 0.05 and supination, P < 0.05. The
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normalised dorsiflexion contact area was also significantly greater than in pronation, P<

0.05.

The results show that as the ankle joint rotated in the sagittal plane and moved from
plantar flexion to dorsiflexion the tibio-talar normalised contact area increased by
15.74% + 7.95%; whereas, when the ankle rotated in the coronal plane moving from

pronation to supination the tibio-talar normalised contact area increased by only 5.02%

+ 6.86%
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Figure 6.3

The mean joint contact area (cm?) over the surface of each of the talus, tibia and fibula
in the five different loading positions tested. Error bars represent £ 1 S.D.
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Figure 6.4  Bar chart of mean normalised joint contact area.

Mean normalised joint contact area over the surface of the talus, tibia and fibula in each
of the five loading positions tested. Error bars represent += 1 S.D.

Characteristic patterns of joint contact were seen in each of the respective loading
positions; typical examples of the shape and location of the joint contact area in each of
the five positions tested are shown in figure 6.5 Notable features are the broad contact
area in dorsiflexion distributed over the especially over the medial and lateral talar
shoulders. However, in 20° plantarflexion the contact area on the tibia is narrower and
more centrally located as the talus is narrower posteriorly. When the limbs were loaded
in supination typically the area where the greatest overlap of the surfaces and therefore
the region of greatest deformation under load occurred at the site where the medial talar
shoulder contacts the tibial plafond. In supination the contact area was more medially

located than in neutral or pronation, figure 6.5. In contrast the region of maximum
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cartilage surface overlap in pronation occurred at the site corresponding to the contact
between the lateral talar shoulder and the tibial plafond. The region of contact in

eversion was clearly more laterally located than in neutral loading, figure 6.5.

a. dorsiflexion

A
-
c. supination

e. plantar flexion

Figure 6.5 Typical talar-tibia joint contact distribution patterns.

Representative examples of talar-tibia joint contact distribution patterns displayed on
the talar and tibial surfaces in each of the five loading positions tested. a) dorsiflexion,
b) pronation, ¢) supination, d) neutral and e) plantarflexion. Colour coding shows the
extent of overlap, in mm, of the surfaces in the loaded position indicating the areas of
greatest cartilage deformation
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The contact pattern between the talus and fibula displayed a relatively consistent
pattern; there was noticeable difference, as anticipated, between pronation and
supination. Under loading in 20° of supination the contact area occurred over the
proximal part of the fibula surface, mainly centrally and anteriorly, figure 6.6. The
corresponding contact on the talar surface over the anterior superior aspect of the lateral
talar facet, figure 6.6. When the specimens were loaded in the pronated position the
contact area was distributed over the inferior part of the fibula surface where it has a
valgus angulation figure 6.7. The corresponding contact area on the talar surface

occurred slightly posteriorly over the distal valgus angulated part of the lateral talar

facet, figure 6.7.

Figure 6.6  Talo-fibula contact distribution in 20° supination.

Characteristic joint contact distribution pattern between the talus and fibula in 20°
supination displayed on the talar and fibula surfaces.
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Figure 6.7  Talo-fibula contact distribution in 20° pronation.

A representative example of the joint contact between the talus and fibula in 20°
pronation, displayed on the talar and fibula surfaces

6.4. Discussion

In this study a modification of the stereophotogrammetric technique, previously used to
determine cartilage thickness and distribution, is reported for measuring and describing
joint contact area in the ankle joint. The objective of the study was to quantitatively
evaluate the joint contact area under loading in different joint positions and to describe
the joint contact area distribution across the joint surfaces in neutral, dorsiflexion,
plantarflexion, pronation and supination. The system allows rapid acquisition and
processing of large volumes of geometric data with high measurement accuracy (+ 2
um). The versatility and accuracy of the technique has enabled us to study the joint
contact characteristics of the highly congruent ankle joint without having to disrupt the

joint integrity prior to the loading phase

The results show that the largest talo-tibia and talo-fibula contact area occurred in
dorsiflexion, 7.34 cm® + 1.69 cm?” and 2.02 cm® + 0.78 cm?, respectively. The smallest
talo-tibia contact area occurred in plantarflexion, 4.39 cm® + 1.41 c¢m?” and the smallest
talo-fibula contact area occurred in pronation, 0.77 cm’ £ 0.49 cmz; both are

significantly smaller than in dorsiflexion (P < 0.05)
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Direct comparison to earlier studies is difficult due to the variety of load magnitudes
and joint positions used. The mean normalised total talar contact area was considerably
higher than in the study by Calhoun et al(Calhoun et al., 1994) who reported the
maximum normalised contact as 15% at 10° dorsiflexion. Moreover the total talar
contact area measured in this study exceeds values reported using the °3S
technique’(Yao and Seedhom, 1991) and Fuji film(Christensen et al., 1994).
Unfortunately the earlier techniques have a limited ability to accurately measure the
contact area over a surface with a complex 3D topography; where as the
stereophotography approach allows easy evaluation of the entire surface and

measurement of surface and contact areas by triangulation.

In comparison to the knee joint the total talar contact area is greater than that seen in the
patello-femoral joint(Gold et al., 2004; Nakagawa et al., 2003; Patel et al., 2003), but
smaller than in the tibio-femoral joint(Fukubayashi and Kurosawa, 1980; Kurosawa et

al., 1980); however, the differences are not so pronounced as previously believed.

In pronation it was found that the mean talo-fibula contact area was significantly
smaller than in dorsiflexion. In contrast to earlier studies(Calhoun et al., 1994; Kura et
al., 1998) the talo-fibula contact area in pronation was smaller than in supination;
however, the difference was not statistically significant. This was an unexpected
finding, but is explained by examining the distribution pattern of the talo-fibula contact
area over the joint surfaces. When the ankle joint is loaded in pronation the fibula tip
comes into contact with the distal angulated section of the lateral talar facet which
forces the distal fibula more laterally. This results in a small localised contact between
the distal part of the fibula surface and the distal part of the lateral talar facet, figure 6.7.
In supination the distal part of the lateral talar facet assumes a more vertical orientation,
this combined with the compressive load and the ligamentotaxis pulling the fibula
inferiorly result in a larger contact area between the lateral talar shoulder region and the

broader proximal part of the fibula joint surface, figure 6.6

The regions where the greatest surface overlap were measured, corresponding to the

regions where the greatest cartilage deformation occurred and therefore presumably the
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greatest load transfer, correspond to the shoulders of the talar cartilage. This is
interesting as the cartilage thickness and the subchondral bone mineral density are
highest over the talar shoulders(Millington et al., 2007b; Millington et al., 2007c;
Muller-Gerbl and Putz, 1995) and these findings may be a response to the prevailing

mechanical conditions occurring in the ankle joint.

The distribution of the contact area over the joint surfaces seen in this study support the
finding of earlier studies using roentgen stereophotography and reversible
staining(Corazza et al., 2005) and reversible staining(Greenwald et al., 1977) which
indicated that joint contact was predominantly over the margins of the talar dome.
However, our results differ from studies which required the insertion of Fuji film into
the joint space and reported that the contact area to be over the central talar
dome(Calhoun et al., 1994; Driscoll et al., 1994; Kimizuka et al., 1980). Fuji film
studies of highly curved and congruent joints must be interpreted with caution as the
Fuji film itself can alter the joint mechanics and is prone to crinkling in highly curved

areas, such as the talar shoulders.

It is important to bear in mind that in this study, as in many of the earlier studies, the
fixation of the foot and the tibia constrain movements in particular rotation of the tibia
which occurs during dorsiflexion and plantar flexion in the gait cycle(Mann, 1993).
This restriction of rotation could have prevented the ankle joint from obtaining maximal
congruence in dorsiflexion and plantar flexion; hence, the joint contact area reported my

still be an under estimation of the in vivo situation.

Given that cartilage surfaces deform in regions of contact it should be appreciated that

2

the “true” in vivo contact area is not directly measured by this technique since a
proximity analysis of the non-deformed surfaces is used to determine the joint contact
area. However, by varying the surface proximity value which is considered to represent
joint contact between zero and the maximum cartilage thickness it theoretically possible
to determine the full range of possible contact areas. Additionally, the technique used in

this study can only be used in vitro and it is important to appreciate that in cadaveric
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experiments there is no muscle tension and the stiffness of ligamentous tissue is

different from that of living people.

Despite these shortcomings, the reported stereophotogrammetric technique has the
advantage that during the loading phase of the study no extensive dissection of the joint
structures is required and no foreign material is inserted into the joint, which may alter
the joint contact pattern. Moreover, the described method allows accurate 3-D
reconstructions of the entire articular surface of each bone in the joint, facilitating joint
contact analysis in highly curved regions and automating quantitative measurements.
The versatility of the technique addresses many of the difficulties associated with

previous methods used for measuring ankle joint contact area.

The in vitro method described in this study will be helpful for comparative studies and
validation of loading devices and image analysis algorithms which are being developed
for measuring joint contact area from MR images. In future it will be particularly
interesting to remove the constraints on tibial rotation during loading and assess the
effect on contact area. Furthermore, it will be interesting to assess sex differences as it
has been show there are differences in the bone sizes and radii of curvature between
men and women, with a greater potential for adduction in women(Ferrari et al., 2004);
unfortunately this was not possible in this study due to the small numbers of specimens
and is beyond the scope of this thesis. Importantly this method provides useful input
data for computational models of the ankle joint which facilitate in depth analysis of

joint biomechanics.

6.5. Conclusions

This study has demonstrated a modification of the high resolution stereophotographic
technique reported in Chapter 3, that does not violate the joint structures or require
insertion of foreign material into the joint during loading and allows analysis of the
entire ankle joint surface. The finding of the study show that the largest contact area
occurred in dorsiflexion, the smallest contact area occurred in plantarflexion, but in all

cases the contact area appears to be larger than previously reported. Furthermore, the
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contact distribution was located more over the talar shoulders where the cartilage is

thickest, see Chapter 3 and Chapter 4(Millington et al., 2007b; Millington et al., 2007¢)

the subchondral bone most dense and OCD lesions most commonly occur(O'Farrell and
Costello, 1982) as opposed to contact over the centre of the talar dome and tibial

plafond as reported in some earlier studies.
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Chapter 7.  General discussion

The impetus to undertake the research presented in this thesis came from a series of
high rate forced dorsiflexion tests of cadaveric ankle joints to evaluate fracture
tolerance(Rudd et al., 2004). In a number of the ankles tested articular cartilage surface
injuries were seen in the absence of a fracture. As a result it was decided that it would
be interesting and beneficial to assess and validate methods which would allow in vivo
assessment and quantification of ankle articular cartilage using MRI. Additionally, it
was felt that an evaluation of ankle joint contact area would offer insights which would

improve our current understanding of joint contact characteristics.

This thesis has sought to characterise the geometrical and joint contact properties of the
articular cartilage layers of the ankle joint in order to further our understanding of ankle
mechanics and ankle cartilage injuries. There has been a particular emphasis on the
development and testing of methods forming the basis for in vivo quantification of

articular cartilage parameters using magnetic resonance imaging and image analysis.

More specifically the research presented in this thesis aimed to 1) Describe and test a
high resolution stereophotogrammetry system for quantifying the geometric parameters
of the ankle articular cartilage layers in vitro which can be used as an independent
standard to validate in vivo techniques. 2) Illustrate the topographical distribution of
articular cartilage across the surface of the talus, tibia and fibula. 3) Test and validate
image processing algorithms on high resolution cartilage sensitive MR images which
can be used for in vivo quantification of articular cartilage parameters and 4) Quantify
the ankle joint contact area under compressive load throughout the range of movement
using a stereophotogrammetric system which does not require introduction of material,

such as Fuji film, into the joint during the loading process.

Chapter 3 reports the use of a highly accurate stereophotography system for making
morphometric measurements of ankle articular cartilage; chapter 4 used a 2-D semi-

automated dGVF snake segmentation algorithm on cartilage sensitive MR images in
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order to make similar morphometric measurements. In both studies 3-D thickness

distribution maps were generated.

The stereophotography results showed the mean thickness of the talar and tibial
cartilage to be 1.1 + 0.18 mm and 1.16 + 0.14 mm, respectively; whilst the maximum
talar and tibial cartilage thickness was 2.38 + 0.4 and 2.18 + 0.19, respectively.
Segmentation of the MRI data sets using the 2-D semi-automated dGVF snake
algorithm measured the mean thickness of the talar and tibial cartilage as 1.34 + 0.14
mm and 1.21 + .014, respectively; the maximum thickness of the talar and tibial
cartilage was 2.67 + 0.25 mm and 2.44 + 0.58 mm, respectively. The average MRI
based mean and maximum thickness measurements were greater than those made using
the stereophotography method, but the difference is not statistically significant,
additionally the differences were sub-voxel in size. The results of both studies, in
particular the MRI segmentation study results, represent the upper part of the range of
results reported in the literature(Adam et al., 1998a; Al Ali et al., 2002; Athanasiou et
al., 1995; Shepherd and Seedhom, 1999; Tan et al., 1996). However, these earlier
studies did not examine the entire cartilage surface and notably excluded the highly
curved regions which the studies in this thesis have identified as the regions of greatest

thickness.

Thickness distribution maps generated using both stereophotography and MRI
segmentation, consistently showed the maximum sites of cartilage thickness on the talus
occurring over the talar shoulders where as in the tibia the maximum thickness was
along the anterior border and in the region between the tibial plafond and the medial
malleolus. These finding correlate with the sites identified as having the highest density
subchondral bone(Muller-Gerbl and Putz, 1995), the most common site of OCD lesions
in the ankle joint(O'Farrell and Costello, 1982) and being major joint contact
regions(Millington et al., 2007a). A number of earlier studies indicated that the greatest
cartilage thickness occurs over the centre of the talar dome(Adam et al., 1998a;
Athanasiou et al., 1995; Shepherd and Seedhom, 1999), but these studies did not

analyse the highly curved regions of the ankle joint bones.
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With regard to the reproducibility of the MRI segmentation algorithms both the 2-D
semi-automated dGVF snake algorithm and the 3-D graph search algorithm have been
show to be very reproducible and unbiased. Specifically, the 2-D algorithm has
demonstrated coefficients of variation approaching those achieved in studies of knee
articular cartilage(Eckstein et al., 1998b; Hyhlik-Durr et al., 2000; Kshirsagar et al.,
1998; Peterfy et al., 1994; Stammberger et al., 1999a) which is thicker and less

challenging to segment than ankle cartilage.

The measurements of ankle joint contact area reported in chapter 6 follow a similar
pattern to previous studies when considering contact area with respect to joint
position(Calhoun et al., 1994; Corazza et al., 2005; Driscoll et al., 1994). Tibio-talar
contact area was largest in dorsiflexion and smallest in plantar flexion; however, direct
comparison with previous studies is difficult due to the variety of load magnitudes, joint
positions and methods for reporting the measurements. Nonetheless the contact areas
measured appear to be larger than previously reported in each of the joint position
studied. The existing literature provides a spectrum of opinion in relation to the
distribution of the joint contact area, some studies report the contact area to be located
over the central talar dome(Calhoun et al., 1994; Driscoll et al., 1994; Kimizuka et al.,
1980), where as others report the contact area to be mainly over the medial and lateral
margins of the talus(Corazza et al., 2005; Greenwald et al., 1977). The reported
stereophotographic method for measuring joint contact area supports the finding of the
latter studies, indicating that the major regions of joint contact area occur over the edges
and shoulders of the talar dome. As highlighted earlier the distribution corresponds to
the regions with the highest subchondral bone density(Muller-Gerbl and Putz, 1995)
and greatest cartilage thickness(Millington et al., 2007b; Millington et al., 2007c) which

may be a reflection of prevailing mechanical conditions in the ankle joint.

During the course of this research a number of novel techniques and solutions to
problems have been developed which have useful applications within the fields of

articular cartilage, ankle biomechanics and image analysis research.
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The stereophotography based experiments represent a modification of techniques used

in many industrial processes (http://www.gom.com); therefore the approaches described

in Chapters 3 and 6 benefit from the availability of commercially available systems

which are extremely versatile and highly accurate (www.capture3d.com). An important

benefit of using this approach is that it allows a full geometric assessment of the entire
joint surface and the subchondral bone and a full set of morphological measurements,
which is not possible with many previously described techniques. The versatility and
accuracy of the approach means it can be used as a gold standard against which to
compare MRI. Furthermore, the format in which the data is acquired is easily exportable

and can be converted to other standard formats for use with other software.

The anisotropic diffusion, noise reduction algorithm used in the 2-D semi automated
segmentation process is an important step in the area of articular cartilage segmentation.
Previously the low SNR achieved with high resolution isotropic MRI data meant that
they were considered unsuitable for segmentation and quantitative measurement(Al Ali
et al., 2002). Therefore, larger voxel sizes were used to improve SNR, but this
potentially sacrifices the accuracy and increases the error in quantitative measurements
made from the data. By using an anisotropic diffusion noise reduction algorithm the
image quality can be enhanced without losing the anatomical features of the cartilage
layers, so allowing successful segmentation of high resolution isotropic image data sets.
The ability to use these higher resolution isotropic data sets potentially reduces error in
quantitative measurements and means that partial volume effects are smaller and 3-D

multi-planar reconstructions can be properly utilised.

The image analysis algorithms used in chapters 4 & 5, provide progressive steps in
automation of the cartilage segmentation process. Notably, these algorithms function in
thin articular cartilage layers, even in congruent joints with extensive cartilage to
cartilage contact. Additionally; the 2-D semi-automated algorithm, in particular, has
enhanced the reproducibility of cartilage segmentation, the fully automated 3-D
approach has the possibility to further improve reproducibility by reducing the

variability associated with user input.
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Whilst appreciating the benefits of the methods and results reported it is important to
acknowledge the limitations of the techniques used and the results obtained in these
studies. The limitations of the individual studies have been discussed in each of the

relevant chapters, but are summarised here.

The stereophotography based techniques for studying ankle cartilage geometry and
ankle joint contact area can, unfortunately, only be used in vitro as they ultimately
require disarticulation of the joint in order to make morphometric measurements of
cartilage volume etc. require the cartilage to be dissolved to reveal the subchondral
bone. A generally limiting feature restricting the wider use of this technique is the
considerable expense of high spec commercial stereophotography systems, or the need
to collaborate with experts in the field who are capable of building a customised
individual system as well as performing the programming required to calibrate the
system and handle the data processing. The technique described for imaging the surface
requires that they be prepared with a fine white powder and it is extremely difficult to
exactly quantify the effects this has on the true measurements, but it is believed to be
negligible, and since both the cartilage and bone are treated in the same fashion the
effects on thickness measurements should be negated. This could potentially be avoided
by using a laser scanning system which does not require routine surface preparation, but
laser scanners may suffer from scatter on “glistening” surfaces. A potentially greater
problem may result if delays occur in the experimental process as the cartilage layer
may become dehydrated, despite protective measures, so altering quantitative

measurements.

A notable drawback of the work presented in this thesis is the lack of spatial registration
of the stereophotography generated models of the cartilage layers and the MRI
segmentation derived models. As a result it is has not been possible to determine surface
positioning error for the segmentation lines, which would allow exact quantification of
surface errors and identify regions in which the segmentation algorithms consistently
perform well or poorly. However, the development of a suitable reliable, automated

spatial registration algorithm is beyond the scope of this thesis, but is a major area of
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interest for future developments, since such an algorithm will enhance studies of

cartilage changes in patients over time which requires repeated longitudinal imaging.

With regard to the MRI image analysis based studies the imaging sequenced used is
rather long, 17 mins 14 s; whilst being suitable for research purposes it is likely to be
too long for routine clinical use. Nevertheless, being able to acquire high resolution
isotropic image data that is suitable for segmentation is an important advance and with
the continuing rapid development in MRI technology acquisition times will be

significantly reduced.

Whilst isotropic data sets allow multi-planar reconstructions when using the 2-D semi-
automated algorithm not all the image plane are suitable for complete segmentation and
in the ankle joint it was only the coronal images which allowed full segmentation to be
performed. Sagittal and axial films experience noticable partial volume effects at sites
of marked curvature which make it impossible to perform complete, accurate
segmentation. An additional limitation of the 2-D semi-automated approach is the need
for high performance processors as well as the CPU required to run the Matlab™ based
code and calculate the morphometric parameters from the reconstructions of the
cartilage layers. This could potentially be improved by programming the algorithm in a
different computer language. Furthermore, although the algorithm represents an
improvement on earlier methods, it is still slow, tedious and, in challenging cases, rather
labour intensive which limits its widespread usability. Hence, the pilot study in chapter

5 was performed in the hope of addressing some of these concerns.

The automated 3-D graph searching algorithm is an exciting advance in the field of
cartilage image analysis, but it must be remembered that the work presented in chapter 5
is only a pilot study. Again, as with the 2-D semi-automated algorithm, the 3-D
approach requires a computer with a high performance processor and considerable CPU
in order to function appropriately. However, with further development and better
optimisation of the algorithm parameters alongside to continuous improvements in
computer technology, this is does not represent a significant obstacle. In its current

format the algorithm parameters have only been optimised to the basic shape of the
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ankle joint bones i.e. talus, tibia and fibula, therefore, unlike the 2-D dGVF snake
algorithm, it is not immediately transferable for use in other joints such as the knee.
Again, with further development work this limitation will be relatively straightforward
to overcome. As only basic optimisation has been carried out so far the algorithm user
must carefully select the position of the initialising seed spheres in order to ensure the
algorithm functions correctly and this is further hampered as the program only has a
rudimentary user interface which must be significantly enhanced before it will be

suitable for widespread use.

The modified stereophotography technique used for the joint contact studies, in Chapter
6, is affected by many of the technical limitations previously highlighted. When
considering the modification for the joint contact study a key point to realize is that the
technique makes an indirect measurement of the joint contact area. Since the photo
targets are imaged in the loaded position, when the articular cartilage is deformed due to
load, the load is then removed, the joint disarticulated and the surfaces re-imaged in the
non-deformed state; therefore, the contact area is determined indirectly from the area of

surface overlap.

Specific limitations of the study reported in Chapter 6, as opposed to limitations of the
stereophotographic technique, include: The fixation of the tibia, fibula and foot during
loading which constrains the rotation of the bones that occurs during movement of the
ankle joint and so may prevent the bones reaching maximal congruity leading to an
underestimation of the true contact area. The absence of muscle tension or loading,
which would occur in the in vivo situation, may subtly alter the relative position of the
bones in a given foot position. These two points can be addressed relatively easily in
future studies by modifying the test rig, using specimens with an intact knee joint and

using mechanical pulley systems to tension relevant muscles.

One final general limitation of the studies presented in this thesis is the relatively small
numbers of specimens used in the studies; however, this is a well established,
longstanding problem in research of this nature due to the limited supply of suitable

cadaveric specimens.
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Each of the studies carried out for this thesis are interlinked as each represents a step in
the process of developing and validating MRI based, non invasive, in vivo methods for
objectively evaluating geometrical, biochemical and biomechanical properties of
articular cartilage. The work presented here focuses on initial image analysis algorithm
testing and the development of methods which may act as independent gold standards

for validating MRI measurements.

The stereophotography based study, Chapter 3, provides baseline data with regard to
ankle articular cartilage geometric parameters. This links to subsequent studies as the
method allows validation of MRI image analysis algorithms since cadaveric specimens
can be imaged and the segmentation data compared to stereophotographic

reconstructions once they have been spatially registered.

The image analysis studies, Chapters 4 & 5, represent advances on previous methods
used to segment articular cartilage in 3-D MR data sets. Validated 2-D segmentation
allows quantitative in vivo assessment of articular cartilage and provides an essential
stepping stone in the development of fully automated 3-D segmentation methods. The
ability to accurately segment cartilage layers provides the possibility to longitudinally
monitor geometric parameters and to create to 3-D reconstructions of cartilage layers

which can enhance the clinical assessment of a cartilage lesion.

The joint contact area study in Chapter 6 is a novel modification of the method reported
in Chapter 3 and has made it possible to study joint contact area without disrupting the
joint prior to or during loading. It provides new information about the distribution of
contact across the joint surfaces in the ankle which is useful for development of realistic
computational models of the ankle for predictive studies. More importantly, the method
offers an independent standard for the initial validation of MRI based measurements,

which is vital in view of the development of MR compatible joint loading devices.

In summary each of the studies presented represents a small advance in the current
knowledge. The cartilage thickness maps generated from stereophotography and MRI
show that the maximum thickness occurs at the edges of the talar dome over the

shoulders of the bone, helping to clarify the variable picture obtained from reviewing
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earlier studies which were unable to accurately analyse highly curved regions. The
image analysis methods applied and tested are a progression on previously reported 2-D
segmentation methods. The combined noise reduction and 2-D semi automated
approach demonstrated that it is possible to precisely segment high resolution isotropic
MR images which have an SNR previously believed to be too low for segmentation
purposes(Al Ali et al., 2002). The 3-D fully automated study is a further step in the field
of cartilage image analysis and highlighted the unique potential of using an optimised
graph searching algorithm for articular cartilage segmentation; it represents a significant
step in the development of a clinically applicable suite of tools for analysing articular
cartilage in vivo using MRI. Finally, by using a stereophotography based technique
which allowed assessment of the entire joint surface without having to disrupt the joint
before or joint loading, we have established that ankle joint contact area is notably
larger than previously reported and that the major areas of contact correspond to the

areas of thickest cartilage and most dense subchondral bone.
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Chapter 8.  Thesis conclusions

Ankle articular cartilage injuries can occur at sub-fracture load magnitude(Rudd et al.,
2004) and may lead to subsequent joint degeneration. Articular cartilage repair and
techniques to stimulate articular cartilage regeneration are extremely topical areas of
research. However, there is little well defined experimental data on the 3-D
topographical distribution and mechanical properties of the articular cartilage of the
ankle. This knowledge is essential so that cartilage repair and/or regeneration techniques
can be successfully implemented and monitored non-invasively in the ankle joint. The
studies reported in this thesis represent a small step forward in our understanding of
ankle cartilage geometry and the development of techniques for making accurate non-
invasive quantitative measurements using MRI. Furthermore the data generated
provides a baseline geometric dataset which can be used to enhance computational

models of the ankle joint for studying ankle biomechanics and injury.

The experimental studies reported in this thesis have achieved the intended aims and
provide information which helps to improve our current understanding of the geometry,

cartilage thickness distribution and variation in contact area across the ankle joint.

A highly accurate stereophotography technique for acquiring geometric data and
making quantitative measurements of thin articular cartilage has been described and
applied to the ankle joint. A further modification of the stereophotography experimental
technique has also been reported which allows measurement of ankle joint contact area
under load in a number of positions without disrupting the joint before or during
loading. These stereophotography methods provide an independent standard against

which MRI measurements can subsequently be compared.

With regard to image analysis techniques for making MRI based measurements, the
development and testing of a semi-automated 2-D directional gradient vector flow snake
has been reported. Subsequent attempts have been made to increase the degree of
automation and speed of the image segmentation process and pilot testing of a fully

automated 3-D graph searching algorithm has been reported.
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In the stereophotography experiments reported in chapter 3 quantitative measurements
of thin articular cartilage layers indicate that ankle cartilage is thicker than previously
believed and the thickness distribution maps show that the thickest articular cartilage in
the ankle occurs over the talar shoulders where cartilage lesions most commonly
occur(O'Farrell and Costello, 1982). The accuracy of the stereophotographic technique
means it may be used as an independent gold standard for validation of the accuracy of

in vivo measurements in thin cartilage layers using MRI.

The 2-D semi-automated cartilage segmentation studies, in chapter 4, quantified the
geometric parameters of the talar, tibial and fibula cartilage layers from non-invasive
MRI scans of intact ankle joints. These studies showed that by using the dGVF snake
segmentation algorithm combined with an anisotropic diffusion denoising algorithm it
is possible to extract the cartilage layers more precisely than previously achieved(Al Ali
et al., 2002) in the ankle joint. In keeping with the stereophotography studies in chapter
3 the mean and maximum thickness of each layer of ankle cartilage exceeded the
measurements previously reported and the same characteristic cartilage thickness

distribution was observed.

The image segmentation study reported in chapter 5 evaluates the feasibility with regard
to accuracy and reproducibility of a fully automated 3D multi-surface segmentation
algorithm on cartilage sensitive MRI images. The results indicate that both the pre-
segmentation steps and the final segmentation process are fast, accurate and

reproducible.

The reported 3D approach addresses a number of the existing challenges in articular
cartilage segmentation and quantification; what is more, this approach -carries
substantial promise as a future utility for automated quantitative 3D analysis of articular

cartilage in a clinical setting.

Finally, in Chapter 6, a modification of the high resolution stereophotographic
technique reported earlier in Chapter 3, was developed and used to study ankle joint
contact area across the entire joint surface in a variety of positions. The technique offers

an advantage over other techniques in that it does not violate the joint structures or
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require insertion of foreign material into the joint during loading. The results of the joint
contact measurement experiments show that the largest contact area occurred in
dorsiflexion whilst the smallest contact area occurred in plantarflexion. Importantly the
study showed that in all joint positioins the contact area appears to be larger than
previously reported. Furthermore, the contact distribution was located more extensively
over the talar shoulders where the cartilage is thickest, see Chapter 3 and Chapter

4(Millington et al., 2007b; Millington et al., 2007c) and the subchondral bone most

dense. This also coincides with the location where clinically most talar OCD lesions
occur(O'Farrell and Costello, 1982) as opposed to contact over the centre of the talar

dome and tibial plafond as reported in some earlier studies.

As with the results from the stereophotography experiments in Chapter 3, the results
provide essential experimental data which again can be used to enhance computational
models of the ankle joint which are used to study ankle joint injury, development of
degenerative conditions such as post traumatic osteoarthritis, ankle biomechanics and

potential effects of new therapies
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Chapter 9.  Future work

The research presented in this thesis shows the development of a series of new
techniques and tools for analysing articular cartilage. Furthermore it has sought to
answer a number of points regarding the cartilage distribution and joint contact
characteristics of the ankle. By addressing these questions and through the development
of new approaches a number of new and interesting research areas have been
highlighted. The in vitro techniques reported in this thesis may be used for the future
validation of in vivo techniques which are clinically useful. Moreover, the results of this
thesis have helped to form the basis of a number of successful grant applications which

will fund on going research into the following areas.
1. Further development of 3D automated segmentation
2. Invivo joint contact area measurement
3. Development of automated spatial registration tools
4. Evaluation of the NIH osteoarthritis initiative data set
5. Mechanical cartilage stiffness mapping
6. Validation of functional MRI measurements
7. Follow-up and monitoring of cartilage lesion and cartilage repair tissue
8. Pre-operative planning for autologous chondrocyte transplantation

9. Development and refinement of ankle finite element models
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Appendix 1. Stereophotography study
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Summary

Objective: To describe the topography and 1o measure thicknesses, surface areas and volumes in the cartilage layers of the ankle.

Methods: Twelve cadaveric ankle joinis were disarticulated and the cartilage surfaces of each bone were imaged with a highly accurate
{+2 ym) sterecphotography system (ATOS™), The cartilage was then dissolved and the subchondral bone imaged, The geometric data
were then used to measure the quaniitative parameters in each carilage layer.

Aesults: The mean carlilage volume across the 12 specimens ranged from 0.32 + 0.08 mi for the fibula to 2.44 = 0.48 ml for the lalus. The
mean thickness of both the talar (1.1 £0.18mm) and tibial (1.16 014 mm) carilage was significanily thicker than the fibula
{0.85 = 0.13 mm). The falus had the greatest mean maximum cartilage thickness (2.38 = 0.4 mm).

Gonclusions: The raported stereophotographic lechnique may be used as an independent gold standard for validation of the accuracy of guan-
litative cartilage measurements made using magnetic resonance imaging. The thickness distribution maps show that the thickest aricular car-
tilage occurs over the talar shoulders where osteochondral lesions commonly occur and net in the cantre of the talar dome as commonly believed.
© 2006 Osteoarthritis Research Society International. Published by Elsavier Lid. All rights reserved.
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Introduction Avariety of methods have been used to measure the thick-
0o 7t ness of cartilage in different joints both in vitre and in vivo with
Accurate quantitative descriptions of the surface geometry varying accuracy; in vitro methods include: anatomical sec-
of articular joints are essential for validating the accuracy tions®; needle probe measurements’; stereophotographic
of measurements made using advanced 3-D magnetic res- techniques® and A-mode ultrasound®'®. In vivo methods
onance imaging (MRI) techniques and the development of  for measuring cartilage thickness include: X-ray measure-
computational models. . ) ) ments'"'?; computer tomography sections'®; and MRI®'%.
In order to characterise the mechanical properties of a di- In vitro techniques require disarticulation of the joint and/or
arthrodial joint, accurate measurements of the articular car- may alter the thickness due to deformation during contact.
tilage thickness and the varialion in thickness across the Several of the in vive techniques use indirect methods to
surface of the joint are required. It is also essential to  make measurements of cartilage thickness e.g.. X-ray and
have baseline measurements of quantitative geometric pa- contrast-enhanced computer tomography (CT),
rameters of cartilage, such as fthickness and volume in Early studies in this area were limited to using 2-D tech-
healthy joints, if we are lo use non-invasive imaging-based nigues such as anatomical sections and plain radiographs,
biomarkers to manitor the progression of degenerative joint failing to account for out-of-plane surface curvature of the
diseases’, such as osteoarthritis. " . joint. The resulting oblique measurements tend to over-es-
Most previous investigations of articular cartilage thick- timate the thickness of the cartilage layer. More recent stud-
ness have dealt with the knee. There have been relatively ies using advanced 3-D reconstruction techniques allowed
faw studies of the ankle and other joints possessing thinner precise thickness measurements to be made perpendicular
articular cartilage laye : to the joint surface, hence accommodating curvature in all

directions and giving true thickness measurements at an

*Address correspondence and reprint requests to: Dr Steven A, increased number of points.
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technigue was a non-contact method which allowed precise
measurements (+90 ym). Unfortunately the process was
slow, labour intensive and allowed only a discrete number
of points to be digitised; furthermore, |t was not possible
to reconstruct the entire joint surface from one data set,
as the cameras and specimen were fixed Iin one position,

MRI is becoming more widely available and offers many
benefits over other methods for measunng articular surface
geometry. Using modem segmentation algonthms and 3-0
reconstruction techniques, MRI can be used to longitudinally
measure changes in parameters such as cartilage thickness
and volume, in vivo. Initial research along these lines has fo-
cused on the knee joint'*~"®, which has the thickest cartilage
in the body and is relatively easy to segment, as it does not
have large congruent areas. However, attempts to utilise
MRI for quantitative measurements of the cartilage layers of
the ankle have been limited by the achievable image resolu-
tion and the technigues for detecting cartilage boundaries®,
With the exception of the efforts of Eckstein and co-workers,
there have been few attempts to establish the accuracy of
MRI measurements of cartilage specifically in thin congruent
cartilage layars® ®, Moreover, the accuracy of MRI-based
quantitative measurements in thin congruent canilage
layers has not been validated against an independent gold
standard,

The objectives of this study were first, to describe a high
resolution stereophotographic technique for quantifying the
thin cartilage layers of the ankle jeint, providing a method to
validate other techniques, second, to describe the topo-
graphical variation of ankle joint articular cartilage; and
finally, to provide baseline measurements of quantitative
parameters of ankle cartilage in joints with no visual signs
of degeneration or carlilage defects.

Materials and methods

Twelve fresh frozen foot and ankie specimens were har-
vested from 12 male cadavers, with a mean age of 61.5
years (range 5175 years). All specimens were acquired
in accordance with state and federal laws. Ethical approval
tor the study was provided by the University of Virginia Insti-
tutional Review Board and human usage review panel.
From the available medical histones there were no reports
of trauma to the lower limbs or musculoskeletal disease in
the ankle(s) of the subjects.

The specimens were stored al —25°C. Prior 1o testing,
each specimen was allowed to thaw at room temperature
for 24 h. After thawing, the ankle joints were disarticulated,

and soft tissues were removed from around the tibia—fibula
complex and the talus, leaving the syndesmosis intact.
Each specimen was visually examined by an orthopaedic
surgeon and stained using the India ink technique to assess
for cartilage surface lesions and degeneration, No cartilage
lesions wera seen in any of the specimens tested, minor lo-
calised surface fibrillation was seen in two ankles, which is
in keeping with the findings of Meachim®' in autopsy spec-
imens. The bones were then potted in custom potting cups
using a fast-setting resin (A1 Fastcast, Goldenwest
Manufacturing Inc., CA, USA) taking cara o ensure that
the articular surface was above the level of the patting ma-
terial (Fig. 1). The talus was elevated above the potting ma-
terial by inserting three screws into the inferior surface of
the talus, leaving part of the screw shafts projecting into
the potting material so that the screws became rigidly em-
bedded into the resin and fixed the talus in position. During
preparation the specimens were kept hydrated with phos-
phate buffered saline containing protease inhibitor (Sig-
ma-Aldrich, USA). The potting cups incorporated a flange
at their rim with photo targets fixed to it, the rigid fixation
of the specimen ensured that there was no motion of the
specimen relative to these targets (Fig. 1).

The Stereophotogrammetric system (Advanced TOpo-
metric System — ATOS |l SO, Capture 3-d, CA, USA)
consists of two high resolution CCD cameras, a fringe
pattern projector and digital image processing software.
The ATOS system has a measurement noise (accuracy)
of +2 um and a point spacing of 0.03 mm (http./f'www.gom.-
com/EN/measuring.systems/atos/system/vanations). The
system functions by projecting a fringe pattern onto the
specimen and the fixed photo targets; the system then
uses triangulation and digital image post processing to as-
sign 3-D coordinates to each pixel, thereby generating
a dense point cloud, By combining multiple point clouds
taken from different views, a full detailed 3-D model of
each surface can be generated, typically yielding on the or-
der of 70,000 points for each cartilage or bone surface. In
order to improve image contrast and optimise the perfor-
mance of the ATOS system a fine coating of white powder
was sprayed onto the surface being imaged.

Each cartilage surface was imaged, and the point cloud
data were saved to disk. The articular cartilage was then
dissolved by submerging the specimen In a 5% sodium hy-
pochlorite solution for 6-8h to reveal the intact subchon-
dral bone”. During this process the specimen was not
allowed to move relative to the photo targets due to the rigid
fixation. After removal from the 5% sodium hypochlorite the
specimen was again visually examined by an orthopaedic

Fig. 1. A potted fibia—fibula complex and a talus specimen are shown in this picture. The articular surface of the talus has been prepared with
afine white power to improve image contrast and optimise the performance of the ATOS system. Black and white photo targets are fixed to the
flange on the potting cup.
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surgecn to ensure that all the cartilage had been removed.
The imaging process was then repeated for the subchon-
dral bone surfaces. Finally, the common photo targets
were defined and used to spatially register the cartilage
and subchondral bone surfaces together using software in-
corporated in the ATOS system which parforms a rigid body
rotation and transformation of the cartilage surface onto the
bone.

POET PROCESSING TECHNIQUE

Cartilage thickness was measured by performing an
octree-based search for every point on the cartiiage sur-
face to find its nearest neighbour on the corresponding
bone surface. This is a reasonable approximation since
the average distance between adjacent points on any sur-
face is small, typically less than 40 ym. However, care had
to be taken at the edges of the surfaces because although
the cariilage and bone surfaces were registered to each
other, their borders did not necessarily match identically,
since the surfaces were imaged independently. If the
boundary of one of the meshes were o extend beyend
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the other, as depicted in Fig. 2(a), an incorrectly large
thickness would be reported for the extended part of the
surface. These offending regions were identified by
inspecting a triangle T= (v, vz v5) on M and the nearest
neighbours v/ of v (i=1...3) on M. see Fig. 2(a). (v is
not shown in this 2-D sketch), If all v/, i=1...3, lie on
the boundary of M, triangle T is discarded, steps 1 and
2 in Fig. 2(a). Additionally, in some specimens small
amounts of periarticular tissue, e.g., fat, joint capsule
andfor ligamentous tissue, which could not be completely
removed caused artefacts, making the cartilage layer ap-
pear thicker along parts of the boundary [Fig. 2(b)]. There-
fore, any extraneous parts at the periphery had to be
identified post hoc and repaired. To alleviate this problem,
we define a maximum thickness oy and shrink both
meshes M and M until the distance between them is not
larger than dy anywhere at the boundary.

The final step was to “stitch” the cartilage and bone
meshes together to form a closed volume. Note that these
corrective procedures had no impact on the more central
portions of the surface models, as they only occur at the

periphery.

(a) different mesh extents

cartilage

Fig. 2. Schematic of the corrective post processing procedure. (a) Different mash extents. (b) Diverging meshes. Stap 1, removal of non-cor-
responding regions; step 2, for each verex on the cartilage surface the neares! neighbour on the bone surface is found; step 3, the edges of
the meshes are "stitched” together,

120



Appendix 1

208

S. A. Millington et al.: Quantification of ankle articular cartilage topography and thickness

The processed trangulated meshes for each cartilage
layer were used to measure the cartilage surface areas
and the bone cartilage interface (BCI) areas. The cartilage
volumes were determined from the closed polyhedra
formed by the combined cartilage and bone meshes. In ad-
dition, the coefficient of variation was calculated for each
cartilage layer in order to provide a description of the varia-
tion of thickness within a cartilage layer.

Quantitative parameters were stafistically analysed for
differences between the talar, tibial and fibula layers using
ar ANOVA with a post hoc Tukey test, P < 0.05 was con-
sidered significant.

Results

Precise 3-D geometric models and thickness distribution
maps were generated for each articular cartilage layer, pro-
viding complete geometric data including the highly curved
regions and the peripheries of the surfaces. Representative
examples of the 3-D thickness distribution maps are shown
in Figs. 3—5. The 3-D models faithfully reproduce the sellar
shape of the talus and the concavity of the distal tibial sur-
face, and the thickness distribution maps reveal several
characteristic pattemns. The talus maps displayed two dis-
tinct areas over the talar shoulders, one anterior-laterally
and one posterior-medially, where the thickest cantilage oc-
curred (Fig. 3). The tibial cartilage thickness was more
evenly distributed; however, the thickest cartilage typically
ocecurred In two areas; the central part of the anterior tibial
plafond and the curved region at the transition between
the tibial plafond and the medial malleolus (Fig. 4). The fib-
ula showed a characteristic valgus angulation of the distal
articular surface and had the most homogeneous cartilage
thickness of the ankle cartilage layers (Fig. 5).

The articular cartilage thickness was measured at every
point on the articular cartilage surface; the mean number
of measurements per surface was 73,236. The mean and
standard deviations (across the 12 specimens) of spatial
mean thickness, maximum thickness, cartilage surface
area, BCI area and volume are shown n Table |.

There was no significant difference between the mean ar-
ticular cartilage thickness of talar and tibial cartilage layers.
The talar (P < 0.01) and the tibial cartilage (P < 0.001) spa-
tial mean thickness values were significantly greater than
the fibula cartilage. For maximum cartilage thickness the
only significant difference was between the talus and the
fibula (P < 0.05).

Cartilage surface area and BCl| area measurements
showed clear significant differences. The talus had a

significantly larger surface area than both the tibia
(P < 0.001) and the fibula (F = 0.001). Even when the tibia
and fibula were combined, representing the superior half of
the ankle joint, the talus had a significantly larger surface

area (P« 0.001).
The talar cartilage volume was also significantly greater
than the combined tibia—fibula cartilage volume

(P 0.001) and the tibia had a significantly greater volume
than the fibula (P < 0001). This is a clear reflection of the
larger area covered by articular cartilage on the talus com-
pared with the tibia and fibula,

As an assessment of the homogeneity/inhomogeneity of
the cartilage thickness across the joint surface the coeffi-
cient of varation was calculated for the superior part of
the joint (the tibia—fibula complex) and the inferior part of
joint (the talus), The coefficients of variation were very sim-
ilar for both halves of the joint, 30.21% over the tibia—fibula
complex cartilage and 30.54% over the talar cartilage.

Discussion

In this study we have described a highly accurate tech-
nigue for generating 3-D geometric models and making
quantitative measurements in thin cartilage layers, based
on a commercially available stereophotography system,
ATOS™, The system allows rapid acquisition and process-
ing of large volumes of geometric data with a measurement
noise {accuracy) of +2 um, The versatility and accuracy of
the technigue have enabled us to study gecmetrical param-
eters of thin highly curved cartilage layers to a level of detall
that has not been previcusly possible.

Qur results show that the spatial mean cartilage thickness
ranged from 0.85 + 0.13 mm in the fibula to 1.16 = 0.14 mm
in the tibia, and maximum thickness ranged from
2.06 -+ 0.08 mm In the fibula to 2,38 + 0.4 mm in the talus.
The coefficients of variation show that ankle carilage thick-
ness has a relatively consistent level of homogeneity
throughout the joint; the values are lower than those re-
ported In the knee joint®, but consistent with results reported
in the ankle joint®.

A variety of technigues have been used previously to
measure ankle cartilage thickness in the ankle. Using the
in vitro needle force probe technique’*®, mean carilage
thickness values have been reported as 1.22 mm and
1.16 mm for the talus, 1,18 mm and 1.35 mm for the tibia
and 0.95 mm for the fibula, Using A-made ultrasound In
an in vitro study the reported mean thickness values were
lower; 0.95 mm and 1.0 mm for the talus and tibia, respec-
tively. In an MRI-based study of volunteers® the mean

1.5 mm
2.0 mm
1.5 mm
L0 mm

L5 mm

0.0 mm

Fig. 3. Representative 3-0 thickness distribution maps of the talar articular cartilage layer, viewed from the lateral (left) and medial aspects
(right) of a right talus,
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1.5 mm

1.0 mm

0.5 mm

.k mm

Fig. 4. Representative 3-D thickness distribution maps of the tibial articular cartilage layer, viewed trom the inferior aspaect of a right fibia.

cartilage thicknass was at the lower |imit of values reportad
in the literature; 0.89 mm and 0.82 mm in the talus and the
tibia, respectively.

Unfortunately each of the above techniques has limita-
tions. The needle probe technigue can only be used at
a number of discrete points over the surface and ruptures
the surface limiting the usefuiness of further testing, Fur-
thermore, Jurvelin et al.'" previously reported the change
in force signal was not very sharp and a subjective evalua-
tion was required when using a needle probe. The accuracy
of ultrasound measurements is dependent on the assump-
tion that sound travels at a unitorm speed through all la
of the articular cartilage. However, pravious studies'®®*
have shown considerable variation in the velocity, espe-
clally in thin cartilage layers, which may help to explain
the lower mean values seen with ultrasonic measurements.

MRI can avoid many of these limitations, allowing mea-
surements at every voxel and calculation of surface areas
and volumes. Unfortunately, the earlier MRl study® ex-
cluded the talar shoulders and malleolar facets as well as
the tibial medial malleclar and fibular surfaces, because
nen-isofropic sagittally acquired data were used. Therefore,
a direct comparison of volume and surface area measure-
ments with the current study is not possible.

. 2.0 mm
POST, 1
1.5 mm
ANT l AN
0.0 mm

Fig. 5. A represemative 3-D thickness distribution map of the fibula
arficular cartilage layer, viewed from the anterior aspect of a left
fibula.

During the disarticulation and potting the specimens wera
kept hydrated with phosphate buffered saline which theoret-
ically may result in some swelling of the articular cartilage;
however, if the cartilage was left untreated it would poten-
tially become dehydrated by exposure fo the atmosphere
and the surface preparation. The relatively short preparation
time and the rapid data acquisition process for the cartilage
surface by the ATOS™ systam helped to minimise these af-
fects; tharefore, we believe that the results of the present
study realistically represent the thickness of the cariilage
in the in vivo state.

Although the reported stereophotography technique is
destructive to articular cartilage, and thus can only be per-
formed in vifro It Is still a very useful technigue as It provides
an independent gold standard for validating the accuracy of
other measurement techniques, such as MRI™, which may
also be used for in vive studies.

In the talus the thickness distnbution maps indicate the
thickest cartilage region occurs anterior-laterally and poste-
rior-medially over the shoulders of the talus. Earlier studies,
unable o assess the highly curved regions of the joint sur-
faces, reported the thickest cartilage to occur in the central
region of the talar dome™*22, Qur findings are In keeping
with those of Muller-Gerbl and Putz** who described find-
ings from anatomical sections. The results of this study
clearly show that the reglons of greatest thickness on the ta-
lus correspond to the most common site of Ostecchondritis
dissecans (QCD) lesions in the ankle®®, Furthermore, the
thick cartilage over the anterior border of the tibia corre-
sponds to cartilage injury sites seen in dorsiflexion testing®®,
Itis also interesting to note that the regions of greatest car-
tilage thickness in the ankle joint correspond to regions on
the talus and tibia where the subchondral bone is most
dense®. These finding may be a response to the prevalling
mechanical conditions occurring in the ankle joint.

Understanding the behaviour of ankle articular cartilage
requires a true understanding of the 3-D anatomy, including

Table |
Mean values (£8.0D.) for sach of the quantitative parameters mea-
sured from 12 ankile specimens

N=12 Talus Tibia Fibula

1104018 1.16£0.14 085:0.13
23804 218+ 0,19 206008
2156 +£214 1345128 430079

Mean thickness (mmj)
Max thickness (mm)
Cartilage surface

area (mm)
BCI area (mm”?) 236£167 1257+079 367=0.63
Walume (mil) 244+048 150x028 0.32=0.08
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the distribution of cartilage thickness across the joint sur-
face. Additionally, biomechanical knowledge of the cartilage
stiffness distribution across the jeint surface is important. As
the results of this study show that the thickest cartilage
occurs where cartilage injuries are most commonly seen,
future studies of the carllage mechanical properties in
these regions will be of significant interest.

Changes in quantitative geometric parameters have been
suggested as potentially sensitive measures of degenera-
tive change in cartilage layers'’, The described stereo-
photegraphy technique offers the possibility to validate
MR derived measurement for surface areas and volumes,
in addition to thickness in thin cartilage layers. Validated
MR technigues offer a powerful tool for detecting and mon-
jtoring cartilage injury and degenerative change.

The geometric data generated using this technigue can
be used as inpul to finite element (FE) computational
models. As a result the geometric database created from
this study may be used to generate a representative geom-
etry of the ankle joint and its cartilage layers®™®. FE models
based on representative geometry can be of significant ben-
afit for stress and strain analyses™ and to aid development

of improved ankle prostheses™,

Conclusions

We have reported a highly accurate technigue for acquir-
ing geometric data and making quantitative measurements
of thin articular cartilage layers. The reported stereophoto-
graphic technigue may be used as an independent gold
standard for validation of the accuracy of in vivo measure-
ments in thin cartilage layers using MRI. Furthermore, the
3-D geometric ankle cartiage data will heip to produce
more realistic computational models for biomechanical
analysis. Finally, the thickness distribution maps produced
show that the thickest articular cartilage in the ankle occurs
at the clinically relevant regions where cartilage lesions
most commonly oceur’®,
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Surface Extraction and Thickness Measurement
of the Articular Cartilage From MR Images Using
Directional Gradient Vector Flow Snakes
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Abstraci—The accuracy of the surface extraction of magnetic
resonance Imesges of highly congruent jolnts with thin articulsr
cartilage luyers has a significant efect on the pcmw errors
and rvpmduciball) of guantitative hich

significant. Currently, precise evaluation of a patients” degener-
ative joint(s), qualitatively and quantitatively both pretreatment
and post-treatment, 35 technically demunding. especially in

leg.,
ond valume) of the articular cartilage. Traditional techmigues such
as gradient-based edge detection are nol suitable for the extrac-
tiom of these surfaces, This paper studies the extraction of articular
cartilage surfaces ushng snakes, and o gradient vector flow (GVF-
based external foree bs proposed for this application. In order to
muke the GVF snake more stable and converge to the correct sur-
faces, dircctional gradient is used to produce the gradient vector
fow. Experimental results show that the directional GVI snake is
more robust than the traditional GVF snake for this application
Based on the newly developed snake model, an articular cartilage
surface extraction algorithm is developed. Thickness is computed
Based on the surfaces extracted wsing the proposed algoritho In
order to make the Htl-t! mre r ible, »
new thich pp . which s callod T-norm, is
Intrvsued. }.\pcﬂmrlual nmlud'mu that the dllclumn MeRsIre-
ment obtained by the new th h has
better reproducibility than that ohtai hick
computation approsches.

Index Terms—Besplines, cartilage surface extraction, grodient
vector fow, segmentution, snakes.

'h) the exi ..—:

I INTRODUCTION

N THE westem world, osteoarthritis is the most common

form of disability. The socic-economic impact of degen-
erative joint diseases is buge; in the United States alone the
cost was approximately $63 billion per year during the 1990
[1]. This cost is only set 1o vise with an aging population and
rising drug costs. The potentinl impact of chondro-prolective
treatments and anticulur cartilage restoration technigues are
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highly congruent joints with thin articular cartilage, ¢.g.. the
ankle joint. However, in order to clinically evaluate present and
future treatments we must be able precisely and reproducibly
image and quantify the articular cantilage of these joints |2|-{6]

Accurate assessmenl of articular cartilage layers requires the
use of three-dimensional (3-13) reconstruction of joints in order
W quantify the cartilige parameters independently of slice loca
tion or onentation. Theee-dimersional seconstructions ane par-
tcularly smposiant for longitudinal studies of patients in which
measurements must be reproducible.

Magnetic resonance imaging is o multiplanar imaging tech-
nique <apable of producing high resolution, high-contrasi
images in serial contignous slices. In recent years there has
been considerable development in the leld ol articular cutilage
imaging and refinement of imaging sequences W enhance the
visualization ol articulur cartiluge. Extensive work by Eckstein
et al. [T 10] has shown spolled 3D gradient echo (FLASH)
sequences with water excitation to be particularly useful. How-
ever, most articular cartilage imaging work has concentrated on
the knee joint [8], [2], [11]-{16], which displays the thickest
articular cartilage layers in the human body, There have been
a few notable exceptions [7], [10] that have examined joints
with thinner articular cantilage layers (<3 mumn thick ), which are
more typical in most joints of the human body

The sccuracy of the surfuce extraction and segmentation
of highly congruent joints wath thin aricular cartilage layers
can have a significant effect on the percenlage errors und
reproducibility of quantitative measurements (e.g., thickness
and volume) of the articular cartilage. Fully manual surface
extraction and segmentation [8), [11], [14], [15], (17, 18] is
labor intensive, prone 1o error and subject o subjective judg:
ment of an observer leading to interobserver variability, Fully
automated processes [ 19], [20] at present cunnot accurately and
reproducibly exoact and segient articular catilage luyers in
areas where the boundary is not sufficiently distingt or in poisy
images,

Previous studies have performed segmentation using a va-
riety of techniques including: manuval segmentation [8], [11],
[14], [15], [17), [18], seed point and region growing algo-
rithms [21]-]23], and edge detection followed hy spline-based
smoothing [11], all of which have Ji ons in noisy i
of thin cartilage layers of highly congrient joints,

o e [EEE
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@ Tibial bane-cartilage interface
@ Tihial eartilage surface

@ Talar cartilage surface
@ Talar bone-cartilage imterface

Fig. I Diagram depicting articular cartlage

We hypothesize an appropriate algorithm for this application
1s the active contour model or snake [24]. A snake is a param-
eterized contour [24] that translates and deforms on the image
plane according to the strength of the image edges and the in-
ternal properties of the contour such as smoothness, Smce the
original snake was introduced by Kass et al. [24], many addi-
tional snakes have been proposed [25]-[27]. This paper adopts
a GVF snake originally developed and discussed in [25]. The
advantage of a GVF snake is its robustness to the initialization
of the snake [25]. Considering that the cartilage boundaries are
smooth curves, we use B-splines 10 represent the aclive con-
tours. A B-spline has several characteristics that make it suit-
able for describing the cartilage boundary as well as being suit-
able for snake evolution. The B-spline implicitly incorporates
contour smoothness and avoids the ad hoc tension and rigidity
parameters of the traditional parametric snake [28]-[30]. In ad-
dition, the B-spline permits the local control of the curve by
controlling individual control points, which makes it useful for
human adjustment. In fact, human adjustment is one of the nec-
essary steps in the cartilage surface extraction [11].

Because the cartilage of the ankle 15 very thin and the sur-
faces are closely located with respect to each other (less than
3 mm} (see Fig. 1). the current GVF snake model is ineffective
in the tracking of the surface. In order to track the cartilage sur-
faces effectively, we provided a modification of the current GVF
snake model w improve its performance by incorporating gra-
dient direction information into the GVF model. This additional
information will make the snake more stable and converge to the
correct surface.

Additionally in the study we introduce a new thickness
computation approach. In the past. several thickness compu-
tation approaches have been proposed [20], [31]: 1) vertical
distance: z-directional distance between points on the two
different surfaces on the same cartilage; 2) proximity method:
closest neighbor on corresponding surface: 3) normal distance:
length of surface normal vectors between the two surfaces:
4) thickness computation developed in [20], which we call
M-norm distance in this paper. However, the reproducibility of
all of the existing thickness computation approaches limits their
use for longitudinal monitoring of changes in thin cartilage
layers. In order to obtain a more reproducible measurement,
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(b)

Fig. 2. Noise reduction ssing anisotropic diffusion. (a) Original image:

(b} image after anisstmpic diffusion

a new thickness computation approach, which is based on the
M-norm approach in [20]. is developed in this paper.

1. MATERIALS AND METHODS

A Image Acguisition

Four fool and ankle complexes were harvested from three
male human cadavers (age 51-59 years. mean 54.7 years), Only
a limited medical history was available for each cadaver: how-
ever. there were no reports of trauma to the lower limbs or mus-
culoskeletal disease.

The MR images were acquired using a 1.5 T MR scanner
(Magneton vision, Siemens, Erlahgen, Germany) and a circu-
larly polarized transmit receive extremity coil. The imaging se-
quence used was a sagittal spoiled 3-D gradient-echo sequence.
fast low angle shot (FLASH), with selective water excitation,
TR of 18 ms, TE of 7.65 ms, Rip angle of 25, in-plane resolu-
tion of 0.3 mm x 0.3 mm, slice thickness of 0.3 mm. field of
view (FOV) of 160 mm, and a matrix of 5127 pixels. The ac-
quisition fime was 17 min, 14 s. As the images were acquired
using isotropic voxels we were able to reconstruct the images
in three perpendicular planes (sagittal, coronal and axial), All
image data were then transferred 10 a desktop work station for
surface extraction and segmentation, Fig, 2(a) shows one slice
from a 3-D MR image.

B. Noise Reduction

The image data obtained by magnetic resonance imaging
(MRI) are typically noisy: thus. a noise reduction technique is
needed to improve the racking accuracy of the snake. In some
tracking algorithms using a snake model [25]. [26]. a Gaussian
filter is used to reduce the noise before a snake is used for
tracking. However, the Gaussian filter is not a good edge pre-
serving noise reduction techmque. Application of a Gaussian
filter to these images will blur the edges in the images. We need
a noise reduction technique that can preserve the quality of the
edges of the images. One such technique is anisotropic diffusion
[32]. Anisotropic diffusion has been applied to reduce the noise
in MREI images and has produced good results [32]. Anisotropic
diffusion is a nonlincar filtering method, which encourages
diffusion in the homogeneous region while inhibiting diffusion
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al edges. The partial differential equation (PDE) of anisotropic
diffusion is given as follows in continuous domain [33]

{%=rﬁr'|='il\'fll\‘!| )
Ift=0) =1y

where ¥ is the gradient operator, div is the divergence operator,
| | denates the magnitude, Iy is the initial image and «(} is the
diffusion coefficient, which can be given by

Fig. 2(b) shows an image processed by anisotropic diffusion.
This figure demonstrates the noise reduction and the edge
preservation of the anisotropic diffusion technique. We use the
anisotropic diffusion as a preprocessing step [or segmentation
by the directional GVF snakes,

‘ [V![:r'.m
elaoy) = exp | — T

C. Cartilage Surface Extraction Using Divectional GVF Snake

In this subsection, we will first introduce the traditional GVF
model, and then introduce the modification of the current GVF
madel for cartilage surface extraction which is based on direc-
tional gradient and B-spline.

I Traditional GVF External Forces: Kass et al. [24] define
4 snake as a controlled continuity contour that 15 attracted to
salient image features. However, there are some disadvantages
related to the original model. One of the disadvantages of the
snake defined in [24] is the sensitivity to the initialization of
the snake. The initial contour must be close to the actual ob-
Jeet boundary because the capture range of the image gradient
is small. To alleviate this problem. a gradient vector flow (GVF)
1s proposed in [25]. [26] as an external force to attract the snake
to actual boundary of the ohjects, GVF fields are computed by
another diffusion process, which can be implemented by mini-
mizing the following energy function [25], [26]:

L f [ 4 2 a a
Ecavr(u,v) = 3 / / UV TN (g 4y + g+ 0y)

F (=g (NS (= L) + (0 = [,)7) dudy  (3)

where g is a decreasing function of the edge-force magnitude
and is defined as follows:

V[ = exp (— (@

Here & is a nonnegative smoothing parameter for the field {n., v).
The functional described by (3) smoothes the force field (u, v)
only when the edge strength is low. From (3), the following
Euler equations can be obtained [26]:

ol (4

,r;T!'u (1=g)u—=f:) =0
AV — (1 —gi{v — f,) =0

(5)
()
The GVF field can be obtained by solving the following partial
differential equations:

(7
(8)

up =gV — (1= g)(u — fi)
=gV — {1 — g)e— f,)
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(h)

Fig, 3 Exmnple of tracking resulis using GVE Bspline snake. o) Initiafization
of the snake: (b) racking results

Solving (7). (8). we can obtain the generalized gradient vector
flow vectors, which can be used as external forces that attract
the snake to the cartilage boundary [25]. [26].

2) Divectional Gradiens Vector Flow (DGVF) External
Forces: With the GVF snake. only the gradient magnitde is
used to compute the gradient vector flow. Thus, the traditional
GVF snake may be attracted to strong edges that have the op-
posite gradient direction with respect to the intended boundary.

Fig. 3 demonstrates this point. In Fig. 3, the image includes
four boundaries (from top to bottom) comesponding to four
surfaces: tibial bone-cartilage interface. tibial cartilage surface.
talar cartilage surface and talar bone-cartilage interface. In the
example of Fig. 3, we hope to capture the boundary corre-
sponding to the tibial bone-cartilage interface. If we initialize
the snake as shown in Fig. 3, then we find that a portion of the
snake converges o the boundary comresponding to the tibial
bone-cartilage interface. while another portion converges to the
boundary corresponding to the tibial cartilage surface.

In order to wilize the edge direction information in tracking
the cartilage boundaries, we use an edge map function that
incorporates gradient direction information, which is computed
by

Dy(I)=VTsn (9)
where [ 15 the original image, V1 is the gradient and n 15 a two-
dimensional (2-I) vector which represents the direction of the
edge. which can be specified by the user (and is known u priori
for the ankle cartilage application).
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(a) (h)

(XIN]

(c) (d)

Fig 4 Example of wacking results using GVE snuke (a) Original ssimheric
imizge: (h) gradient Aow without direction information; (¢) gradient vector flow
withaut o tion infoermation produced from Fig, 3
using GWVE; the smaooth eurve is the initial corve and the step-like curve is the
Hmal contour,

Let

P {u,,u]_ Du(l) >0 (1

0, otherwise
Replacing f by £ in (3), we obtain the directional gradient

vector flow (DGVF) of the image by minimizing the following
equation

1 f . .
Eaovr(u, v} = 5 /[HH\_‘I"H {_r.'f -
(1= g(IVFN) ((u—F )P + (0= F)H) dedy (11

2 r 2
wy, + v + 1”}

Solving (11) we can obtain GVF using directional gradient,
which has the similar format to (5) and (6)

.r,l'\_l.u— (1 —gjiu—F.) =
gV — (L —g)lv—F,} =0,

) 12y
{13)

Fig. 4(b) shows the gradient flow field or the synthetic image
shown in Fig. 4(a). Fig. 4(c¢) shows the gradient vector flow field
and Fig. 4(d) shows the tracking results using the traditional
GVF model (here. the aim is o capture the top boundary in
the image). In Fig, 4(d), the Jower (lighter) curve is the initial
curve, and the upper (darker) curve is the final contour. From
Fig. 4(d). it may be observed that the traditional snake failed 1o
capture the top boundary because of the mitialization. Fig. 5(b)
shows that the enhanced directional gradient vector flow field,
and Fig. 5(c) shows the tracking results using the directional
GVF (DGVF) snake. Fig. 5(¢) demonstrates that the improved
GVF snake captures the boundary as intended. Fig. 6 shows the
tracking results using the initialization in Fig. 3(a).
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Fig. 5 Itirectional gradient How and its cormesponding directional gradicent
vector Mow. (a) Gradienn Qow with direction information: (b geasdienn vecton
Mo with direction imformation; (¢) racking resulis using 10 L the fower line
is he initial curve and the upper line is the final contour

Fig, & plicng vector flow
smake on the same image as in Fig, 1i) and psing the same initialization as in
Fig. 1ih)

Cartilage houndary tracking using directional

3) B-Spline Representation of the Active Contour and Snake
Evedurion:

a) Active confowr representafion using B-spline: There are
many advantages in using a B-spline to represent the contour
[28]-{30]. Because of the smoothness of a B-spline, we can
avoid the choice of parameters in (he traditional snake models
[28]: the B-spline also assists our adjustment of the contour due
to its local properties. without affecting the whole contour, We
know that human adjustment is an important step in the tracking
of cartilage boundary because of less than ideal imaging condi-
tions [ 11]. Manual adjustment is particularly important for the
cases in which cartilage defects or image noise cause the seg-
mentation to fail. In these regions human interaction is required
to adjust the contour to the correct boundary,

The B-spline used in this paper 1s a nonuniform. nonrational
cubic B-spline [34]. The intervals between successive knot
values in the nonuniform. nonrational B-spline need not be
uniform [34], The nonuniform B-spline has the following two
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properties that uniform B-splines do not have [34]: 1) The
start and end points can be easily interpolated. 2) Additional
knot and control points can be added to nonuniform B-splines
so that the resulting curve can be easily reshaped. These two
properties allow for human adjustment which is important in
our application. see Section 11-C4.

Let the control points be denoted by Iy through F,,. The
knot-value sequence is a nondecreasing sequence of knot values
fq through {,, 1. and €2, is a curve segment defined by con-
trol points 1% 4. 2. FPi—y. F; and blending functions B, 4 4.
B, 2,4 B, 1,4+ 35.4[” as follows 1341

Qilt) = FiaBi sa+ By o Bi gt Fi-Biy 4+ F-Bialt)

(14
where 3 < 4 < mand f, < ¢ < {;. The blending functions
can be obtained vsing recursion as follows [34]:

! I R S A TR
Bialt) = {[I. elsewhere {15)
and
) t—1
!;J.ptt} == —{'_b.i.;l—]flsl
bitp-1 =1
.
+ ———Bit1p1(t). (16)
Bigp — biga

When p = 4, we obtained the blending function of cubic splines,
In this paper, we adopt the cubic B-spline for the representation
of the active contour.

B Open B-spling GVF snake: Now let us introduce the
B-spline open snake algorithm used for cartilage surface extrac-
tion 1 Section [1-C4. The external force used m our B-spline
open snake utilizes the directional gradient vector low obtained
in Section 11-C2. Instead of using the internal forces discussed
in [24], we use the B-spline described in Section O-C3 to
represent the active contour. The B-spline open snake algo-
rithm can be described by several steps. First, we initiahize the
active contour, which can be performed manually or autemat-
ically. Second. we sample the active contour as follows: the
active contour is segmented into many segments uniformly.
and in each segment, the point with the largest contrast is
selected as the sample point (for convenience, we denote the
obtained samples by {2g. 40 ).« -« (0 —1+ Un—1 ). where 1 is the
number of the sample points), Third. we compute the gradient
vector flow field described in Section 11-C2 and 1o evolve the
contour using the obtained directional gradient vector How,
starting from initial samples. After the evolution converges,
the obtained points are denoted by (Fo. G e e (Tt Fna1 )
Fourth, we represent the active contour using a Bespline.
To achieve this representation, we first use the least squares
method [34] to estimate control points from the sample points
(Fosfo)e oo oo (Fy—1. Fu—1 ). The control points are used to
build a new active contour using (14}, After the fourth step is
finished, the same processing steps will be performed on the
next slice for which the initial contour is the resultant contour
of the previous slice.

4} Cartilage Surface Extraction:

a) Framework for ihe cartiage surfuce segmentation: The
algorithm for the extraction of cartilage boundary is semi-au-
tomatic. For the first slice. we initialize each surface/interface
manually. for subsequent slices we use the tracking results from
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Interactive initialization
of the Frst slice (t=1)

l

The initialization of the
contour for the t-th slice

i

Extract the surface in the t-th
slice wsing DGVF snake

=t

t=T7

o

Store the
mesults

Fig. 7. Algorithm flow diagram.

the previous slice. Then the B-spline directional GVF snake
model is used to refine the initialization result, After the auto-
matic tracking is finished, we allow adjustment of the contour
where necessary via human interaction (see Section [I-C4). The
obtained contours are then used as the mitial contours for the
next slice. To summarize, Fig. 7 shows the framework of our
surface extraction algorithm.

b) Human adjusment: There are two approaches to human
adjustment. The first involves adjustment of the control points.
After the control points are moved to the new positions. and are
reated as new control points. the new control points are used
1o construct the corresponding segments using the algorithm in
Section [1-C3. In the articular cartilage application, it is suffi-
cient to adjust two or three control points. The second approach
is to correct the original sample points, This is done by selecting
the region to be corrected and deleting it. The operator then de-
fines new points which are part of the correct boundary. This ap-
proach is more tedious than the first. but allows finer adjustment.

Fig. 8 shows an example of cartilage surface extraction (in a
specimen with an articular cartilage defect) using the B-spline
DGVF snake without human adjustment and with human adjusi-
ment, respectively. The human adjustment was to reposition two
control points in the region of the cartilage defect. Fig. & demon-
strates that while the selected region was adjusted all other parts
of the contour remain unchanged.

D. Cantilage Surface Reconstruction and Thickness
Measurement

From the extraction stage. we use the resultant contours to re-
construct the four surfaces and compute the average thickness of
the two cartilage layers. When we reconstruct the 3-D surfaces,
we use the B-spline to interpolate the slice thickness to maich
the in-plane resolution, that was interpolated in an earlier step;
the final resolution in 0.15 miu.
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Fig. & Local adjustment of the comour by an opermor, (a) Contour before ad-
Justment; (b contour alter adjustment

For thickness computation, we investigated three distinct ap-
proaches, The first technique utilizes the normal distance [31].
the second technigue for thickness computation was developed
in [20], which we call M-norm and the third technique for thick-
ness computation is what we developed in this paper, which is
called T-nomm.

In order to compute the thickness between two surfaces, the
M-norm method first obtains an average surface of the two sur-
faces, then for each point, (&, y;, ;) in the average surface, the
normal vector (4;. B, C; )T, where T is the vector transpose,
is computed. Using (@, y;. z;) and (A;. 3. 7. aline is ob-
tained. The two points, (¥, =) and (27, yd. =£), from the
intersection of the line to the upper surface and the lower sur-
face respectively, are used to compute the thickness of the point
(4. 9;. 2 ) according to

\'/{t”—.l';! Yot (g -ty (17
and the average thickness f is given by
1 K
= Mok (18)

where K is the number of points on the average surface.
In the discrete space. the norm vector can be computed by

Considering the possible instability of one point. we used
the norm vector of the plane obtained by the point (@, ;. 2;)
and its m:an:',t points on the medial surface. The norm vector
(A, B,,C:)7 of the plane is obtained by minimizing the fol-
lowing tuncuml:

A
s gt _ 1 = — r
QA,. B, EZ A, Axy + B Ay + CiAz )
= g iy g 2
( L+ +C ~ 1) @
where
ANy =y — @11 (23)
Ay =1 — th— (24)
Azy =z — 29 (25)

and (. 4. 2 ) are the points required to compuie the norm
vector. The second term in (22} is to normalize the norm vector
and avoid the answer degrading to zero vector. From (22), we
have (26), shown at the bottom of the page. Equation (26) can
be written in matrix form as follows:

JQUH) J— ,
—H - MH + 2H"HH - 2H (27
where
N N N
z A’-' Z Qe Ay z Ary Az
-'=| =1 =1
hd N
M = Z ArAy S AgE S AgAs | 28)
’— =1 =1
N »
E Aridz 3 Az Y, Az?
=1 =1 =1
A,
H= |7, (29)
C;

Equation (22} can be solved using the simple iteration method
as follows:

4 = (z(yivmi) =zl — Lo ) +zlui+ e — 2, 7)) (19)
W 2 ’ H,=H,_-A,_(MH,_ 1+2H;,-1Hn—1Hn—1 —2H, 1)
g = i) —2lye 2i- D42 st D =2(pn20) o (30)
£ 2 20) where 1 is the iteration and A, _; is the step length. We use
Ci=—1. (21)  fixed step length of 0,05 inthis paper for convenience, When the
QA B¢ T
riq‘ A, Z_\:,+HZ_\:',_\.U,+( ZA;J_\H, A, (A + B + T —1)
=1 =1
i) _7, Z_\:,_\q, + B, ZA”* 4+ EAT;,J.MML 9B, (1"+E'f+?';'— :} (26)
i=1 =1
R g
| =7, ZA;,;MH; Z_\Q,Aw-l—f' ZAH, +20, (A + B + 1 1)
F=1 =1
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(a)

(c)

o8 Bxpmples of contour resulis using the proposed

(b}

TABLE |

FOM VALLES ORTAINUD FOHCTHE SEVENTH, ELEVENTH, AND FIFTEENTH SLICES ]

STACKS USING THE DUVE SNAKH ¢

Pwin IMAGE
E. RESFECTIVELY

Frame
Image Stack lechnigue Tth Il 15th
| DGVE 0.87 LB3 079
GVF (.84 67 .54
4 [V (.93 LRe 0,95
GVl 086 0,74 .62

iteration converges, we obtain # solution to (30). The M-norm
that uses the norm vector obtained by (27 1-30) 15 the T-norm.

1. EXPERIMENTAL RESULTS

A, Comparison of Auwtomaric Segmentation Results

Ground truth data are collected for comparison. We use the
manual outlines from an experienced technician as ground truth
against which the computer-aided delineation is evaluated. The
metric adopted in this paper for comparison is Pratt’s figure of
merit (FOM) [35].

FOM = (3

max|f 4, Ir)

where [, is the number of boundary pixels delineated by
the computer-aided segmentation method, 77 is the number
of boundary pixels delineated by the technician. d(i) is the
Euclidean distance between a boundary pixel delineated by
the technicians and the nearest boundary pixel delineated by
computer-aided segmentation and o is a scaling constant, with
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a suggested value of 1/9 [35]. A perfect match between the
boundary pixels delineated by computer-aided segmentation
method and the boundary pixels delineated by the technician
vields F' = 1 in (33).

Two image stacks were used to compare the tracking perfor-
mance of the two external forces: the traditional GVF external
forces and the directional GVF external forces. Each image
stack contains 20 contiguous image slices from a cartilage
sensitive MRI volume. For convenient discussion, we named
one image stack as image stack | and the other image stack as
image stack 2. Fig. 9a}{d) shows the racking results. using
the DGVF, for the eleventh frame of image stack |; for the tibial
bone cartilage interface, tibial cartilage surface, talar cartilage
surface and talar bone cartilage interface, respectively, The
seventh, eleventh, and fifteenth frames of the image stacks were
selected to compute the FOM using (31). Table | shows the
FOM values computed between the ground truth data and the
results obtained with the DGVF and the traditional GVF for the
seventh, eleventh, and fifteenth frames of the two image stacks.
The results show the directional GVF snake provides higher
FOM values compared to those of the standard GVF snake for

this sequence.
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Fig. 101 Surfsce reconstructed from the boundary extracted from the Z-13 shices, (0) Tibial bone-caralage interface; (b) dbial canilage surface. (o) tkar carilage

surface: (d) alar bone-cartilage interface.

TARLE 11
TIBEAL CARTILAGE THICKNESS MEASUREMENT RESULTS FroM FOUR REPEATED MEASUREMENTS { WITH JOINT REPOSITIONING) [N FOUR INDIVIDUAL SPECIMENS
Talus Specimen number 2 3 4
T-norm
RMS Thickness 189 1.92 1.7 L84
ST of RMS thickness (mim) IX1i) (.02 (.01 0oz
CV of mean thickness {%a) 300 1.04 0.26 LOS
Normal distance
RMS Thickness 1.28 1.44 1.03 1.22
ST of RMS thickness {mm ) [$X1a] 0z (.03 LIRS
W of mean thickness (%) 4.28 1.24 1la a7
Me=norm
RMS Thickness 180 1.84 151 L7l
ST of RMS thickness {mm) 007 oz .ol 03
OV of mean thickness {%a) 345 (.96 0.57 171

B. Experimental Results on Surface Reconstruction and
Thickness Computation

For cartilage thickness measurements we used images from
four human cadaveric ankle joints; each ankle was imaged four
times with repositioning of the jomt and re-shimming of the
magnet between acquisitions. The images were acquired at an
isotropic resolution of (0.3 x (.3 x 0.4 . (FOV 160 mm, ma-
trix 512 mm?). Approximately 30 min elapsed between image
acquisitions,

Following completion of the imaging the image data was
transferred to a desktop workstation for further processing.
Images were linearly interpolated by a factor of 2 to an
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in-plane resolution of 0.15 x 0.15 mm, and then noise-reduc-
tion was performed on the images. Subsequently, the images
were segmented using the DGVFE snake method described in
Section 11-C. The contours generated by segmentation were
subsequently used to produce a 3-D reconstruction of the artic-
wlar cartilage layers with interpolation to an isotropic resolution
of 0.15 mm. Fig. 10 shows an example of a 3-D reconstruction
of an articular cartilage layer. generated from the segmentation
resulis.

Using the 3-D reconstructions of the cartilage layers for thick-
ness calculations ensures measuremenis are independent of sec-
tion orientation and allow for out-of-plane curvature. Cartilage



Appendix 2

W

TABLE
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TALAR CARTILAGE THICKNESS MEASUREMENT RESULTS FrOM FoOUR REPEATED MEASURBMENTS (WITH JOINT REPOSITIONING ) IN FOUR INDIVIEUAL SPECIMENS

Talus Specimen number 1 2 3 4
T-norm
RMS Thickness 1.82 1.84 .70 .83
STD of RMS thickness (nm) 007 002 00q 002
CV of mean thickness (%) 358 (ALY 261 (156
Normal distance
RMS Thickness 131 141 .12 1.36
STD of RMS thickness (mm) [IRE U3 01l (i
CY of mean thickness (%) 74040 333 10,13 4.34
M-norm
RMS Thickness 172 1,75 1.57 1.75
ST o RMS thickness {nim) 008 0.02 013 03
CV of mean thickness (%) 4.39 1.21 £.23 | 6%
TARLE 1V

MEAN VALUES OF TIHAL CARTILAGE MORPHOLOGY AND THE RATIO OF INTERSURIETT VARIABILITY VERSUS TECHNICAL PRECISION, FOR ALL SPECIMENS

Talar cartilage thickness

RMS CV(%) of mean thickness — all specimens
Mearn RMS thickness —all specimens (mm)

ST of mean RMS thickness — all specimens | mni)
RMS ST — all specimens (mm}

InLemuhiect waripbility/ Technical precision

T-norm Normal distanco M-norm
1.34 297 1.80
.84 1.24 1.72
(.00 017 15
0.03 0.4 004
.93 4.42 3.70

TARLE WV
MEAN VALUES OF TALAR CARTILAGE MORFHOLOGY AND THE RATIO OF INTERSURIECT VARIABILITY VERSUS TECHNICAL PRECISION, FOR ALL SPECIMENS

Talar cartilage thivkness T-norm Normal distance M-norm
RMS CV(%a) of mean thickness - all specimens 2ol 6.20 188
Mean BRMS thickness —all specimens (mim) 1.0 .30 1.7
STD of mean RMS thickness - all specimens(mm) 0.06 013 .09
KMS ST —all specimens (mm} .04 0.08 008

ject varinhility Technical precizion | .54 | 56 117

thickness of the tibia and talus was calculated for each spec-
imen using the three methods described in Section I1{T-norm.
M-norm and normal distance). Thickness measurements were
made at every voxel on the cartilage surface (4444 sites/ e’ ).

To determine the precision (reproducibility) of the
MRI-based cartilage measurements the root-mean square
average (RMS thickness), standard deviation (SD) and coef-
ficient of variation of mean thickness (CV) were determined
from the four repeated image data sets for each of the four
specimens for the individual tibia and talar cartilage layers; the
results are shown in Tables [T and 111, respectively.

The RMS CV of mean thickness—all specimens for car-
tilage thickness ranged from 1.34% (tibia T-norm) to 6.20%
(talus normal distance). For cumulative values (tibia and talus
combined), the RMS CV mean thickness—all specimens was
<4.6% in the worst case. The mean RMS thickness—all speci-
mens from the four repeated measurements i each of the four
specimens ranged from 1.24 & (L17 mm (normal distance) o
1.84 + 0.09 mm (T-norm) in the tibia, see Table IV, and .30
=+ 0.13 mm (normal distance) to 1.80 £ 0.06 mm (T-norm) in
the talus, see Table V.

Comparing the intersubject varability (SD of mean RMS
thickness—all specimens) to the technical precision [36](RMS
SD—all specimens) of the segmentation, the ratios ranged from
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1.17 (talus m-norm, Table IV) to 4.42 (tibial normal distance,
Table V). The ratios reflect that the mean articular cartilage
thickness has a relatively low intersubject variability, particu-
larly for talar cartilage.

IV, DISCUSSION

The objective of this study was to develop a reliable, repro-
ducible and robust segmentation algorithm for surface tracking
of the thin articular cartilage layers of a highly congruent joint,
i.e., the ankle joint. To our knowledge this is the first study
o investigate the application of a directional gradient vector
flow snake [or segmenting thin congruent cartilage layers. We
have experimentally tested the performance of the segmenta-
tion algorithm and 3-D reconstruction method developed in
this study, and compared three methods for making thickness
computations.

The average coefficients of variation for the thickness of all
cartilage layers was 1.7% using the T-norm: 2.8% using the
M-norm and 4.65% using the normal distance. The coelficients
of variation achieved using the normal distance are slightly
greater than those seen in the knee joint, which are typically
2.06—3.4%, where as the coefficients of variation using the
T-norm method are slightly better than those seen in the knee



Appendix 2

TANG ¢ ol MEASUREMENT OF THE ARTICULAR CARTILAGE FROM MR IMAGES USING DGVE SMAKES s

joint [14]. [21]. [37]. [38]. When compared to the earlier studies
which have attempted to make quantitative measurement of
the ankle cartilage we have shown better accuracy and repro-
ducibility [T]. [39]. These results are very encouraging given
that the mean ankle cartilage thickness is on the order 1.2 mm
(normal distance) to 1.8 mm (T-norm) compared to the much
thicker cartilage layers (4-5 mm) seen in the knee joint, By
comparing the intersubject variability to technical precision we
have also shown that wsing the T-norm and normal distance
measurement techniques individual cartilage layers with a high
or low mean thickness can be reliably discriminated.

Our technical precision data demonstrates that the RMS av-
erage SD ranged from (.,032 mm (tibia, T-norm) to 0.082 mm
(talus. normal distance). which far exceeded the resolution
(0.3 ™) of the scan. However. we must be aware that when
an interpolation is applied to the original data set that poten-
tially, sensitivity to small focal defects (<0.3 mm} is lost:
but for assessing global longitudinal varability in cartilage
thickness interpolation helps to improve accuracy.

The MRI sequence used in this study is relatively long
(17 min, 25 s) and represents the upper time limit for use on
patients: however, Al Ali er al. [7] used a nonisotropic sagittal
sequence with a scan time of 19 min, 40 s on volunteers. They
reported no motion artitacts and suggested that the imaging
time was acceptable for in vive use. Moreover, as the sequence
they used was nonisotropic because they felt they could not
achieve sufficient image quality for reliable segmentation with
a single image acquisition, as a resull they were unable to make
accurate 3-D reconstructions and advocated performing a repeat
scan in the coronal plane to acquire full 3-D reconstructions, In
the future, scan times will can be halved as 3T MRI scanners
are becoming more widely available for clinical use.

We have compared three different techniques for computing
the thickness of the articular cartilage. The normal distance
technigue provides a measurement of the true normal thickness
of the cartilage from one surface (bone surface) to another
(cartilage surface). The T-norm method generates a normal
to the ‘average’ surface and calculates the distance between
two points where the vector intersects the cartilage and bone
surfaces: hence, the T-norm does not provide a true normal
thickness. The M-norm is a simplified 2-D measurement that
does take account of any out of plane curvature of the surfaces
and, therefore, is not suitable for longitudinal studies. However,
the M-norm is useful for comparing our results to those of other
investigators, e.g., [20].

Since the most important factor in a tool for detecting injury
and degeneration s the ability to detect change in thickness over
time rather than measure the true thickness at any point in time
we would advocate the use of the T-norm thickness computation
method. The results from the T-norm computations demonstrate
a supetior technical precision and lower CV making it more
useful for longitudinal studies of articular cartilage degeneration
than the normal distance method. Where the true normal thick-
ness of the cartilage is required, such as user defined regions of
interest, the normal distance technique could be substituted for
the T-norm method.
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The results of the four repeated measurements in each spec-
imen demonstrate the reproducibility of the segmentation and
reconstruction method presented in this paper. The process de-
seribed offers a useful tool for early diagnosis and monitoring
of degenerative change occurring in the thin articular cartilage
layer of highly congruent joints; i.e., if we serially image a pa-
tient’s ankle using MRI at 6 month intervals following an m-
jury, we can reliably detect degenerative change and thinning
of the articular cartilage layers. As the intersubject variability
exceeds the technical precision of technique, we are able to use
our method to perform longitudinal studies of the ankle joint ar-
ticular cartilage,

V. CONCLUSION

This paper studies ankle articular cartilage surface tracking
using GVF B-spline snake. Because the cartilage is very thin and
the layers are closely apposed to each other, the traditional GVF
B-spline snake is not suitable for accurate tracking of the carti-
lage surface. Thus, we have developed a directional GV snake
for tracking the surface of the articular cartilage of the ankle, We
have compared our algorithm with the traditional GVF snake.
Experiments show that the DGVF snakes increases the FOM
values yielded by the traditional GVF B-spline snake and the
number of successfully segmented frames given by the tradi-
tional GVF B-spline snake.

The accurate surface tracking possible with the DGVT snake
allows us (0 use the tracking results obtained to construct a 3-D
madel of the articular cartilage, which is used to compute the
thickness of the cartilage and the volume of the cartilage. In
order to make the thickness measurement more reproducible. a
new thickness computation approach is proposed. Experimental
results have shown that the new thickness computation approach
is more effective than the existing methods. The precise repro-
ducible measurements of quantitative parameters such as thick-
ness that are possible when using the DGVF snake provides
a useful tool to monitor changes in the articular cartilage typ-
ically seen in degenerative diseases such as posttraumatic os-
teoarthritis of the ankle.
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ABSTRACT: The ohjectives of this study were to quantitatively evaluate the articular cartilage
layers of the ankle and describe the cartilage topographical distribution across the joint surfaces
using high resolution MRI and image segmentation. An anisotropic diffusion neise reduction
algorithm and a directional gradient vector flow (dGVF) snake segmentation algorithm were applied
to cartilage sensitive MR images. Eight eadaveric ankles were studied. Six repeated data sets were
acquired in five of the ankles. Quantitative parameters were caleulated for each cartilage layer:
coefficients of variation (CV) were caleulated from the six repeated data sets: and 3D thickness
distribution maps were generated. The noise reduction algorithm produced marked image
enhancement. Mean cartilage thickness ranged from 0,91 £ 0.08 mm in the fibula to 1.34+0.14
mm in the talus. Mean cartilage volume was 3,32 £ 0,55 ml, 1.72 + 0,25 ml, and 0.35 + 0.06 ml for the
talus, tibia, and fibula, respectively. Mean CV ranged 2.82%—5.04% for quantitative parameters in
the talus and tibia. The reported noise reduction and segmentation techninue allow precise
extraction of ankle cartilage and 3D reconstructions show that the thickest cartilage occurs over the
talar shoulders, where hondritits di (OCD) lesions commonly occur. © 2006
Orthopaedic Research Society. Published by Wiley Periodicals, Inc.J Orthop Res 25:143-151, 2007
Keywords: ankle; articular cartilage; MRI; image segmentation

INTRODUCTION OCD lesions are a well known cause of pain,
recurrent synovitis, loose bodies, and altered joint

Unlike other major joints of the lower limb, the  mechanies.”

ankle is rarely affected by primary osteoarthritis.
However, the ankle appears to have a
greater predisposition to the development of
posttraumatic osteoarthritis than the hip and
knee joints."? Furthermore, ankle posttraumatic
osteoarthritis often develops in a younger popula-
tion and more rapidly than in other joints.*~"
Another challenging problem in the ankle is
osteochondritits dissecans (OCD) of the talar body,
which typically occurs over the anterior-lateral or
posterior-medial shoulders of the talus.® Talar
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Precise evaluation of a patient's degenerative
joint(s), qualitatively and quantitatively is techni-
cally demanding, especially in highly congruent
joints with thin articular cartilage. However, in
order to clinically evaluate present and future
treatments, we must be able to precisely and
reproducibly image and quantify the articular
cartilage of these joints,* 2

Magnetic resonance imaging (MRI) of articular
cartilage is becoming a useful tool for the assess-
ment and monitoring of articular cartilage injury
and degeneration. It is an excellent research
instrument for articular tissue and there is con-
siderable potential for expansion of the role of MRI
in clinical practice.’*~1*

Extensive work by Eckstein et al.'™®" has
shown spoiled 3D gradient echo (FLASH)
sequences with water excitation to be particularly
useful. However, most articular cartilage imaging
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work has concentrated on the knee joint,>' %
which displays the thickest articular cartilage
layers in the human body. There have been a
few notable investigations'7*"*7*® that have
examined joints with thinner articular cartilage
layers (<3 mm thick), which are more typical for
joints of the human body.

The accuracy of the segmentation of thin
cartilage layers in congruent joints can have a
significant effect on the percentage errors in
quantitative measurements of the articular
cartilage (e.g., thickness and volume). Previous
studies have performed segmentation using a
variety of techniques including: manual segmenta-
tion,"#*1#9=%2 seed point and region growing
algorithms, ™ and edglqe detection followed by
spline-based smoothing,*' all of which have limita-
tions in noisy images of thin cartilage layers of
highly congruent joints. Fully manual surface
extraction and segmentation'®2"2~% is tedious,
time consuming, and prone to subjective judgment.
Fully automated processes™7 at present cannot
accurately and reproducibly extract and segment
articular cartilage layers in areas where the
boundary is not sufficiently distinet or in noisy
images.

Trattnig et al.” and Ba-Ssalamah et al
reported sequences with the potential for a fourfold
reduction in image acquisition time. They showed
that fat suppressed multi-shot echo planar imaging
sequences were comparable to fat suppressed
gradient recalled images for detection of lesions.
Unfortunately, the resolution of the sequence for
the ankle joint (0.625 x 0.625 x 1.5 mm™) is not
suitable for precise guantification of cartilage
thickness and volume. Similarly, the sequence
used by Tan et al.'® lacked sufficient resolution
(0.83 x 0.625 = 3.0 mm) which combined with the
use of a thresholding technique to measure thick-
ness led to errors of +-100% in their measurements.
Al-Ali et al.'” and Eckstein et al.*' used a B-spline
snake image segmentation program and recon-
structed the cartilage layers of the talar dome and
tibial plafond after image interpolation. However, a
nonisotropic sequence was used; therefore, their
measurements do not include the shoulders of the
talus or the malleolar surfaces, and a subjective
decision was required to determine the edges of the
talar dome.

The purpose of this study was firstly to evaluate
quantitative parameters of the cartilage layers of
the entire ankle joint using high resolution MRI.
Secondly, to test the precision (reproducibility) of
the quantitative measurements made using
our recently described semi-automated directional
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gradient vector flow (dGVF) snake segmentation
algorithm.** The final aim was to describe the
topographical distribution of articular cartilage
over the surfaces of the ankle joint.

MATERIALS AND METHODS

Ethical approval for this study was provided by the
Human Usage Review Panel and the University of
Virginia Human Investigations Committee. Eight fresh
frozen human, male cadaveric lower leg and foot
complexes harvested from five cadavers, were studied.
The mean age was 52.3 years. From the available
medical histories, there were no reports of trauma to the
lower limbs or musculoskeletal disease in the ankle(s) of
the subjects.

The MR images were acquired using a 1.5 T MR
scanner (Magnetom vision, Siemens, Erlangen,
Germany) with a circularly polarized transmit and
receive extremity coil. A sagittal spoiled 3D gradient
echo sequence, fast low angle shot (FLASH), with
selective water excitation imaging sequence was
uzed, TR of 18 ms, TE 7.65 ms, flip angle 25| in-plane
resolution (0,3 mm =« 0.3 mm, slice thickness 0.3 mm,
field of view 160 mm, and a 5122 matrix. The acquisition
time was 17 min 14 s As the image resolution
was isotropic, we were able to reconstruct the images
in three perpendicular planes (sagittal, coronal, and
axial).

In five cadaveric ankles, six repeated data sets were
acquired with repositioning of the ankle and re-
shimming of the magnet between acquisitions, In all
other specimens, a single data set was acquired,

All image data sets were then transferred and stored
on a desktop work station for postprocessing and
segmentation. For this study, coronal images were
chosen for segmentation as they allow visualization of
all the relevant cartilage. The postprocessing and
segmentation procedures consist of a number of steps.
First, the image volume iz cropped to a smaller volume
containing all the cartilage layers of the ankle, but
excluding unnecessary image data such as the distal
tibial shaft. Secondly, the images are linearly interpo-
lated (doubling the number of voxels in each row and
column of each slice) to an in-plane resolution of
0.15 mm = 0.15 mm. The third step was to run an
anisotropic diffusion “denoising” algorithm.** The aniso-
tropic diffusion technique preserves the quality of edges
within the images by using a nonlinear filtering method
that encourages smoothing in homogeneous regions
while inhibiting smoothing across the edges. The
anisotropic diffusion algorithm increases the robustness
of the dGVF snake to noise. In the presence of noise, the
dGVF snake may produce a boundary which requires
considerable manual editing. However, the use of the
anisotropic diffusion algorithm prior to segmentation
improves the performance of the dGVF snake by
enhancing the cartilage and bone boundaries, and
reduces the need for manual editing (Fig. 1),
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Figare 1.
ta) Before noise reduction and (b} after noise reduction using the anisotropic diffusion
denoising algorithm. The dashed line represents a very simple approximate initialization
for the bone boundary and the solid line represents the boundary detected by the dGVF
snake.

The fourth step was to segment the talar, tibia, and
fibula cartilage lavers using a semi-automated direc-
tional gradient vector flow (dGVF) snake algorithm,**
Briefly, a manual initialization i2 required for each
border in the first image segmented, the dGVF snake
algorithm is then applied, and the resulting contours
serve as the initialization for the borders in the next
image. The snake is an active contour that is optimized
with respect to curve smoothness and collocation with the
strong image edges. This approach takes account of the
3D context of the image data and facilitates segmentation
in regions where the cartilage surfaces are closely
apposed. The system is interactive and allows manual
editing of the segmentation lines in each image if
required. After completing the full segmentation, the
final step was to interpolate the data to an isotropic
resolution of 0.15 mm” and generate 3D reconstructions
of each cartilage layer,

For ground truth data, expert manual tracings were
used in order to evaluate the border positioning of the
computer-aided segmentation, The Pratt figures of merit
(FOM),** calculated using Equation 1, were computed to
assess the computer-aided border positioning compared
to manual segmentation, The FOM is given by:
Y

FOM = max{Iy. Ty)

(1]

In Equation 1, Iy is the number of boundary pixels
delineated by the computer-aided segmentation method,
Iy is the number of boundary pixels delineated by
manual segmentation. dii) is the Buclidean distance
between a boundary pixel delineated by the expert and
the nearest boundary pixel delineated by dGVF snake
segmentation algorithm and o is a scaling constant, with
a suggested value of 1/9.** A FOM=1 represents a
perfect match between the boundary pixels delineated by
computer-aided segmentation method and the boundary
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A typical coronal MRI slice acquired using the isotropic cartilage sequence.

pixels delineated by manual segmentation, The relation-
ship between the FOM and the average distance between
the computer-aided segmentation boundary and a
ground truth derived houndary is shown in Figure 2.

Two image stacks each containing 20 contiguous
image slices through the middle of the talus in the region
of cartilage-to-cartilage contact were selected from the
image data set. Each image stack was manually
segmented by an expert, experienced in cartilage
segmentation, who was blinded to the results of the
dGVF snake segmentation. The FOM values were then
calculated using Equation 1.

Three-dimensional reconstructions were used to
make guantitative measurements and visualize the
thickness distribution of the articular cartilage. Thick-
ness was determined at each voxel on the cartilage
surface (4,444 sites/em®) using a 3D Euclidean distance
transformation,*” Cartilage surface area and bone
cartilage interface (BCI) area were measured [rom
the triangulated mesh' and the cartilage volume of
each layer was determined by integration of the voxels, ™

In order to evaluate the precision (reproducibility) of
our approach, we determined the mean, standard
deviation (SD) and coelficients of variation (CV%), for
each of the quantitative parameters studied from the six
repeated data sets in five ankles, The root mean square
(RMS) average®” of the (Vs and 8D from the individual
joints were used to calculated for each of the parameters
measured in the talar, tibia, and fibula cartilage layers.

The performance of the anisotropic diffusion algo-
rithm was evaluated quantitatively by measuring the
variance reduction ratio.*®*® The variance reduction
ratio is delined as the ratio of variance reduction due
following noise reduction and the original variance in a
defined region of interest. A value of 0 means no noise
reduction, and a value of 1 means perfect noise reduction,
We used this test in order to quantify the improvement
given by the anisotropie diffusion process, thus avoiding
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Figure 2. A plot of Pratt figure of merit (FOM) vs. “average segmentation error” in

units of pixel width, The segmentation error is defined here as the average distance
between the computed boundary and the ground truth boundary.

absolute computation of signal and noise power for a
given image. For these reduction computations, five
contiguous slices from the central part of the joint were
selected from every data set. The variance reduction was
caleulated for two regions of interest {ROIs), one in the
bone, one in the cartilage. A total of 165 images were
evaluated.

Statistical analysis was performed using an analysis
of variance (ANOVA) with repeated measures (mixed
maodel) and post hoc Tukey tests, Results were considered
significant at the p < 0.05 level.

RESULTS

The mean number of images segmented (+-5D) per
data set was 110+6. From the eight ankles
imaged, the mean values (+SD) for thickness,
maximum thickness, cartilage surface area, carti-

Table 1.
for the Talar, Tibial, and Fibula Cartilage Layers

lage bone interface area, and volume are shown in
Table 1. The results show that, for each of the
parameters measured, the talar cartilage had
the largest values and the fibula cartilage gave
the lowest values.

There were significant differences between
the talus, tibia, and fibula for all guantitative
parameters: mean thickness, p < 0.001; maximum
thickness, p<0.005; cartilage surface area,
p < 0.001; cartilage bone interface area, p < 0.001;
and cartilage volume, p < 0.001.

Inorder to compare the superior part of the ankle
joint (tibia-fibula complex) to the inferior part of the
ankle joint, we compared values for surface areas
and volume in the talar cartilage to the combined
tibia and fibula values. The talar cartilage layer
has a significantly larger cartilage surface area

Absolute Mean Values (=8D), from the Eight Subjects, for Each of the Quantitative Parameters Measured

Mean Thickness Max Thickness Cartilage Area BCI Area Cartilage Volume
Variable (mm -+ SD} (mm + SD} {em® = 8D} {em? + 8D) (ml = 8D}
Talus 1.34+0.14 2.67+0.25 28.03 +2.56 2453+ 216 3.32+£0.55
Tibia 1.21:+0.14 2.44+0.58 15,30+ 1.69 1487+ 1.48 1.72+0.25
Fibula 0.91-+0.08 1.68+0.18 4.21+0.63 3.75+0.56 0.35-£0.06

BCI bone cartilage interface.
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p < 0.001, cartilage bone interface p < 0.001, and
cartilage volume p =0.002, than the superior part
of the joint with which it is articulated.

The mean FOM value for the border positioning
between the expert manually defined borders
and the borders obtained with dGVF snake
segmentation algorithm was 0.88 + 0.06. From
Figure 2, it can be seen that a FOM = 0.9 represents
approximately a one pixel (0.15 mm) “average”
Euclidean distance between the boundary pixels
delineated by computer-aided segmentation
method and the boundary pixels delineated by
manual segmentation. Figure 3 shows a sample
image with an expert traced border and
the corresponding border detected by the dGVF
snake algorithm,

When evaluating the precigion of our approach
using the six repeated data sets from five
ankles (Table 2), the RMS average coefficient of
variation (min-max) ranged from 2.82% (1.21%—
4.21%) for the talar cartilage bone interface area to
9.62% (5.089%—12.0%) for the fibula volume. Seg-
mentation of the talar cartilage was the most
precise in terms of all measured parameters
followed by the tibial cartilage; the fibula gave
the largest mean CVs for all the parameters
assessed.

The color 3D thickness distribution maps of each
segmented cartilage layer show clear characteristic
thickness distributions. In all the tali studied, there
were two distinet areas, one anterior-laterally and
one posterior-medially, over the talar shoulders
where the thickest cartilage occurred (Fig. 4). For
the tibial cartilage layers, the cartilage thickness
appeared to be more evenly distributed; however,
two areas, the central part of the anterior tibial

Figure 3. Talar cartilage borders detected by the
dGVF snake (solid red line) and manual expert
segmentation (dashed yellow line), with an FOM value
of 0.937.
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plafond and the curved region at the transition
between the tibial plafond and the medial mal-
leolus, were typically thicker than the other regions
(Fig. 5). The fibula cartilage was typically more
homogeneous, but slight valgus angulation of the
distal articular surface was seen, as shown in
Figure 6.

The evaluation of the anisotropic diffusion
denoiging algorithm showed that the technique
produced marked enhancement of the images with
a clear improvement in the definition of the edges
in the images. The variance reduction ratios
were 0.98 + 0.01 and 0.74 + 1.38 for the bone and
cartilage, respectively,

DISCUSSION

The ohjectives of this study were: to evaluate the
quantitative geometric parameters of the cartilage
layers of the ankle joint; to test the precision of our
segmentation technique; and to describe the
topographic distribution of the cartilage over the
ankle joint surfaces. To our knowledge, this is
the first study to quantify the articular cartilage of
the entire ankle joint, including the fibula and
high curved regions over the talar shoulders and
the medial malleolus, using MRL

Our results show that the mean thickness
ranged from 091 +0.08 mm in the fibula to
1.35-£0.14 mm in the talus, and maximum thick-
ness ranged from 1.68+0.18 mm in the fibula to
2.69+0.25 mm in the talus. The figure of merit
values show that the border positioning achieved
with the dGVF snake, relative to expert manual
segmentation, is better than the border positioning
obtained with standard snake techniques.®
Furthermore, the high FOM values obtained are
encouraging since the images analyzed were in the
middle of the joint and showed extensive cartilage-
to-cartilage contact which represents some of the
most challenging regions to segment in the ankle
joint (Fig. 3). However, in some images, the dGVF
snake failed and it was necessary to manually edit
the borders detected by the dGVF snake; this
typically occurred where there were large areas of
continuous cartilage-to-cartilage contact with
indistinct borders. We found the coefficients of
variation for the quantitative geometric para-
meters studied varied from 2.82% to 9.62% in the
different cartilage layers. The inter-subject varia-
bility in this study was slightly smaller than
reported by Al-Ali et al.'”; moreover, it was notably
larger than the variability seen in the serial
measurements.
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Table 2. Mean CVs (Min—Max} from the Six Repeated M T ts in Five Suhbjects for Each of the
Quantitative Parameters

Variable Mean Thickness % Max Thickness % Cartilage Area % BCI area % Volume %
Talus 3.49 (2.67-4.75) 4.47 (3.26-6.24) 3.23 (2.01-4.48) 2.82(1.21-4.21) 4.95 (2.57-7.48)
Tibia 4.57 13.26-5.75) 6.33 (3.77-11.35) 4.51 (241-7.7T1) 3.99 (2.27-6.96) 5.04 (3.29-6.98)
Fibula 4.67 (2.62-7.40) 7.44 (4.14-9.51) 0.28 (7.20-11.96) 9.46 (8.21-11.10)  9.62 (5.08-12.00)

CVs, coefficients of variation; BCI, bone cartilage interface.

Quantitative MRI of thin congruent cartilage
layers has, to date, been challenging because of the
trade-off between maintaining an acceptable scan
time and signal to noise ratio (SNR) while obtaining
a sufficient resolution required for accurate quan-
titative measurements, The sean time, 17 min 14 s,
used in this study is relatively long; however, Al
Ali et al. used a longer sequence on volunteers,
reported no motion artefacts, and suggested that
the scan time is acceptable for routine in vivo use.'”
We believe the scan time used in this study is
acceptable for research use however it is unclear
whether this would be well tolerated by sympto-
matic patients, who may experience discomfort and
have difficultly remaining motionless. We felt that
it was acceptable to sacrifice some of the SNR by
using one image acquisition in order to obtain high
resolution, isotropic image data and maintain a
suitable scan time. By using isotropic image data
reconstructions can be made in all three planes
while the resolution was sufficiently high to aveid
partial volume effects. Furthermore, the variance
reduction ratio values show that it is possible to

Figure 4.
with the original 3D MRI data.
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effectively counteract the reduced SNR by applying
the anisotropic diffusion algorithm to enhance
the images while preserving edges with the image.
Through the combination of the anisotropic
diffusion algorithm and the dGVF snake segmen-
tation algorithm, we have been able to segment
images that others believed lacked sufficient
definition for reliable segmentation.'”

The coefficients of variation reported in this
study are approaching those observed in quantita-
tive studies of knee articular cartilage,?**%15.50.51
which is very encouraging. Unfortunately, the CV
values for the fibula are slightly higher due to the
much smaller area and thickness of the layer which
makes measurements more sensitive to small
variations.

Further improvements in precigion will be
possible in the future through a number of
technological advancements. Current and ongoing
development of higher field strength can be
obzerved and a new clinical standard of 3.0 Tesla
seems to be being established.®**%2~5 High-field
MRI allows increased resolution while maintaining

A typical 3D thickness distribution map of a talar cartilage layer in context
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Figure 5. A typical tibial cartilage 3D thickness
distribution map.

the same scan time. In addition, the development of
parallel imaging allows shorter scan times,
Multi-element coils can reduce the scan time by a
factor of 2—4.°% Furthermore, there has been
renewed interest in SNR efficient imaging
sequences for cartilage, including forms of steady-
state precession as well as driven equilibrium and
Turbo Spin Echo (TSE) imaging. These new
sequences offer the possibility to acquire 3D data
sets with isotropic voxels, which provides excellent
segmentation possibilities,”®?7

The values for mean and maximum cartilage
thickness of the talus, tibia, and fibula measured
using this approach are greater than those
previously reported using a number of different

0.8
0.6
0.4
0.2
0.0

Figure 6. A typical fibula cartilage layer 3D thickness
distribution map.

DO 002 or

EVALUATION OF ANKLE ARTICULAR CARTILAGE 149

techniques including A-mode ultrasound,®
MRL,'7*" and force-needle probes.*™ However, it
ig important to note that these studies excluded
the highly curved regions over the talar shoulders,
which have been shown to be the site of maximum
cartilage thickness.®"" Notably, the values
obtained in this study are congruent with values
reported using a high resolution stereophoto-
graphy technique that evaluated the entire carti-
lage layers of the talus, tibia, and fibula, and which
should be considered as areference standard for the
“true” cartilage thickness,”

The 3D thickness distribution maps demon-
strate a characteristic distribution pattern which
is most marked in the talus. It is widely believed
that the thickest cartilage in the ankle occurs at the
center of the talar dome and tibial piafond,”‘m'“s
but thickness maps clearly show the thickest
cartilage occurred over the anterior-lateral
and posterior-medial shoulders of the talus which
corresponds to the most common site of OCD
lesions in the ankle joint® and corresponds
to measurements from anatomical sections,”
Furthermore, the thick eartilage over the anterior
border of the tibia corresponds to cartilage injury
sites seen in dorsiflexion testing.®

CONCLUSIONS

In this study, we have quantified the geometric
parameters of the talar, tibial, and fibula cartilage
layers. We have demonstrated that the mean
and maximum thickness of each layer of ankle
cartilage exceed the measurements previously
reported.'”*"%%-6Y Wa have shown that, by using
a dGVF snake segmentation algorithm combined
with an anisotropic diffusion denoising algorithm,
we can extract the cartilag{e layer more precisely
than previously achieved'” in the ankle joint.
Finally, the 3D thickness distribution maps have
shown a characteristic pattern with the thickest
cartilage oceurring over the anterior-lateral and
posterior-medial talar shoulders, where OCD
lesions commonly occur.®
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Appendix 4. Automated 3-D segmentation study
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Abstract. This paper presents a general graph-theoretic technique for
simultaneously segmenting multiple closed surfaces in volumetric im-
ages, which employs a novel graph-construction scheme based on tri-
angnlated surface meshes obtained from a topological presegmentation.
The method utilizes an efficient graph-cut algorithm that guarantees
elobal optimality of the solution under given cost functions and geomet-
ric constraints. The method’s applicability to difficult biomedical image
analysis problems was demonstrated in a case study of co-segmenting
the bone and cartilage surfaces in 3-D magnetic resonance (MR} im-
ages of human ankles. The results of our automated segmentation were
validated against manual tracings in 55 randomly selected image slices,
Highly accurate segmentation results were obtained, with signed surface
positioning errors for the bone and cartilage surfaces being 0.022+0.11mm
and 0,17 £+ 0.12mim, respectively.

1 Introduction

Optimal segmentation of surfaces representing object boundaries in volumetric
datasets Is important and challenging for many medical image analysis appli-
cations. Recently, we proposed an eflicient algorithm for d-D (d > 3) optimal
hyper-surface detection with hard smoothness constraints, making globally op-
timal surface segmentation in volumetric images practical [1,2]. By modeling
the problem with a geometric graph, the method transforms the segmentation
problem into computing the minimum s-f graph cut that is well-studied in graph
theory, and makes the problem solvable in a low-order polynomial time. The so-
lution is guaranteed to be globally optimal in the considered region by theoretical

G.E. Christensen and M. Sonka (Eds. }: IPMI 2005, LNCS 3565, pp. 406417, 2005,
@ Springer-Verlag Berlin Heidelberg 2005
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(a) Coronal view (b) Sagittal view

Fig. 1. Two sample slices of a 3-D MR image of human ankle

proafs [1]. We have also developed a multi-surface segmentation algorithm [3].
However, these methods were both limited to segmenting height-field or cylin-
drical surfaces in regular grids.

In this paper, we present a non-trivial extension of our previous work. We
focus on the problem of segmenting optimal multiple closed surfaces in 3-D. The
new method for multiple surfaces segmentation is motivated by the need to
accurately segment cartilage layers in diseased joints. In this application, the ar-
ticular cartilage and corresponding subchondral bone surfaces can be imaged by
3-D high-resolution MRI (Fig. 1). However, no segmentation method exists that
would allow a rapid, accurate, and reproducible segmentation for quantitative
evaluation of articular cartilage.

The main contribution of our work is that it extends the optimal graph-
searching techniques to closed surfaces, while the backbone of onr approach —
graph-cuts - is radically different from traditional graph searching, Consequently,
many existing problems that were tackled using graph-searching in a slice-by-
slice manner can be migrated to our new lramework with little or no change to
the underlying objective function formulation.

2 Methods

The proposed method allows segmenting multiple inter-related surfaces in vol-
nmetric images and facilitates subsequent quantitative analysis. We will utilize
the bone-cartilage segmentation task to help make the method description intu-
itively clear, The general strategy of our method is to achieve the final segmen-
tation in two stages. The initial stage provides approximale segmentation of the
three-dimensional object (in our case, of the bone), and the final segmentation
is achieved by accurate and simultaneous segmentation of its multiple surfaces
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of interest. The outputs of the algorithm are triangulated meshes that are ready
for visualization and quantitative measurement.
The method consists of the following three main steps:

1. Bone surfoee presegmentation. A level set based algorithm is used. Start-
ing from several seed-spheres, the method uses the image-derived edge and
regional information to evolve a smooth surface toward the bone bound-
ary. The presegmented surface serves as an initialization to the subsequent
segmentation.

2. Mesh generation and optimizaltion. The presegmentation results in an im-
plicit surface that is the zero level set of a 4-D function embedded in a
volumetric digital grid. An isosurfacing algorithm (e.g., marching eubes) is
used to convert the implicit surface into an explicit triangulated mesh. The
mesh is optimized by removing or merging isolated and redundant triangles.
The resolution of the mesh can be increased or decreased using progressive
level of detail approaches when necessary.

3. Co-segmentation of the cartilage and bone surfaces. The mesh generated by
the second step is used to initialize a graph in a narrow-band around the
presegmented bone surface. A novel multi-surfaces graph search algorithm is
used to simultancously obtain the precise positions of the bone and cartilage
surfaces based on two cost functions separately designed for the two surfaces
while considering specific geometric constraints.

Since the mesh manipulation step involves largely standard techniques in
graphics, only the first and third steps are described in detail.

2.1 Bone Surface Presegmentation

The presegmentation algorithm is based on the MetaMorphs deformable shape
and texture model presented in [4]. The method provides a unified gradient-
descent framework for modeling both the boundary and texture information in
an image, and is relatively efficient in computation.

Let @ denote the image domain, and 29 be the surface represented by the
model, which is the zero level set of a signed distance function ¢. ¢ is positive
in the model interior, denoted Q1. Tnstead of directly evolving the function ¢,
the deformation of the surface is controlled by a set of uniformly-spaced control
points artificially embedded in the image domain. The motion of the control
points is computed nsing image-derived information. The deformation at any
voxel location can then be derived using the cubic B-spline based Free Form
Deformation (FFD). As such, the level set function ¢ can be updated using a
geometric transformation of itself at each descent step. The motion of the control
points is determined by minimizing the weighted combination of two edge-based
cost terms and two region-based cost terms. For more detail of the cost terms
and the model evolution, we refer to reader to [4].

Particularly, in [4], the authors suggested a Gaussian kernel-based nonpara-
metric approach for modeling image pixel (voxel) intensity distributions. This
approach, however, iz computationally expensive in 3-D. Considering our
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application domain and taking advantage of the physical properties of the MR
images, voxel intensities in the bone region are approximated by a Rayleigh
distribution: o

fe—1*/2b?

——
with ! being the pixel intensity. This distribution has only one free parameter
b, which is estimated using the sample mean g ol voxel intensities inside the

initializing spheres, as:
2 A

2.2  Simultaneous Segmentation of Cartilage and Bone Surfaces

P(I|b) = I>0, b>0 (1)

After the bone surface is presegmented and converted into a triangulated mesh,
a novel graph-based algorithm is applied to co-optimize the cartilage and bone
surfaces. Note that anatomically, the cartilage only covers certain parts of the
bone surface. To simplify the problem, we assume the cartilage extends the full
surface area of the bone. However, in some areas the “cartilage” surface merges
with the bone, so that the cartilage thickness is effectively zero in those areas.

Preliminaries. A triangulated mesh consists of a set of vertices connected by
edges. We use M(V., &) to denote a mesh with vertex set V and edge set £. Two
vertices are said to be adjecent if they are connected by an edge. Each vertex
has an associated surface normal, which is perpendicular to the surface that the
mesh represents at the vertex.

A graph G(N, A) is a structure that consists of a set of nodes N and a set
of ares A. The arc connecting two nodes ny and ny is denoted by (ny,na). For
undirected arcs, the notations (ny,ns) and {nsz.mn;) are considered equivalent.
For a directed arc, they are considered distinct. The former one denotes the arc
[rom nq to ng, and the latter one from ns to ny. In addition, a geometric graph
is a graph whose nodes have certain geometric positions in space,

Graph Construction. Since the bone and cartilage surfaces are to be seg-
mented simultaneonsly, two spatially-coincident eolumns of equidistant nodes
are constricted along the normal at each vertex of the triangular mesh obtained
from the presegmentation (Fig. 2). The number of nodes in each column is de-
termined by the required resolution, and the extent of each column depends on
the width of the region where the cartilage and bone surfaces are expected —
a narrow-band around the presegmented surface. A set of arcs is carelully con-
structed between the nodes to ensure the geometrie constraints, including the
smoothness constraint, which controls the stiffness of the output surfaces, and
the surface separation constraint, which defines the relative positioning and the
distance range of the two surfaces.

Suppose there are N vertices on the mesh, and let ©; be one of them (1 &
{0,...,N — 1}). The two columns of nodes constructed along the normal at

v; are denoted by Ko(v) = {nl),....n% '} and Ki(vy) = {nl,,...,n0 1},
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Inter-column arcs Inter-surface arcs

\ g T

:_Intra-column arcs _T_
=g

Kdv) Kiv) Kgw) Surface Mesh Kwsy- Ky

Fig. 2. Graph construction

respectively, where I is the number of nodes in each column. The collection of
columns |JK;(v;) withs =0,1land i = 1,..., N — 1 constitutes the node set A

Next, assuming that each column Ky(w) intersects with the bone surface at
exactly one node, denoted nyj,, and each column A (v;) intersects with the car-
tilage surface at exactly one node nj;. the collections of nodes Aff = {ng, : i =
0,..., N—=1} and AY = {n}; : 1 = 0,...,N — 1} will represent discretizations
of the bone surface and the cartilage surface, respectively. In this way, the seg-
mentation problem is converted to a graph search problem, in which the node
sets Aj} and N are to be identified.

Apparently, the choices of N and N7 are not arbitrary. Cost values are
assigned to the graph nodes according to two cost functions constructed specif-
ically for the bone and cartilage surfaces. Nij and N} will correspond to the
set. of nodes with the minimum total cost in the graph. Furthermore, several
constraints are imposed on the geometric relations of the nodes in N[} and N7,
These constraints are enforced by the graph arcs. constructed as follow.

~ Intra-column ares A®: Along each column K,(v,), every node n¥, has a di-

rected arc to the node 'nf; . e
At ={{n¥ nfY ik =1,...,K —1;¥i,s)} (3)

— Inter-column arcs A": The inter-column arcs encode the smoothness con-
straint, which is imposed between each pair of adjacent columns. Two columns
Ks(v;) and Ks(vy) (8 € {0,1}, i # j) are said to be adjacent if the two ver-
tices vy and v; are adjacent on the mesh. Suppose one of the sought surfaces
intersects with two adjacent columns K, (v;) and K (v;) at nodes nf{ and

n.i}, respectively. If the surface is smooth, &; and k; should not differ too
much. The smoothness constraint A defines the maximum allowed difference
between k; and k;, i.e., A = max |k —k;|. Smaller A forces the surface to be
smoother. To encode the smoothness constraint in the graph, the following
directed arcs are constructed:

; 0,k— ;
Af = {(-“.ghn.;“‘x‘ F=2N i Vs, ks vy, v; adjacent} (4)
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— Inter-surface arcs A%: These arcs model the separation constraint between
the two surfaces. Suppose the bone and cartilage surfaces intersect Ky(wy)
. K0 hy s . ;
and fCy(v;) at nodes ny;; and nj}, respectively. Because the thickness of the
cartilage is within some known range, nff and nf! are at least o', and at
most 6% nodes apart, i.e. 8' < k; —ky < 6" The inter-surface arcs are
constructed between columns Kp(v;) and Kq(v;) for all v; €V as:

e max(0.k - 5%) ming K -1kt 8 —
A® = {(nly, ng™ s (g ')« Vi, k) (5)

For more than two surfaces, the separation constraint is specified pairwisely.

Cost Functions. The cost functions are crucial [or accurate surface localiza-
tion. For this pilot study, relatively simple cost functions are used. Specifically,
the cost function for the bone surface, Cyone, is the negated pradient magnitude

of the Gaussian-smoothed image &,
=—/GZ+ G2 + G2 (G)
[7)

where 7, = é—:G. Gy = a—y(? and ., = %G are partial derivatives of the
image. The cost function for the cartilage surface is computed as a weighted
combination of the response of a 3-D “sheet filter” [5] and the directional image
gradients. The sheet filter is formulated using the Hessian matrix V@ of the
image intensity. Let the eigenvalues of V2@ be Ay, A and Aa, (Ag > A > Aa).

The sheet filter is defined as:

(Thanr.- — '_lvc;

Azl - w1, Az) - wlAo, Az), A2 <0,
) {{l.lzl At A c:-;hjrwise. ()
The tunction w is given by:
(1+35)", M <Aa <0,
w(da Aoy = { (1 —age)r, B>y, >0, (8)
0. otherwise,

where a, v are parameters. In our experiments, we chose o = (.25 and v = 0.5.
In summary. the cost function for cartilage surface is computed as:

Bt = {~Fshﬁ.,,,(—c;) —72Gr, Gy >0, (9)
-ATEagE —Floheet(—G) otherwise,
where the value of 7, is chosen to be 1.0 in our experiments.

The above cost functions are computed in the image domain. The node costs
are assigned using spatial interpolation based on the positions of the nodes.
Specifically, the costs of nodes nﬁu are assigned according to Cy,ye. and the costs
of nodes -n.-’{;- are computed from Ceartitage.
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Optimization. Once the graph is constructed and the node costs assigned, we
can use the same technique described in [3] to transform the graph into an s
graph G that has a source node s and a sink node ¢, and apply a minimum s-¢
cut algorithm to compute the optimal surfaces. The final surfaces will correspond
to the upper envelope of the set of nodes that can be reached from s in G, i.e.,
the source set of G,;.

3 Case Study

Osteoarthritis and articular cartilage injuries are very common — one in six
people in the USA is affected by some form of arthritis., The socio-economic
impact of degenerative joint diseases is massive, with an estimated annual cost
of 65 billion in the USA during the 1990°s. As such, there is a huge research
interest in the feld of chondro-protective and chondro-restorative treatments.

The proposed method allows segmenting the articular cartilage surface and
the corresponding subchondral bone surface in volumetric MRI images that fa-
cilitates subsequent quantitative analysis. The segmentation is initiated by a
few (normally 3 or less) roughly-placed seed points in the bone region, but is
otherwise fully automated.

Data. The method was tested in 8 high-resclution 3-D MR data sets of human
ankles. The images were acquired using a 1.5T MR scanner, with in plane res-
olution 0.3 x 0.3 mm? and slice thickness 0.3 mm. The acquisition time was 17
minutes and 14 seconds. Overall, each MR image data set consisted of approxi-
mately 512 x 512 x 150 voxels.

Independent Standard. In the 8 MR images, 55 coronal or sagittal slices
were randomly selected to be manually traced by an expert observer (ortho-
pedic surgeon) and formed the independent standard. The selection of coronal
as well as sagittal slices allows assessing the performance of the inherently 3-D
segmentation method using 2-D manual tracings.

Comparisons with the Independent Standard. Computer segmentation of
the talus bone and the cartilage surfaces was performed in 3-D. Consequently,
the segmented surfaces were available for the entire closed 3-D object. The au-
tomated segmentation method locally failed in 5 of the 55 image slices for which
independent standard was available due to local pre-segmentation errors. The
segmentation accuracy was assessed in the 50 image slices by computing signed,
unsigned, and RMS surface positioning errors. The positioning errors were de-
fined as the shortest distances between the manually traced borders and the
computer-determined surfaces in the coronal and sagittal MR slices for which
the independent standard was available. The errors are reported on a per-slice
basis as mean £ standard deviation.

Reproducibility. To assess the reproducibility of cartilage segmentation, the
method was independently initialized 5 times and the mean and maximum car-
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(a) Presegmented talus surface

(b} Segmented talus and cartilage

Fig. 3. Presegmentation and segmentation. Cartilage surfaces are color-coded, with
darker shadings depicting thicker cartilage
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tilage thicknesses were determined for each of the 8 talus cartilages. The repro-
ducibility was assessed by calculating mean 4+ standard deviation of differences
between the average values obtained in the 5 reproducibility runs and the indi-
vidual results.

Results. All experiments were performed on a workstation with dual 3.0GHz
processors and 4GB of RAM. For each data set. we used 3 seed-spheres inside the

Table 1. Overall surface positioning accuracy

| Signed Error (mm) Unsigned Error (mm) RMS Error {mm)

0.02+0.11 0,25 = 0,08 0.03 £ 0.01
0.17+£0.12 0.39 + 0.09 0.04 + 0.01

Bone
Cartilage

{¢) Computer {d) Manual

Fig. 4. Clomparison of computer and manual segmentations
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Mean Cartilage Thickness Reproducibility Max Cartilage Thickness Reproducibility
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IMig. 5. Bland-Altman plots of cartilage thickness reproducibility

bone region to initialize the presegmentation. To reduce running time, the regions
containing the talus bones were cropped from the original MR images to form
smaller images of approximately 250x250x 150 voxels each. The presegmentation
was performed on 2-times downsampled copies of the cropped images, while the
final segmentation was performed on the original full-resolution images.

The parameters used for final segmentations were K = 30, &' = 0, §* = 12
and A = 1. For each data set, the average execution times of the presegmentation
and segmentation stages were about 200 seconds and 70 seconds, respectively.
The overall surface positioning errors of the computer-segmented talus bone and
its cartilage surfaces are shown in Table 1. Examples of computer-segmented
and manually-traced bone and cartilage contours are shown in Fig. 4.

The mean cartilage thickness measurements achieved a signed error of 0.08 £
0.07mm, and an unsigned error of (.09 £ 0.06mm. The corresponding measure-
ments of maximum cartilage thicknesses have signed and unsigned errors of
0.01 &£ 0.19mm and 0.16 £ 0.10mm, respectively. All border positioning errors
show subvoxel accuracy (voxel size 0.3 x 0.3 % 0.3 mm?).

In the reproducibility experiment, the initializing spheres were modified from
the original settings by adding up to 10% of random perturbations to their radii
and 2 to 5 voxels of random translations to each coordinate of their positions.
The Bland-Altman plots of the signed differences between each individual mea-
surement and the average measurements are shown in Fig. 5 demonstrating that
repeated measurement of cartilage thickness is unbiased and reproducible.

4 Discussion and Conclusion
Traditional technigques such as manual segmentation and gradient based edge
detection are not suitable for automated, accurate, reproducible detection of

the cartilage and subchondral bone surfaces in thin congruent cartilage layers.
The objective of this study was to provide a proof of concept that the cartilage
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and subchondral bone surfaces can be accurately detected simultaneously in
3-D, using a novel segmentation method, and perform its pilot validation in
comparison with an independent standard.

Properties of the Method. The graph-based segmentations utilized hard ge-
ometric constraints, which are intuitive and easily controllable. The definition of
the smoothness constraint, however, requires that the edges in the surface mesh
be as equidistant as possible. This could be achieved by using sophisticated mesh
optimization algorithms. An alternative and simpler way is to make the smooth-
ness constraint vary between graph columns by modulating it according to the
corresponding edge length. When the mesh is dense enough, however, the effect
of unequal edge length could be ignored for our application. Therefore, neither
approach was used in the reported experiments. A drawback of the presented
graph-search approach is its dependence on presegmentation, which is crucial for
obtaining good final results. However, a one-shot approach using either numerical
or discrete mathematical tools alone could be difficult to design, computationally
inefficient and may not yield a satisfactory outcome. In addition, its reliance on
surface normals makes the method suffer from surface self-intersections. How-
ever, this problem is avoidable by detecting spatially intersecting node columns
and pruning the affected nodes during the graph-construction.

The employed presegmentation method uses free form deformation, with
which one can use large step size for surface evolution. Moreover, in practice,
the number of control points required for the FFD is usually much fewer than
the numnber of image voxels. These make the method computationally efficient.

Overall, the method was shown to be highly reproducible in our experiments.
However, the initialization of the presegmentation is quite strategic. As a rule of
thumb, the seed-spheres should be roughly centered at the maxima ol the “shape
image” in the bone interior. Automatic initialization methods can be designed
following this strategy.

Cartilage Segmentation. A variety of 2-D image segmentation techniques
have been utilized on articular cartilage images in the past, including manual
segmentation, seed point and region growing algorithms, fully automated 2-D
shape recognition, interpolated B-splines, B-spline snakes, and directional gra-
dient vector Aow snakes [6,7,8]. All of these techniques have limitations as they
require an accurate initialization. Manual surface segmentation is both labor
intensive and prone to error and is influenced by subjective judgment of the
operator leading to inter-observer variability. Moreover, the accuracy and repro-
ducibility of existing fully antomated and semi-automated algorithms in noisy
images of cartilage layers are often suboptimal. This poses particular problems
in thin highly congruent, curved cartilage layers, which require subvoxel mea-
surement accuracy. Previous studies utilizing computer-assisted techniques suffer
from measurement errors of up to 100% or exclude large areas of the joint sur-
face. As a result there has been a return to manunal segmentation techniques
with the focus being on the development of time saving devices such as touch
screen interactive segmentation. The reported 3-D approach addresses a number
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of the existing challenges and carries a substantial promise for the future ntility
of automated quantitative analysis of cartilage in 3-D.

Conclusion. A novel method for simultaneously segmenting multiple closed
surfaces was demonstrated. The method utilizes an efficient graph-based algo-
rithm that produces optimal solutions according to certain cost functions and
geometric constraints. The proposed method achieved highly accurate results in
segmenting cartilage and bone surfaces in MR images of human ankles. Although
this paper concentrated on closed surfaces, the presented method can segment
surfaces of other topologies according to different initializing meshes.
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ABSTRACT: The parpoes of this stwdy wee to messure the ankle joint contact aren under
phpsiclogics Lead msgmitsdes using o a2 hik iy techinigie that allows socurate analyis of
the emtire joint surface witheat ﬂllfﬂmthﬂml mmmmm“smm
specimims werd lopded to 1000 N n neateal, snd 207 dorsillesion. supinatien, pronation, and
plontorflexion. Phobo torgets rigedly ficed to ench of the benos wore imagod in the lesded joimt
pasition using & high-resolution stereophotography system. ARer testing, each ankle was
disartaculated and the joint surfaces imaged relative tothe photo targets. The plote Lirgeds. wers
thin waed b sputinlly regisler the joink sirfooms inte the loaded joint position; the overlop of the
surfpees was used to determine the it eatact ares. The mean talo—1ibks contaet pren was greatest
in dorsiffexion 7.34 + 188 cm® and wae significantly larger than in plantar flexien (< 0,06}, which
Bhwwed the smallest joind contact area 4,39+ 141 om®, Considering talo-filula, the mazimum
L drea, Was wid i dorsdleaion. 202 + 0,78 cm”, and the minimem contact aren securred
mpmnlunu.-ﬂ-ﬁ.tﬂﬂnm’ respactivaly (g - 0.06k W-w-mphumhymhm
allivwn measurement. of the joint contact aren without disnspting the joint during loading. The
ket nrcn i larger thon proviously reporbed, as the antioe jolnl sl was analyzed. Joint contact
exiends over both the taler dome and the talar shonlders where sstoochondritls dissseana lealann
commooly socur. © 2007 Orthopasdic R b Suciely, Pablished by Wiley Periodicals, Inc

J Orthep Rea 95:1-9, 2067

Heywords  nnkle; joint contact aren; stercophotography; jaint loading

INTRODUCTION

The ankle joint is one of the three major joints of
the lower limb; however, unlike the hip and knes
joints, the ankle iz rarcly affected by primary
oetecarthritis but is particularly sensitive to
posttroumatic osteoarthritis.’ Knowledge of the
Joint contact area under physiological loads and
throughout the range of motion is essential fur
understanding the biemechanies of the ankle joint;
furthermore, it is beneficial for understanding
the pathogenesis of joint degeneration as well as
improving prosthetic design and ligament recon-
struction surgery. Importantly, cartilage restars-
tion and repair therapies, such as mosaicoplasty
and autelogons chondrocyte implantation (ACI),
are beraming more common far talar articular
cartilage lesions."* Leslons cceurring on the
talus thet are amenable to surgical treatment
commonly cccur over the anterior-medial or
posterior—lateral talar shoulders,® therefore, the

Correspondesce to: Stephen Millingten (Telaphsne: 0043-1-
A0400-177 1, Fax: 0043-1-40400-7831;
E-mail: steven.milinpionirresed ac uk)

f‘:[ﬂ' Orthapeedic Besearch Bocloty. Pabbishad by Wilay Parodicals,
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Joint contact characteristics in these regions under
different loading conditions are of particular interest.

There have been several reported experimental
studies of ankle joint contact characteristies with
wide variations in methodology and loading eondi-
thons resulting in varying reparts of the extent and
location of the contaet area.” " The most widely
used technigue for measuring joint contact area in
the ankle has been Fuji flm.7*1%1%1% Fyji film has
several well-established limilations; iL requires
dissection of the joint so the film can be inserted,
it is prone to crinkling, slippage and shearing can
producs erroneosus results, and it has o thickness on
the order 0.3 mm, which can alter the joint eontast
characteriatice in highly congruent curved joints
auch se the ankle.' Other methods that have
heen apphied to study the joint contact area include:
reversible cartilage staining,'” silicone il - carbon
black powder suspension squeeze, known Es
the ‘A5 technigue’,'® dye injection,'? silicone
rubber molding, " stereophotography,” and more
recently, roentgen stereophotography.

Using Fuji film, Calhoun et al.” and Driscoll
ot al." reported that the contact area of the ankle
Jjoint was located over the central region of the
talar dome; Kimizulkn ot al." reportad a similar

+SILEF .
a, InterScience:

JOR-B06-188(20425)
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digiribution from silicone rubber moldings. In
contrast, studies wsing reversible staining” and
rocntgen stereophotography combined with a 3D
digitizer™ reportad the ankle joint contact area to
be located sver the lateral and medial marging of
the talus.

Previous studies of ankle joint eontact area have
uged a range of different joint load magnitudes
varying from to 490 N to 3200 N,™*® and have
measiired contact ares with the ankle joint in variety
of positiona, ™% which has substantially influeneed
the results previously reported. However, these
parlier studies heve not assessed the joint contact
area under load ot the extremes of ankle movement
whisre infuiry may be more likely to cerur,

Ateshian et al.'® published an elegant stady using
a stereophotogrammetry bechnigue and compared it
e & mumber of different techniques for messuring
Jjoint contact ares in an incongruent and a congruent
juint, Dye staining techmique consistently over-
egtimated the contact ares, especially in congruent
Jointe. Silicone casting prodused the smallest son-
tact sreas; this probably occure for two reasons.
First, the silicone “film’ cannot be squeezed out of
the contact area in a finite time. Second, the viscosity
of the silicone rapidly increases as it turn from liquid
tn solid state relatively rapidly. Furthermaore, dye
staining and silicone molding alse require extensive
joint dissection prior to testing, which may signifi-
cantly affiect jodnt stability and hence joint contact
area, Fuji film and the stereophotography proximity
techniques produced consistent result in both
the congruent and incongruent joints. Although
Fuji film pgives the benefit of also allowing
pressure measurcment, ns deseribed above, it has
considerable dissdvantages. On the other hand,
stereophotography proximity experiments do not
require disruption of the joint prior to testing, and
the experiments can be performed relatively
guickly,

The specific objectives of this study were first to
measure the pint contact anes in intact ankle joints
under a physiological load in & variety of positions
including neutral and the extremes of dorsiflexion,
supination, pronation, and plantar fAexion. Second,
to describe the distribution of the contact area
across the joint surfaces, and last, to demonstrate a
technigue that allows analysia of the entire ankle
Juint surface with grester accuracy and fewer
limitations than other techniques.

MATERIALS AND METHODS

Ethical npproval for the study was provided by the
University of Yirginin institutional review board and
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human usage review panel. All specimens wore aciguined
in accordance with state and federal laws.

Specimen Freparation

Ten lowar log specimens {six right and four left legs)
were ohiained from nine fresh-frozen cadavers, maan
age G646 years (gix male, three femalel. From the
available medical histories thers wene no reports of
trouma to the lower limbe or mugculoskeletal diseass in
the anklels) of the subjscte. The specimens were stared
at =25°C; prior to testing each specimen was allowed to
thew ot room temperstore for 24 b A pormal range of
movement and lignmentows stability were confirmed by
phoysieal examination prior to testing performed by an
orthopedic surgeon.

Each lowsr leg specimen was transected approxd-
mately 20 em proximal to the apklejoand. The sofl tsgues
were stripged from the prosimal tibia and fibula and the
two bonas ware then rigidly fixed into potting cupusing a
fnst netting resin (R Fasteast, Goldenwest Manufactur-
ing Inc., CA) with the leg in an anatomically neutral
position,

Two Steinmonn pins were inserted into the tibla
npproximately 1 e¢m proximal to the joint line, wia
minimal incisiong o further two pins were inserted into
each of the talar neck and the distal fibula. Forty-five
degres bevelled frames with mounted photo targets were
then rigidly fized to Steinmann pins using pelymethyl-
metharerylate (PMMAL The range of movement was
pee mgain examined to ensure that the reference frames
did not come into contact with each other or impinge
the rangs of motion at the ankbe joint, The foot was
then rigidly moonted t0 o foot plate using three
serews inbo the caleaneons, one screw into the distal part
of the first metatarsal, and taping acress the forefoot
(Fig. 11,

Specim en Loading

In the next step the foot plate was rigidly fixed to the
base of the tost fixture. The actustor of the hydraulic
materials testing machine [Tinius Olson, Horaham, PA,
T84 was lowered and the buse of Lhe pobling cup was
positioned fat againat the actoator plate, This eonfig-
wration ensured that the axial mpmuiw: load waa
applied along the vertical axis of the tibia and fibula. For
testing in positions other than neutral, o 207 anghed
aluminium block was incorporated botween the foot
plote and the bpse of the test fg (Fig. 1)

Ench ankle was tested in five positions: neutral, 20°
plantar flexion, 20° supination, 20° pronation, and 20°
dorsiflexion, which reflect the more extreme ends of
movement where the ankle may be more
o injury. ** The speciman was steadily londed aver 3 min
to o peak nad of 1000 N, the actuster was then held in a
atationary position, for approximately 20 8 while the
phote targels wore imaged uaing the steresphotogram-
matrie system. The lond was then released and the
apecimen was repoaitioned. The process wae repeated for
each of the joint paaltbons studied.
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Figare 1. A lower beg specimen mounied in the test rig in
20" plantarfioxion. Dewelled Frumes with the mounted photo
inrgeds ore rigidly attached o aach of the bhones, The fol s
rigidly nezached to the foot plate y serews in the enlenneus the
first metatarsal Additionnily the Torefoot was tapped &o the Toot
plute prior to Ioading.

Stereaphologrammelry System

The Advanced TOpometrie System (ATOS I B0,
Capture 3-d, Costa Mesa CA UBA)L conaists of twa
high-resohation CCIN cameras, o fringe pattern projec-
tor, and digital imaging processing software. The
ATOSET syvetam has A measurement noise [ReeuTacy)
il +2 pm and point speeing e 00 mm (higpfw
o comEN/measuring eystems/ atoa/srstemvarintiona)
It functions by projecting a fringe patiern onto the
specimen and the fAxed photo targets, The system
putomatically detectz the photo targets within the
imapes captured by the two CCLY cameras, therefore it
k5 oot necessary te know the exact apatial relationship of
the photo targeis before imoging. The systom then oses
trtangulation and digital image post processing Lo assign
AT coordinates to each pivel and generates a dense point
clowd. Mulliple point chouds taken from differant views
are nutomatizally combined into one mensuroment
praject within 8 common coordinate system defined by
the photo targets. By combining multiple point clouds a
Full detailed 300 meodel of each surfacs can be peborated
in the form of & trinngulated mesh.

At peak load the photo targels wers imaged and
formed the epatial eoordinate frame for the subsequent
registration of the tibia, talus, and Abule surfices
together, Omoe the loading studes wers completed the
onkle joint was disarticulated and inspested by an
orthopedic surgeon for signs of surface fbrillation or
depeteraticn wsing the India ink technigue. Each
articular sicfocs was Lhen fmaged relative to the photo

0 11T 2 o
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targets rigidly fxed to the relevant bone, using the
ATOE™ gygtom.

The sarfaces of the three ankle bones were then
realigned into the positions assuomed in ench of the
joint loading eonfigurations. This was ormed wsing
soltware |ncarpacated inte the ATOS™ system. Firat,
the photo targsts asseciated with an individual cartilege
surface ware identifind and then the snme photo torgets
in the lsaded configuration were identified. An aubo-
mated tranaformation to pesition the photo tanmets and
the pssnriated sirface into the landad joint position was
performed and the polnt eloud data was saved, The
prgedure was performed for each bone, hance providing
the relative positions of the jeint surfaces when under
lond. The procedure was repeatad for mach of the five jeint
positions svaluated,

Postprocessing Technique

The force applied to the cartilsge layers during the
leading phase causes cartilage deformation to oceur;
however, the force is thon removed, the ankle joint i
disarticulated, and the jolnt surfaces are independenthy
imeged with the stereophotopraphy system im the
wndeformed slate. When the wndeformed sorlooes of
the talus, tibia, and fibula are transformed into the
eommon coardinate srstem formed by the photo targets
in the laded stats the undeformed cartilage surfacess
owerlap, This overlapping reglon iz a good approxima-
tion of the true contact area according lo the Winkler
elastic foundation model 22 However, determining
the overlapping regions is not straightforward,
heeanse the surfaces are ok closed, so heuristes migst
be applied to deside which part of the surfsce should
be copnsidered in coptact lie, overlappingd with the
opposibe surface.

Wa define two constants, &, and es, Aand treat all
triangles on mesh A with o distanes of less than <z, from
thecorrepsonding triangle on theoppoesite mesh B as part
af the contact nren. Moreover, overlapping regions are
conabdered ncontset for distancesup toeg bo aceount for &
certain ampont of deformation (Fig. 2). We sst &, =0,
because in Lhe dieformed state i greater aren of cortilge
will be in eontact with its opposing surface than
eompared to the overlap of undaformed surfnces;
furthermere, £, allvws for & small amount of uncertainty
in ther surface due to the sarface preparation. To ensura
that only walid solutions are ylelded, and erronecss
results ot the peripheries of the joint sarfaces ara
mvoided, the value of ey should not exceed the meccmum
expected wvalue of overlop. The voloes of oy may
theorehtically be up to the combined cartilaga thickness
of the cpposing surfaces. For this study we sed 5 =
0.0 mim and &= 1 mm. Ta distinguish oeerlapping and
nonoverlapping regions, we examine the surfacs normal
vector . Inthe nonoverlnpping cese, npoints toward the
oppagite surface, whils the opposite sarface s found in
the negative dirsction -n i Che sverlapping ease (Fig. 2.
Finally, we ignore g€z in regions that ectend beyond
the: opposite surface’s border as previowshy n:Im\cﬁI‘:uzu:l,ﬂi
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contact area

Plgore 2. Contact avos puest precacsing steps: (1] Values of o, and £ aro sot to sl for the surfoes
uncariminty and the moxmum defermation; (2] the direction from ono surfece to the other s
determined, which i the surfoce normal vecter [n] in oomoverlapping regicas and [-n] in
mverinpping reginns; |d) regions of the surfooe extending beyond the border of the oppesing surfoce

nre exchnded.

because we know in advence that such regions cannot
cantribute to the contact aren (Fig, 2,

Because the surfsce areas and conlact areas are
maasured from the triangulated mesh, crented from the
point choud date, noise in Lthe verbe locations could result
im lezal variationa in the surface normals, which may
subsequently increase the size of the measured aces.
Although thie effect ks gmall for any given vertex, the
cumulntive effect across the total surface ares or joint
tantact area maybe conakderable; however, the ares error
Iz sl if the vertex displacement i small compared Lo
the triangle edge lengrth. To sssess whether vertex
loention noize produced o marked effect on the area
mepsurements, the change in the todal sarface ares and
normalized joint tact mrea following consecutive
iteratione of o previsusly described densising method ™
was mepsured for B talus in the neatral position,

Statistical Analysis

Parameters were assessed for statistical differences
between jaint lvading pesitions usng an ANOVA with
a post hoc Tokey's test, p <005 was conaidered
statistically significant. All statistical analysis was
performed using 8PES 130 (8PES Toe. Chicago, IL).

RESULTS

The resulls of multiphe iterations of the densising
method show that the contact area error due to
vertex location noise is negligibly low; therefore,
mesh denoising was not used for the purposes of
these tasta (Tahle 11

The abaclute size of the joint surface area for
cach bone, the talo—tibia joint contact area, talo—
fibula contact ares, and total joint eontact arcn
ware caloulated for each joint position. To compen-
sate for variations in the size of the jeint contact
area caused by differences in the size of the
specimen donoes we alas determined the pormal
ized joint contact area,

The joint eurface prea measurements are shown
in Table 2. The mean talo—tibia contact area was
greatest in dorsiflexion 7.94 + 169 em®, and was
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significantly larger than in plantar fexion
{p < 0.05), which showed the smallest joint contact
orea 4,99+ 1,41 em®, When considering the talo—
fibula contact area, the meximum joint contact
oceurred in dorsiflexion, 2,02 £ 0.78 em®, and the
minimum joint contact area ocourred in pronation,
0.77+£0.49 cm® respectively (p-<0.08). Mean
total talar, tibia, and fAbula contact areas for the
different loading positions are shown in Figure 3.
The total talar contsct ares in dorsiflewion and
neutral were both significantly larger than the
total eontact ares in plantarflexion, p <0005
and p < 0L0&, respectively. Furthermore, the total
contact area in doreiflexion was significantly larger
than in pronation, p < 0.05.

The prinl contect area for each messurement was
normalized to the joint surface area of the appro-
priate bone, that is, the talus, tibia, or fibula for
each apecimen. The mean normalized tokal talar,
tibia, and fihula contact areas for the different
loading positions are shown in Figure 4.

The normalized plantarflexion contact ares
waa gigni emaller than in doreiflexion,
p=0.05 neutral, p<0.05 and supination, p <
0.06. The normalized dorsiflexion contact area
waz also gignifieantly greater than in pronation,
o 006G,

Table 1. Impact on Sorfsce Area and Normalived
Contact Area Measurements for Consecutive Iteratinna

of the Moize Reduction Procedurs

MNumber of % Raduction of MNormalised
Iteritions Total Surfece Arda  Contact Area (%)
] — 49,86

1 023 4983

2 18] 49,83

b} 0.6 49,84

4 0.40 49,82

5 0.44 49.83

Reduetions in total surfaee aren o reparted relative o the
umprocessed mesh

[Cn 1p e
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Table 2. Mesn, Standard Deviation and Eange of Joint Burface Areas for Each Bone in the Ankbe Joint (¥ = 10)

Mean Surlace Standard Minimum Surfaes Meexdimum Surface
Bane Area, em® Daviation, cm* Aren, cm? Areg, em®
Tatus 200 23 163 1
Tibia 104 12 B.7 128
Fibula a.0 05 2.4 +.0

The results show that as the ankle joint rotsted
in the sagittal plane and moved from plantar
flexion to dorsiflexion the tibio—talar normalized
contact area increased by 15,74 = 7.95%, whereas
when the ankle rotated in the coronal plane
moving from pronation to supination the tibio—
talar normalized contact area increased by only
6.02 +6.86%.

Characteristic pattern of joint contact were seen
in each of the respective loading positions; typical
examples of the shape and location of the joint
conibact aren in each of the e positions teated ars

12.00—

10.00—

400

Mean cantact area [em2)

2,00

0.00—

shown in Figure 5. Notable features are the broad
contact area in doraiflexion distributed especially
over the medial and lateral talar shoulders, How-
ever, in 207 plantarflexion the contact area on the
tibia is narrower and more centrally located as
the talus is narrower posteriorly. When the limbs
were loaded in supination typically the area where
the greatest overlap of the surfaces and therefore
the region of greatest defcrmation under load
ocewrred at the gite where the medial talar shoulder
contacts the tibial plafond, In swpination, the
contact area was more medislly located than in

B Toial tler conims area
B Tahus-Tibia joinl contact
en

a Tane-Fibute comast
T

Joint loading position

Figure i Barchart of tho mean joint contaet area tom® hiveer thisurface ol oach of the talus, tiia,
and Abidn in five different loading positions, Exror bars rupresant. 41 B0,
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100.00 —

40,00

Mean % contact area

20.00 —

Q.00 -~

B contuct aren totu

Joint loading position

Figure 4. Mean ormalized joint contact area over the surface of the talus, tihin, ned fibulain each
of the five lading positions. Error bars represent +1 318

neutral or pronation {Fig. 5. In contrast, the region
of maximum cartilage surfoce overlap in pronation
oocurred at the eite corresponding to the contact
between the lateral talar shoulder and the tibial
plafond. The region of contact in pronation was
clearly more laterally located than in neutral
loading (Fig. 6.

The contact pattern between the talus and Gbula
dizgplayed a relatively consistent pattern; there was
a noticeable difference, as anticipated, between
supination and pronation. Under loading in 20° of
supination the contact area occurred over the
proximal part of the Gbula surface, mainly cen-
trally and anteriorly (Fig. 6). The corresponding
contact on the talsr surface over the anterior
superior aspect of the lateral talar facet (Fig. 6).
When the specimens were loaded in the pronated
position the contact area was distributed over the
inferior part of the fhula surface where it haz a
valpus angulation (Fig. 7). The corresponding
comtact area on the talar surface cecurred slightly
pasteriorly over the distal valgus angulated part of
the lateral talar facet (Fig. 7).
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MSCLSSHON

In this study we have described a medification of
a stereophotogrammetric technique, previously
used to determine cartilage thickness and dis-
tribution, for measuring and describing joimt
contact area in the ankle joint. The objective of
the study was to quantitatively evaluate the joint
contact area and its topographical distribution
under loading with the foot positioned in neutral
and st extremes of dergiflexion, planter flexion,
supination, and pronation, that is, in positions
where the ankle ma.y'l:u: more: q.'qpcl:pt.:ihtl: to
injury. The system allows rapid acquisition and
processing of large wvolumes of geometric data
with high measurement accuracy (+2 pm). The
varsatility and accuracy of the technigue has
enahled us to study the joint contact character-
isties of the highly comgruent ankle joint without
having to dierupt the joint integrity prior to the
loading phase.

Our results show that the largest talo—tibia and
talo—fibula contact area occurred in dorsiflexion,
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7.54 4 1.69 em” and 2.02 £ 0,78 cm®, respectively,
The emallest talo—tibia contact area cccurred in
plantarflaxion, 449 +1.41 em? and the smallest
tale—fibulacontact area securred when the foot was
pronated, 0,77 £0.49 em®; both are eipnificantly
smaller than in dorsiflexion (p < 0.05),

Additionally, the assesement of the noise redoc-
tinn algorithm showed that the surface area and
joint eontact area errors securring due to vertex
noise was negligible, and that the method used
does not require noise reduction as part of the
postprocessing procedure.

Direct comparison to earlier gtudies is difficult
due to the variety of loads and jeint positions
used in previously reported tests, Calhoun et al.”
roported the contact area normalized to joint
surface area; their resulls show the greatest
contact area (15%) occurred at the maximum
applied dorsiflexion (10°), and that medial and
lateral facet contact increased with inversion
and eversion, respectively. ¥ao and Seedhom™
applied the highest load (3200 N +662.6) and
measured the tibio—talar contact aren to be 4,839 4+
0986 cm?, using the ‘38 technique.’ Christensen
et al,** applied an %00 N load, similar to the leading
range used by Calhoun,” which are the lowest loads
reported in the ankle literature; they measured a
muan contact area of .25+ 0.52 cm®, but found
cansiderable variation with position.

Unfertunately, these carlier ankle studies were
unahle to reliably evaluate contact area over highly
curved surfaces with complex 30 topography
such a5 oceurs ower the shoulders of the talus,
and therefore it was oxtremely challenging to
accurately quantify the total surface ares of the
joint. On the other hand, the reported sterecphoto-
graphy approach allows easy evaluation of the
entire surfare and measurement of surface and
contact areas by triengulation. As a result, the
mean narmalized total talar contact ares measured
in this study was mnaidﬂab.l?r higher than that
measured by Calhoun et al.,’ whe reported the
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maximum normalized contaet as 18% at UF
dorsifiexion, Moreaver, the tatal talar contect area
mensured in thia study exceeds values reporied
using the ‘43S technique™ and Fuji film,**

Calhoun et al.™* obtained joint contact areas
with the faot in a variety of positions and reported
thee their values as inversion and eversion; in this
study we used a similar methoed for positiening the
fioot but we favor the terms pronaetion and supina-
tion because this movement affects several joints,
and in supination i3 a combination of inversion,
flexion and adduction at the ankle, whereas in
pronation it i 4 combination of eversion extension
and abduction,

In pronation, we found that the mean talo—
fibula contact area was significantly smaller than
in dorgiflexion. In contrast to earlier studies, ™' the
talo—fibula contact area in pronation was smaller
than in supination; however, the difference was not
statistically significant. This was an unexpecbed
finding, but is explained by examining the dis-
iribution pattern of the talo—fibula contact area
over the joint surfaces. When the ankle joint is
losaded in propation the fibula tip comes inboe contact.
with the distal angulated saction of the lateral talar
facet, which forces the distal Abula more laterally.
This results in & amall localized eontact between
the distal part of the fibula surface and the distal
part of the lateral talar facet (Fig, 7), In supination,
the distal part of the lateral talar facet assumes a
more vortical orientation; thia, combined with the
compressive load and the ligamentotaxis pulling
the fibula inferiorly, result in a larger contact area
between the lateral talar shoulder region and the
brnader proximal part of the fibula joint surface
IFig. 6]

The regions where we messured the greatest
surface overlap, corresponding to the regicns
where the greatest cartilages deformation ooturred
and therefore presumably the greatest load trans-
fer, correspond to the shoulders of the talar
cartilage. This is interesting as the cartilage thick-
ness and the subchondral bone mineral density are
highest over the talar shoolders,*#*** and these
finding may be & response to the prevailing
mechanical conditions securring in the ankle joint.

The distribution of the contact area over the joint
eurfaces soen in this study support the finding of
sarlier studies using reentgen muphmmh{
and reversible staining™ and reveraible staining,
which indicated that joint contsct was pre-
dominantly over the marging of the talar dome.
Howewver, our results differ from studies that
required the insertion of Fuji Alm Into the joint
space and reported that the contact area to be
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over the central talar dome. ™' Fuji film studies of
highly curved and congruent joints must be inter-
preted with caution as the Puji film itsell can alter
the join mechanics and is prone to crinkling in
highly curved areas, such as the talar shoulders.

It is important to bear in mind that in this stody,
as in many of the earlier studies, the fixation of
the foot and the tibis constrain movements in
particular rotation of the tibia, which w:urﬂdunﬁ
dorsiflexion and plantar Aexion in the gait cycla.
This restriction of rotation could have prevented
the ankle joint from obtaining miximal congruence
in dorgiflexion and plantar fexion; hence, the
joint contact ares reported my still be an under
estimation of the in vivo situation.

Given that eartilage surfaces deform in regions
of eomtact it should be appreciated that the ‘true’
in vivo contact area is not directly measured by
this technique because & proximity analysis of the
non-deformed surfaces is used to determine the
joint contact area. Additionally, the technigue used
in this study can only be used in vitro, and it is
important to appreciate that in cadaveric experi-
ments there is no muscle tension and the stiffness
of ligamentous tissue ia different from that of living
people.

Diespite thess shorteomings, the reported stereo-
photogrammetric technique has the advantage
that during the loading phasa of the study no
extensive dissection of the jeint structures is
raquired and no foreign material iz inserted into
the joint, which may alter the joint contact pattern.
Morsover, the described method allows accurate
A0 reconstructions of the entire articular surface of
sach bone in the joint, facilitating joint contact
analysis in highly curved regions and automating
quantitative measurements. The versatility of
the technique addresses many of the difficalties
associated with previous methods used for measur-
ing ankle joint contact area.

The in vitro method deseribed in this stady will
be helpful for comparative stodies and validation of
loading deviees and image analysis algorithms that
are being developed for messuring joint comtact
grea from magnetic resonanee images. In the
future it will be particularly interesting to remove
the eonstraints an Libial rotation during leading
and assess the effect on contact area. Furthermore,
it will be interesting to aseess sex differences, aE it
has been show there are differences in the bone
wizes and radil of curvature between men and
women, with a greater potential for adduction in
women:™ unfortunately, this was not possible
in this astudy due to the small numbers of
ppecimens. Importantly, this method provides
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weeful input data for computational models of the
ankle joint, which focilitate in-depth analyeis of

joint biomechanies.
CONCLUSHONS

A high-resolution stereophotographic technigue
that does not violate the joint struetures or require
insertion of foreign material into the joint during
loading and allows analysis of the entire ankls
joint surface has been deseribed. The largest
contact area occurred in dorsiflexion, the smallest
contact aren oecurred in plantarflexion, but in all
cases the contact area appears to be larger than
previoualy reported, Furthermore, the econtact
distribution was located more over the talar
ghoulders where the cartilage iz thickest, the
sibehondral hone most denes, and OCD lesions
most commonly eeeur® #s opprsed to contact over
the center of the talar dome and tibial plafond as
reported in some earlier studies,
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