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Imaging of Early Distal Tarsal Osteoarthritis in Icelandic Horses
Abstract
The early stages of osteoarthritis (OA) are characterised by focal morphological
changes that may slowly progress if joint repair fails. Validated, non-invasive and
affordable methods to diagnose the early stage of OA in horses are lacking. The
objectives of this thesis were to investigate and validate OA detection methods, and
describe the morphological OA changes in the distal tarsal region of a group of young
Icelandic horses.
Radiography, computed tomography (CT) and magnetic resonance imaging (MRI),
light microscopy histology, backscattered electron scanning electron microscopy, and
confocal scanning light microscopy were used to investigate osteochondral changes in
the joints of the distal tarsal region in 38 two-and-a-half year old Icelandic horses.
Radiographs were taken of live horses standing, all other examinations were performed
2-3 months later on non-weight bearing cadaver specimens from the same horses.
The results showed that a novel CT and MRI guidance method for osteochondral
tissue specimen collection improved detection of early OA changes in centrodistal
(distal intertarsal) joints compared to standardised specimen collection from
predetermined locations. Diagnostic imaging and microscopy showed that early OA
morphological changes primarily occur in the articular hyaline and calcified cartilage
rather than the subchondral bone. The lesions articular mineralisation front defect,
central osteophytes and hyperdense mineralisation front protrusions were described in
detail in the joints of the distal tarsal region using combined microscopic imaging of
embedded block specimens. A comparison of clinical diagnostic imaging methods
found that radiography was equal or better than low-field MRI for the detection of early
OA in centrodistal joints. Articular mineralisation front defects were identified as a
highly specific imaging feature in radiographs for early OA.
This thesis provides a detailed morphological description of the osteochondral
changes occurring in the early stages of OA in the centrodistal joint of Icelandic horses
and proposes a validated, non-invasive, cost-effective radiography method for
proceeding with future longitudinal studies of early OA in Icelandic horses.
Keywords: Magnetic resonance imaging, computed tomography, radiology,
radiography, equine, bone spavin, osteoarthrosis, degenerative joint disease, articular
cartilage, microscopy.
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Introduction

1.1 General background
Osteoarthritis (OA) is a disease of joints that results from the failure of the
joint tissue repair mechanisms (Lane et al., 2011). The disease has a high
prevalence in horses (Innes & Clegg, 2010; Egenvall et al., 2006), particularly
in the joints of the distal tarsal region of Icelandic horses (Björnsdottir et al.,
2000b; Eksell et al., 1998), and the joint pain and lameness that are caused by
OA are a common reason for loss of use or euthanasia of horses (Egenvall et
al., 2006; Björnsdottir et al., 2003; Bergsten, 1983). There is currently no cure
for OA (Martel-Pelletier et al., 2011; Bay-Jensen et al., 2010; Wieland et al.,
2005).
The reason why Icelandic horses commonly develop distal tarsal OA is
currently uncertain. Studies of adult Icelandic horses show a medium to high
heritability for radiographic changes of distal tarsal OA, and the combination
of hindlimb lameness after a flexion test and radiographic changes of distal
tarsal OA (Arnason & Björnsdóttir, 2003; Björnsdottir et al., 2000a). This
means that identification of horses with distal tarsal OA before breeding age
and removal of these horses from the breeding population has the potential to
reduce the prevalence of the disease. This would be of major benefit to the
horses, their owners and the Icelandic horse industry. Furthermore, if accurate
early identification of distal tarsal OA was possible this information could
provide a valuable model for the development of early intervention treatments
to limit or slow the progression of OA. Non-invasive diagnostic imaging
methods including radiography and standing magnetic resonance imaging
(MRI) may be suitable imaging biomarkers for screening horses for early OA
of the joint in the distal tarsal region, but the stage at which these methods can
detect the disease and the morphological changes that indicate a high risk of
developing clinical distal tarsal OA are currently uncertain.

11

When a diagnosis of OA is made clinically there will usually be a
permanent alteration to the joint tissue structure and function. At this stage of
the disease multiple tissues in the joint will be affected, changes in the tissues
will be advanced, and the chance of identifying the initial lesions and
triggering pathophysiological causes is low. For development of OA treatments
and research aimed at investigating the causes of OA, studies of this clinical
phase of the disease are frustrating and generally unrewarding (Bay-Jensen et
al., 2010; Burstein & Hunter, 2009). This has resulted in a focus on the
development of non-invasive biomarker methods that can detect OA at an early
preclinical stage of the disease when tissue changes might be reversible and
initial lesions can still be identified (Baum et al., 2012; Luyten et al., 2012;
Heinegard & Saxne, 2011; Quatman et al., 2011; Ding et al., 2010). Studies of
early OA provide information about the pathogenesis of OA and this can be
used to develop OA preventative strategies (Palmer et al., 2013; Ding et al.,
2010; Squires et al., 2003). Furthermore, availability of an accurate noninvasive biomarker for early OA would pave the way for studies of treatments
aimed at slowing, stopping or even reversing joint changes before clinical signs
occur (Palmer et al., 2013).
Traditionally radiography has been used to assess joints for morphological
evidence of OA, but radiography is considered to be poor at detecting the early
stages of OA (Hunter et al., 2011a; Quatman et al., 2011; Jones et al., 2004).
Major technological advances during recent years have resulted in a rapid
evolution of the multiplantar (cross-sectional) imaging techniques computed
tomography (CT) and, in particular, MRI for the assessment of OA (Hayashi et
al., 2012b; Quatman et al., 2011; Roemer et al., 2011; Aula et al., 2009; Vande
Berg et al., 2002). Both these techniques offer three-dimensional (3D) imaging
at resolutions that allow detection of the small and often focal changes that
occur in the early stages of human OA (Palmer et al., 2013; Ding et al., 2010).
Clinical diagnostic imaging is used as an imaging biomarker for human OA
(Hunter & Eckstein, 2011). Clinical diagnostic imaging biomarkers for OA
have several major advantages over other biomarker methods; they are noninvasive, provide spatial information about the tissue and are repeatable (ESR,
2013). Before an imaging biomarker can be considered accurate for detection
of the intended disease or tissue change the method requires validation (ESR,
2013; Wang et al., 2012; Murray et al., 2007). Validation is done by
comparing image changes with a ‘gold’ standard (also sometimes called
reference or criterion standard). ‘Gold’ standards for abnormalities or features
detected in clinical diagnostic images are based on microscopic methods where
the tissue change can be evaluated at a cellular level (for example light
microscopy histology) or methods where it is possible to see the tissue lesion
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directly (for example arthroscopy). Once validated, diagnostic imaging
methods can be used to follow patients and study groups over time without
having to perform invasive ‘gold’ standard procedures such as osteochondral
sampling. These types of longitudinal studies are essential for understanding
the events that occur during OA development.
Animal models have a major role in human OA research particularly for the
investigation of the early stages of the disease when access to human tissues is
highly restricted (Heinegard & Saxne, 2011; Aigner et al., 2010; Innes &
Clegg, 2010; Ameye & Young, 2006; Squires et al., 2003). The high incidence
of naturally occurring OA in Icelandic horses and the similarities between
equine and human articular cartilage and subchondral bone structure and
thickness make Icelandic horses a suitable research model (McIlwraith et al.,
2011; Innes & Clegg, 2010).
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1.2 The joints of the equine distal tarsal region
The equine tarsus is a complex joint region composed of eight or nine bones
which articulate by four joint regions (Fig. 1) (Shively, 1982). The term “distal
tarsal region” also called “distal portion of the tarsus” is considered to be the
region of the tarsus that includes the talocalcaneal-centroquartal (previously
called proximal intertarsal), centrodistal (previously called distal intertarsal)
and tarsometatarsal joints (Fig. 1) (Tranquille et al., 2011; Labens et al., 2007a;
Branch et al., 2004; Axelsson et al., 2001; Björnsdottir et al., 2000b; Eksell et
al., 1999; Laverty et al., 1991). These joints are low-motion and predominantly
flat joints. They allow mild rotation and translation of the distal tarsal region
(Sisson, 1975), have an important shock absorbing function (Lanovaz et al.,
2002; Pool, 1996) and are exposed primarily to compressive loading
(Schamhardt et al., 1989).

Figure 1. Equine tarsal region bones and joints. (A) An Icelandic horse from the study. The left
tarsus region is within the white circle. (B) Three-dimensional volumetric reconstruction
computed tomography image showing the dorsolateral aspects of bones and joints of the tarsal
region. TCCQJ = talocalcaneal-centroquartal joint; CDJ = centrodistal joint; TMTJ =
tarsometatarsal joint; CT = central tarsal bone; T3 = third tarsal bone; T4 = fourth tarsal bone;
MT3 = third metatarsal bone; MT4 = fourth metatarsal bone.
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The joint surfaces are covered by a thin layer of articular cartilage which is
attached to the underlying subchondral bone by a wavy chondro-osseus
junction called the ‘cement line’ (Fig. 2). Articular cartilage is a highly
specialised tissue. It does not contain blood vessels, lymphatic vessels or
nerves and it provides a durable, cushioning and almost frictionless surface for
the joint (Buckwalter & Hunziker, 1999). The cartilage is divided into the
hyaline articular cartilage that forms the articular surface and the deeper
articular calcified cartilage. The gently undulating junction between the hyaline
and calcified articular cartilage is called the ‘mineralisation front’ and this
junction is represented by a basophilic line called the ‘tidemark’ in decalcified
haematoxylin and eosin stained tissues viewed with light microscopy histology
(Fig. 2) (Madry et al., 2010; Oegema et al., 1997). The hyaline articular
cartilage is divided into three zones: superficial, middle and deep (Fig. 2)
(Madry et al., 2012; Pritzker & Aigner, 2010; Pritzker et al., 2006). In the
superficial zone chondrocytes have a flattened shape and are aligned
approximately parallel to the articular surface, in the middle zone chondrocytes
are spheroid shaped and in the deep zone chondrocytes are spheroid to
ellipsoid in shape are often arranged in columns orientated perpendicular or
mildly obliquely to the articular surface (Fig. 2). The articular calcified
cartilage contains smaller chondrocytes surrounded by mineralised matrix (Fig.
2) (Madry et al., 2012; Pritzker et al., 2006; Buckwalter & Hunziker, 1999).
The bulk of the articular cartilage volume is made up of extracellular matrix,
which is predominantly interstitial water and the proteoglycans in the hyaline
cartilage and hydroxyappatite and proteoglycans in the calcified cartilage.
Proteoglycans are negatively charged and this has a key role in controlling the
amount of interstitial water that is present within the hyaline articular cartilage
(Heinegard, 2009; Mow et al., 1992). The structural framework that provides
the tensile strength of articular cartilage is formed by type II collagen (Cluzel
et al., 2013). This collagen is arranged in an arcade-like structure and is firmly
attached to the underlying subchondral bone (Buckwalter & Hunziker, 1999;
Jeffery et al., 1991).
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Figure 2. Microscopic morphology of the articular osteochondral tissues from a centrodistal joint
from the study. (A) Light microscopy histology with hematoxylin and eosin stain.
(B) Backscattered electron scanning electron microscopy (BSE SEM) with iodine staining.
(C) Confocal scanning light microscopy (CSLM). The hyaline articular cartilage is divided into
superficial (s), middle (m) and deep zones (d). Note the clear definition of the mineralisation
front/tidemark (white arrow) in the BSE SEM and CSLM images compared to the light
microscopy image. In contrast there is clearer definition of the chondro-osseus junction/cement
line (black arrow) in the light microscopy image compared to BSE SEM and CSLM. s =
superficial zone, m = middle zone, and d = deep zone of the hyaline articular cartilage; acc =
articular calcified cartilage; scb = subchondral bone; js = joint space. Panel (B) and (C) images by
A. Boyde.

The joint capsules and ligaments in the distal tarsal region are very
important in maintaining alignment and stability of the tarsal joints. The joint
capsules are thick and fibrous and have strong attachments to the external
surfaces of the tarsal bones. Ligaments surrounding the distal tarsal region
provide firm external support for the joints and include collateral ligaments, the
talocentrodistalmetatarsal ligament and the plantar ligament (Sisson, 1975).
Interosseus ligaments within non-articular depressions are present in the
talocentroquartal, centrodistal and tarsometatarsal joints and these provide firm
internal support for the joints (Raes et al., 2011; Sisson, 1975). The tendons of
the peroneus tertius and tibialis cranialis muscles attach on the dorsal bone
surfaces of the distal tarsal and proximal metatarsal regions giving further
external support to the joints in the area (Sisson, 1975).
There are variable communications between the joints in the distal tarsal
region. The centrodistal and the tarsometatarsal joints are reported to
communicate in 9-38% of horses (Bell et al., 1993; Kraus-Hansen et al., 1992;
Sack & Orsini, 1981; Brown & Valko, 1980). There is communication between
the centrodistal and talocalcaneal-centroquartal joints in approximately 4% of
horses and in some cases all three joints communicate (Bell et al., 1993).
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1.3 Osteoarthritis (OA)
The definition of OA is evolving as more is understood about the disease.
Concepts that classify OA as primary or secondary and emphasize OA as a
degenerative disease have been challenged during the last decade (Heinegard
& Saxne, 2011; McGonagle et al., 2010; Brandt et al., 2009). The use of these
classifications is now rare. Inflammation has been recognised to be a key event
in OA and thus the term ‘osteoarthrosis’, which was previously used to
describe the disease, is no longer recommended (Heinegard & Saxne, 2011).
During 2009 a working group established by the Osteoarthritis Research
Society International (OARSI) presented a general definition of the disease
state of OA (Lane et al., 2011). The working group consensus was that OA is
“usually progressive and represents failed repair of joint damage initiated by an
abnormality in any of the synovial joint tissues” and that this “ultimately

Figure 3. Schematic drawing showing the major tissues of the joint organ and common
morphological changes of OA. The left side of the joint shows normal morphology. The right side
of the joint shows abnormalities of these joint tissues that are typical of late or advanced OA.
(Modified from Caron, J.P. (1996). Neurogenic factors in joint pain and disease pathogenesis. In:
McIlwraith, C.W and Trotter, G.W. (Eds.) Joint disease in the horse. P73. Philadelphia: W.B.
Saunders Company.)
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Figure 4. Flow chart showing the initiating factors, disease pathways and stages of OA. It is
unknown whether or not it is possible for early OA changes to completely heal and revert to a
normal joint. Once the late OA stage is reached it is no longer possible for the joint to heal and
regain normal morphology.

results in the breakdown of cartilage and bone, leading to the symptoms of
pain, stiffness and functional disability” (Lane et al., 2011). Additionally the
working group introduced the concept of the “disease OA” defined as the
structural joint changes that can be detected with diagnostic imaging,
microscopic imaging and arthroscopy and the “illness OA” defined as the
patient-reported symptoms (Lane et al., 2011). OA is considered to involve the
entire joint organ (Fig. 3), which constitutes all of the synovial tissues
(articular cartilage, subchondral bone, ligaments, joint capsule, synovium and
if present menisci) and even the structures that surround the joint (peripheral
nerves, periarticular muscles, bursa, local fat pads and tendons) (Loeser et al.,
2012; Brandt et al., 2009; Peterfy et al., 2004; Waldschmidt et al., 1999). The
disease pathway of OA can be considered as a continuum with an early and a
late stage (Fig. 4). Initial joint tissue damage caused by mechanical,
environmental, inflammatory, metabolic or genetic factors is followed either by
healing, or, if healing fails, OA (Ding et al., 2010). The development of OA is
an interplay between the initiating causes and the likelihood of OA
development increases as the number of causal factors present increases
18

(Felson, 2013). Strong arguments have been made for the mechanical factors
joint overload and/or abnormal joint anatomy (congenital or acquired) as being
the predominant initiators and the driving forces behind the progression of OA
(Felson, 2013; Brandt et al., 2009) and that in conjunction with inflammatory
mediators this results in a cascade of destructive, degenerative and proliferative
joint changes (Loeser et al., 2012; Heinegard & Saxne, 2011).
1.3.1 Early OA

The term ‘early’ or ‘pre-clinical OA’ has been applied to the period of the
first molecular and structural changes of OA during the time that clinical signs
of OA are not present (Chundru et al., 2013; Palmer et al., 2013; Luyten et al.,
2012; Bay-Jensen et al., 2010; Ding et al., 2010; Burstein & Hunter, 2009).
Molecular changes that can be detected with biochemical tests or physiological
imaging techniques (Palmer et al., 2013; Bansal et al., 2011; Gold et al., 2009;
Goldring & Goldring, 2007) represent the earliest changes (Heinegard &
Saxne, 2011). Simultaneously or following the molecular changes,
morphological changes develop in the joint tissues, and these are
characteristically focal or multifocal (Pritzker et al., 2006; Squires et al., 2003;
Veje et al., 2003; Dieppe & Kirwan, 1994). It is now generally accepted that
conventional radiographs detect only late/advanced OA (Palmer et al., 2013)
and thus the term ‘pre-radiographic OA’ has become synonymous with ‘early
OA’ (Bay-Jensen et al., 2010; Cibere et al., 2009).
The OA detection method selected determines at which stage of the OA
disease pathway a diagnosis of OA can be made (Fig. 4). This is of particular
importance in studies that attempt to classify patients into a group with early
OA compared to a group without OA. Methods that measure a substance,
structure or process that predicts the incidence or outcome of a disease are
termed biomarkers (ESR, 2013; Strimbu & Tavel, 2010; WHO, 2001).
Biomarkers for early OA include bio-signal imaging biomarkers (highresolution morphological diagnostic imaging techniques such as MRI and CT,
arthroscopy), bio-signal biochemical biomarkers (physiological MRI), and biospecimen biomarkers (microscopy and biochemical tests of joint tissue
specimens). Between and within these biomarker techniques there is variation
for the stage of early OA that can be detected and the sensitivity of the test
(Palmer et al., 2013; Quatman et al., 2011; Cibere et al., 2009). This range of
early OA biomarker sensitivity has resulted in variation and some controversy
about the definition of OA and the point when OA should be classified as early
(Schiphof et al., 2014; Hayashi et al., 2012a; Luyten et al., 2012; Heinegard &
Saxne, 2011; Hunter et al., 2011a; Quatman et al., 2011; Pritzker et al., 2006).
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In post mortem studies of equine OA it is common to use light microscopy
histology of specimens harvested from standard sampling sites as the ‘gold’
standard to classify cadaver joints for OA (Lacourt et al., 2012; Smith et al.,
2012; Olive et al., 2010b; Olive et al., 2009; Murray et al., 2007; Björnsdottir
et al., 2004; Laverty et al., 1991). The high magnification of tissues that makes
microscopy suitable as a ‘gold’ standard for OA has a weakness when
evaluating a joint for the presence of early OA. This is because microscopy
evaluates small specimens taken from a much larger joint and the locations of
focal regions of early OA change in joints and are likely to vary among
individuals (Pritzker et al., 2006; Veje et al., 2003). Thus it is possible that OA
will fail to be detected because the associated lesions were not included in the
collection site (Smith et al., 2012; Murray et al., 2006). For this reason, a
method that can evaluate the entire joint organ and guide osteochondral
specimen collection from regions of suspected OA changes might be
beneficial, particularly for detection of early OA (Veje et al., 2003).
The precise point where the joint tissue damage becomes irreversible in OA
is currently unknown (Bay-Jensen et al., 2010). Studies using MRI that have
followed human patients with mild osteochondral lesions for up to two years
have found that although the majority of these lesions worsen some do improve
(Buck et al., 2010; Ding et al., 2010; Ding et al., 2006; Wang et al., 2006;
Biswal et al., 2002). This variation in progression from the early stages of OA
has led to the theories that the presence of early OA changes reduces the
healing response of the joint to the initiating causes (Ding et al., 2010) so that
early structural OA should be considered as a “risk factor” rather than a
certainty for the development of end stage OA (Hunter & Eckstein, 2011).
1.3.2 Structural joint changes in early OA

There is controversy regarding which structures of the joint that are first
affected by OA (Brandt et al., 2009; Burr, 2004a; Felson & Neogi, 2004).
Some authors believe that the articular cartilage is the first part of the joint to
be damaged (Madry et al., 2012; Heinegard & Saxne, 2011) and that the loss of
the cartilage cushioning effect results in damage to the bone under the
cartilage. Others propose that the bone below the articular cartilage changes
first to become stiffer and this increases the stresses on the cartilage resulting
in injury to the cartilage (Brandt et al., 2006; Burr, 2005; Burr, 2004b).
However, there are studies that have found lesions of reduced subchondral
bone density in early OA (Chiba et al., 2012; Lacourt et al., 2012). The
junction region of the articular cartilage and the bone, particularly the articular
calcified cartilage, has also been suggested as a location for the initial OA
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lesions (Suri & Walsh, 2012). Regardless of which tissues are first affected and
in what sequence, the interrelations and biochemical communications that exist
between the joint tissues mean that changes in one tissue type will commonly
result in simultaneous changes to other tissue types in the joint organ (Loeser et
al., 2012; Scanzello & Goldring, 2012; Brandt et al., 2009; Sanchez et al.,
2005).
A range of structural changes are described in joint tissues considered to
have early OA, and during this early stage of the disease these changes occur in
small focal regions of the joint (Madry et al., 2012; Pritzker et al., 2006; Veje
et al., 2003; Dieppe & Kirwan, 1994). The type and degree of changes varies
according to the type of joint involved (Lane et al., 2011), animal species
(Aigner et al., 2010) and the definition for early OA that is used (Luyten et al.,
2012; Madry et al., 2012; Pritzker et al., 2006). Hyaline cartilage lesions are
described in early OA of all studied species and joints with changes ranging
from focal regions of chondrocyte loss and necrosis to regions of chondrocyte
proliferation (cluster formation) and hypertrophy (van der Kraan & van den
Berg, 2012; Pritzker et al., 2006). The hyaline cartilage may initially have an
increased thickness due to oedema (Calvo et al., 2004) but may also have a
reduced thickness due to surface fibrillation or defects (Luyten et al., 2012;
Pritzker et al., 2006). Subchondral bone and articular calcified cartilage lesions
may include mild advancement of the subchondral bone plate into the articular
calcified cartilage, simple linear splits in the calcified cartilage and mild
disruption of the subchondral bone plate structure (Chiba et al., 2012;
McIlwraith et al., 2010; Sokoloff, 1993). Whether or not osteophytes, marginal
or central, are a typical feature of early OA is unclear and the status of
osteophytes in OA is somewhat controversial (van der Kraan & van den Berg,
2007). In a recent study that attempted to define MRI OA it was concluded that
definite osteophyte formation was a cardinal feature of OA but it was not
possible to give an exact definition of a definite osteophyte (Hunter et al.,
2011a). Synovial membrane hyperplasia and inflammation are often present in
early OA (Scanzello & Goldring, 2012; Oehler et al., 2002; Myers et al., 1992)
with the proportion of patients with synovitis increasing as OA progresses.
Ligament abnormalities have been reported in early OA and the joint instability
caused by these abnormalities have been reported as initiating causes of the
development of OA (McGonagle et al., 2010; Quasnichka et al., 2005)
1.3.3 Early distal tarsal OA in Icelandic horses

A high detail radiograph and histology study of centrodistal joint specimens
from 82 young (0 - 4 years old) unridden Icelandic horses found articular
cartilage lesions indicative of early OA in 33% of the joints (Björnsdottir et al.,
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2004). These lesions included chondrocyte necrosis, chondrocyte loss,
chondrocyte clusters, decreased staining of the cartilage matrix for
proteoglycans, occasional hyaline cartilage fibrillation and in several cases
focal disruptions of the cartilage/bone interface (seen adjacent to regions of
chondrocyte necrosis). Cartilage lesions detected with microscopy were
strongly associated with subchondral bone plate defects seen in radiographs.
Sclerosis of the subchondral bone was detected in radiographs and this was
associated with adjacent cartilage lesions within the lateral regions of the joint
but not within the medial regions of the joint. Osteophytes were occasionally
detected on the joint margins and were only found in specimens with cartilage
abnormalities. No abnormalities were detected in synovial membranes or
periarticular ligaments. Similar lesions are reported in centrodistal joints from
Dutch Warmblood foals (Barneveld & van Weeren, 1999) and in young horses
and foals ( 2 years old) from several breeds (Laverty et al., 1991). The high
prevalence of histological lesions in young Icelandic horses, and of
radiographic findings in older Icelandic horses (Björnsdottir et al., 2000b;
Eksell et al., 1998), strongly suggests an early onset and slow progression of
OA in Icelandic horses.

1.4 Imaging of early OA in horses
Imaging in medicine is the process of making a visual representation of tissues
of the body by scanning with a detector. Imaging methods can be broadly
divided into clinical diagnostic imaging methods that usually have macroscopic
resolution (equivalent to the detail seen by the naked eye) and do not require a
tissue sample or biopsy, and the higher resolution microscopic imaging
methods that do require a tissue sample or biopsy to be taken from the patient.
Imaging methods result in either planar or multiplantar images. Planar
imaging method produces two-dimensional (2D) images of the entire specimen
volume or body part that is examined and these techniques suffer from
superimposition and summation of anatomical structures in the image. This can
both hide structures and create summation artefacts. Multiplantar methods
allow examination of entire regions from multiple angles without the problems
of summation of surrounding structures and when acquired at higher
resolutions these images can produce 3D images of the tissue volume
examined.
The ability to separate and accurately depict two objects or structures in an
image is called the image spatial resolution. Spatial resolution is controlled by
multiple equipment and patient/specimen factors and varies between imaging
techniques. The majority of imaging techniques are now digital and in these
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techniques the image pixel (2D imaging) or voxel (3D imaging) sizes are a
limiting factor for the image spatial resolution. Additionally the amount of
signal (information in the image that is due to actual differences in the imaged
object) in an image compared to the noise (variation in the image information
that is not due to the patient) has a major influence on the image spatial
resolution. Typical minimal sizes of objects that can be defined with the
clinical imaging techniques used in this thesis are; digital radiography 0.17
mm, MRI 1 mm and CT 0.3 mm (Bushberg et al., 2012). Microscopy
techniques usually allow sub-micron resolution.
1.4.1 Clinical diagnostic imaging

Radiography
Radiography (Fig. 5A) is a widely available and relatively cheap imaging
method and it is currently the most commonly used diagnostic imaging method
in equine practice for diagnosing and screening horses for joint disease
(Gaschen & Burba, 2012; Hinz & Fischer, 2011) but the technique has
limitations (O'Brien et al., 2011). Radiographs of joints only show the
morphology of the mineralised tissues in detail, since soft tissues appear as a
homogeneous single opacity. Thus in a radiograph, non-mineralised tissue
structures involved in OA such as the hyaline articular cartilage, the joint
capsule and ligaments cannot be clearly defined from one another (Loeuille et
al., 1998). Furthermore, it is a planar imaging method and thus produces a 2D
image of the complex 3D joint structure. For this reason radiographs are most
sensitive for detecting abnormalities in peripheral joint regions when the
change is located on or close to the edge of the joint image, in other words
when the area of interest is tangential to the x-ray beam (O'Brien et al., 2011).
Thus multiple angles of projections are routinely taken of horse joints, and
when the projections are taken at 45 degree intervals it is possible to more or
less assess the margins around the entire joint. Small changes in the angle of
the horses’ leg and the x-ray beam can result in large changes in the
appearance of the radiograph and so it is common that several attempts may be
required to get the desired angle of projection.
A radiograph is made by passing x-rays through a selected region of the
body in a collimated beam to form a grey scale image that is a type of relief
map, where the relief values indicate the attenuation of the x-rays by the tissues
in the region examined. Tissues with the highest density, atomic number and
electrons per gram, such as bone, result in the highest attenuation of the x-rays
and these tissues appear whitest in the radiograph. The radiographic image is
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captured on a flat x-ray detector, either an electronic detector system
(computed radiography or digital radiography) or silver emulsion film. X-rays
for exposure of a radiograph are produced by heating a metal filament (usually
tungsten) in a vacuum to produce free electrons which are then attracted to a
metal anode (usually tungsten or copper) using a high voltage. When the beam
of electrons hit the anode they interact with the metal atoms to produce x-rays
by either Bremsstrahlung (bending and slowing of the trajectory of the incident
electron by the metal atom) or characteristic interactions (the incident electron
knocks an orbital electron out of a metal atom). The x-rays produced form the
‘primary beam’ that is directed by the angle of the metal anode surface and
restricted by a lead collimator so that it passes to the body tissue intended for
examination. The x-rays that pass through the body tissue are then detected and
a radiographic image formed.
Radiography is still frequently used as the ‘gold’ standard technique to
detect OA in human medicine and research (Kellgren & Lawrence, 1957) but
the recognised limitations of radiography (Jones et al., 2004) and the
expanding availability and rapid technical improvements mean that
increasingly the multiplanar imaging techniques of MRI and CT are replacing
radiography in human OA research (Guermazi et al., 2013a; Guermazi et al.,
2013b).
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Figure 5. Examples of clinical diagnostic imaging methods for examination of the distal tarsal
region. (A) Radiography of a sedated horse. (B) Low-field magnetic resonance imaging of a
sedated horse. (C) Computed tomography of an anesthetised horse.

Magnetic resonance imaging (MRI)
During the last decade MRI has developed as the diagnostic imaging method
that carries the greatest promise for the detection and monitoring of
progression of early OA in research settings (Hunter & Guermazi, 2012;
Roemer et al., 2011), although recently the sensitivity of MRI for human OA
detection in a clinical setting has been questioned (Menashe et al., 2012). A
major advantage of MRI compared to the imaging methods that use x-rays is
that it produces high quality images of soft tissue structures such as ligaments,
tendons, synovial tissues and hyaline articular cartilage and it is very sensitive
to changes in water content of all tissues in the body (Loeuille & CharyValckenaere, 2012). Compared to radiography, MRI detects pathological
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changes of human OA at a much earlier stage of the disease (Palmer et al.,
2013; Guermazi et al., 2012; Jones et al., 2004; Raynauld et al., 2004; Wluka
et al., 2002). High-field MRI has been shown to be superior to radiography for
detecting structural joint changes (Wirth et al., 2013; D'Anjou et al., 2008;
Ding et al., 2007; Amin et al., 2005). It has recently been suggested that highfield MRI should replace radiography for OA assessment in research
(Guermazi et al., 2011) and several semi-quantative grading systems for MRI
detected osteochondral changes associated with human OA have been
developed (Guermazi et al., 2013b). However, a universally accepted and
validated MRI definition for OA still does not exist although several recent
studies have investigated this issue and have provided a framework for a
definition (Schiphof et al., 2014; Hayashi et al., 2012a; Hunter et al., 2011a).
Magnetic resonance imaging forms multiplantar images from radiowaves
that are produced by a body region as a result of placing the body region within
a strong magnetic field and exposing it to pulses of radiowaves. Most of the
MRI image information comes from protons and most of the protons are
located within the water that is found within tissues and the fluid filled tissue
spaces. A radiofrequency (RF) coil both produces the pulses of radiowaves that
are sent into the body region and receives and records the radiowaves
subsequently produced by the body region. The strong magnetic field aligns
the magnetic moments of the protons in the body region. This is used to
coordinate the position of the magnetic moments for the initial pulse of
radiowaves (which ‘flips’ these magnetic moments) and causes the subsequent
realignment (relaxation) of the magnetic moments of the protons. Different
types of MRI images (called sequences) that show different amounts of signal
(called intensity) from specific tissue and fluid types are possible. These
sequences are weighted to show features of the protons in a variety of ways,
including showing the density of protons in a tissue or the binding of the
protons in the tissue structure or fluid. The intensities of the tissue or fluid
depend on the timing and type of the pulses of radiowaves emitted by the RF
coil and the timing of the receiving period of the RF coil. Clinical MRI
machines have preinstalled sequences that result in predicable intensity of
specific tissue types and some modification of the sequence settings is usually
possible. Sequence types and names vary between manufacturers although
commonly used sequences are found as standard in all modern clinical MRI
machines. Sequences can be further divided according to whether scans are
performed by sequentially acquiring information as narrow tissue slices (2D
sequence) or if information is acquired from the entire tissue volume
simultaneously (3D sequence). Sequences vary from those that produce images
that show the morphology of a wide range of tissue types (e.g. proton density)
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to those that show only intensity from a limited range of tissues and low or no
signal from other selected tissues (e.g. Water Saturation fluid sequence
(WATSf)).
Human OA research that utilises MRI is currently done almost exclusively
with high-field ( 1 Tesla) MRI, but in equine OA research both high- and
low-field ( 0.3 Tesla) MRI are utilised (Smith et al., 2012; Werpy et al., 2011;
Olive, 2010; Olive et al., 2010b; Murray et al., 2009b). Magnetic fields result
in predicable effects on the spin behaviour of the protons (called precession) in
body tissue with the frequency of precession of tissue protons increasing as the
magnetic field increases according to the Larmor equation. Additionally
stronger magnetic fields result in higher amplitude of the radiowaves produced
by a body tissue. Thus high-field MRI produces images with high signal per
unit of acquisition time compared to low-field MRI and this allows imaging at
higher resolution whist maintaining reasonable scan times.
A dedicated equine low-field MRI system (Fig. 5B) designed for the limbs
of standing horses is available (Mair et al., 2005). A standing low-field MRI
system offers advantages for screening programmes particularly if frequent
follow up examinations are planned, since the examinations can be performed
with the horse sedated rather than under general anaesthesia, which is required
for other MRI systems. However, lower signal and motion of the horses’ leg
during the scan have been shown to decrease the accuracy of low-field MRI
compared to high-field MRI systems for the detection of mild osteochondral
changes (Werpy et al., 2011).
Computed tomography (CT)
Computed tomography is a multiplanar imaging technique and multidetector
CT is able to produce volumetric image information. Thus, this technique does
not suffer from the problems of summation, superimposition and angle of
projection (Dalrymple et al., 2005). The high sensitivity of CT to
mineralisation changes in bone means it should be possible to detect early
skeletal changes of OA (Bousson et al., 2012; Chiba et al., 2011). However,
compared to MRI, CT has a lower sensitivity to non-mineralised tissue changes
and since early OA lesions may occur in soft tissues there is doubt regarding
how useful CT is for detecting early OA in humans (Palmer et al., 2013).
Compared to other clinical diagnostic imaging techniques there are relatively
few publications that investigate the use of CT for OA in horses and humans
(Turmezei et al., 2014; Bousson et al., 2012; Chiba et al., 2011; Olive et al.,
2010a). Currently almost all CT examinations of the equine limbs are
performed with the horse under general anaesthesia lying on a specially
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designed table (Fig. 5C), although standing CT of the hoof has been described
(Desbrosse et al., 2008).
The basic component of a CT gantry is a large ring which has an x-ray tube
(with the same components as an x-ray tube used for radiography) on one side
of the ring and an electronic detector (single slice) or rows of electronic
detectors (multislice) on the opposite side. A fan shaped x-ray beam is turned
on while the gantry is rotated about the body part at the same time as the body
part is moving at a constant speed on the CT table through the centre of the
ring. The detectors determine the attenuation (a measure of x-ray absorption)
of the x-ray beam by the body part, measuring this information multiple times
during each gantry rotation and the computer records the radial position of
each beam that contributes to each measurement. Using a mathematical
technique called backprojection, the recorded geometry and attenuation values
are converted into multiple radial lines of shades of grey corresponding to
attenuation values within a slice and these are added to form a cross-sectional
image.
1.4.2 Microscopic imaging

Light microscopy histology
Light microscopy is the traditional method for examining microscopic changes
in biological tissues. The technique involves transilluminating a thin slice of
paraffin embedded material on a glass slide with a focused beam of visible
light and viewing the magnified light transmitted through the glass slide.
Osteochondral joint specimens for light microscopy are prepared by sectioning
joints with a bandsaw or diamond saw to give slabs or blocks of joint tissues.
The small joint specimens are first preserved in formalin and then decalcified
in chemicals such as sodium formiate and formic acid after which specimens
can be further sectioned. Following decalcification the specimens are
dehydrated and then embedded in paraffin to form paraffin blocks that are
typically sectioned into 3-6 m thick slices with a microtome. Slices are placed
on glass slides, stained, coverslipped, and the prepared sections are viewed
using light microscopy at magnifications that are usually between 40x and
1000x. There are many stains used for the examination of osteochondral tissues
(Schmitz et al., 2010). The two component stain hematoxylin and eosin is most
commonly used for examining cell and tissue morphology (Fig. 2A).
Hematoxylin is an alkaline dye that stains acidic structures (such as nucleic
acid) a purplish-blue colour, and eosin is an acidic dye that stains alkaline
structures (such as the cytoplasm) a red-pink colour. Stains that can be used to
evaluate proteoglycan content include Toluidine blue and Safranin-O (Schmitz
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et al., 2010). These stains are alkaline (cationic) dyes that stain acidic (anionic)
structures such as proteoglycans. Stains for collagen fibres include picrosirus
red and the Goldner’s trichrome staining method (Schmitz et al., 2010).
Several studies have investigated the microscopic appearance of the joints
in the distal tarsal region of horses using conventional light microscopy. These
studies include descriptions of lesion free tarsometatarsal joints (Murray et al.,
2009a), descriptions of osteochondral lesions in the joints of the distal tarsal
region of young horses and foals (Björnsdottir et al., 2004; Barneveld & van
Weeren, 1999; Laverty et al., 1991; Watrous et al., 1991) and descriptions of
osteochondral lesions in the centrodistal and tarsometatarsal joints of adult
horses (Tranquille et al., 2011).
Backscattered electron scanning electron microscopy (BSE SEM)
This technique uses a beam of electrons in a vacuum environment to examine
the surface regions of block embedded specimens and study the 3D features of
the surfaces of mineralised tissues. The electrons required for BSE SEM are
produced by a thin V-shaped tungsten wire cathode filament that is operating
within a vacuum, in the same way electrons are produced in an x-ray tube. The
electrons are formed into a beam by a negatively charged caplike structure that
covers the filament and repels the electrons so they are forced to exit through a
narrow aperture forming a beam of electrons. The electron beam is further
accelerated by a hollow cylinder shaped anode. The high velocity of the
electrons, when they reach the anode, means that many electrons pass through
the hollow anode and form a divergent beam. This beam is focused on the
surface of the specimen by a second aperture and a series of electromagnetic
lenses in a column. The specimen is scanned by incrementally moving the
beam. When the electrons enter the specimen they can either pass through the
specimen, or interact with the electrons in the specimen and cause secondary
electrons or they can collide with the atom nucleus and bounce back out of the
specimen to become backscattered electrons. Higher atomic number materials
cause more backscatter of the electron beam. The backscattered electrons are
detected by a positively charged circular detector plate located in the sample
chamber between the last focussing lens and the specimen, which has a central
hole for passage of the scan electron beam. The amount of backscatter detected
is combined with the location of the electron beam in the specimen to form an
image of the of the mean atomic number of the components of the specimen
(Stokes, 2009). The surface topography of a specimen results in variations of
the backscattered electron signal and this allows images that show this surface
topography in great detail (Vajda et al., 1999; Howell & Boyde, 1994). Rather
than the diameter of the scan electron beam it is the volume from which
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backscattered electrons are able to escape from the surface of the specimen that
determines the resolution limit of BSE SEM (Howell & Boyde, 2003). This
volume depends on the composition of the specimen itself. In practice, with a
20 kV accelerating voltage, structures down to 0.2 m can be resolved.
Block embedded specimens are produced by setting the specimen in plastic
such as polymethyl methacrylate (PMMA), then grinding and polishing the
block surface back to the level of the specimen using silicon carbide papers and
diamond abrasives to produce a smooth and flat specimen surface for
examination (Boyde, 2012a). Using this method there is no decalcification of
the specimen and block surfaces of several centimetres in area can be
examined.
Recently it has been shown that the BSE coefficient of soft tissues can be
enhanced in already embedded tissues by ‘staining’ with elemental iodine
using triiodide solutions (iodine dissolved in potassium or ammonium iodide)
or by sublimation of pure elemental iodine (Boyde, 2012b). This raises the
BSE signal level from soft tissues to values that can easily be seen alongside
the naturally high scattering from mineralised tissues, thus allowing evaluation
of both mineralised and non-mineralised tissues (Fig. 2B).
For examination of the 3D features of the surfaces of mineralised tissues a
maceration method using an alkaline pronase enzyme detergent or hydrogen
peroxide solution can be used to remove the soft tissues from specimens
leaving all mineralised tissue intact (Boyde, 2012a).
Studies of equine joints with BSE SEM have focused on the high-motion
metacarpo/metatarsophalangeal joints in Thoroughbred racehorses and the
effects of exercise on the osteochondral tissues (Boyde et al., 2011; Boyde &
Firth, 2008; Doube et al., 2007; Boyde & Firth, 2005; Boyde & Firth, 2004).
Confocal scanning light microscopy (CSLM)
A major advantage of CSLM over other forms of epi-illumination microscopy
techniques is its ability to examine regions on and immediately below the
surface of thick specimens such as PMMA embedded specimens. The
combination of CSLM (Fig. 2C) with BSE SEM imaging of the same
unstained bone block surfaces has been used produce high detail images which
contain both mineralised tissue and soft tissue information (Boyde et al.,
2005). This method has been used to evaluate lesions in the equine fetlock
(Boyde et al., 2011) and to study articular calcified cartilage canals in the third
metacarpal bone (Boyde & Firth, 2004).
The aim of confocal techniques is to illuminate a very small volume of the
specimen at any one instant, and image only the reflected or fluorescent light
emanating from that same volume. Light of specific wavelength in the form of
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a laser causes autofluorescence of specific biological tissues (Monici, 2005;
Aubin, 1979). A laser with wavelength 488 nm results in autofluorescence of
collagen and chondrocytes that is strong in the green (498-578 nm) and red
(>600 nm) spectral regions. A key feature of CSLM is the pinhole aperture in
the microscope which removes light arising from regions that are deeper and
shallower than the selected focus plane and this allows high resolution 2D
image acquisition at a specific depth from the specimen surface (Inoué, 1995).
By changing the mechanical focus images can be made at a series of equally
spaced depths, typically at 2-10 m below the specimen surface, creating a
series of extremely thin high-resolution image slices. Stacks of image slices
from up to 50-100 m below the specimen surface can be combined to give 3D
images of the surface region of a thick specimen.
Micro-CT
Micro-CT is a specialised CT technique that results in very high resolution
images. The micro-CT equipment can only accommodate small objects such as
osteochondral biopsies and in some cases small laboratory animals. The
technique for producing and acquiring the images is the same as clinical CT,
the difference being the much smaller size of the CT equipment (which allows
the higher resolution) and longer scan times. Micro-CT produces 3D images
with voxels sizes generally around 10 m (De Clerck & Postnov, 2007).

1.5 Validation of clinical diagnostic imaging methods for OA
detection
Validation is the process of proving the accuracy of a biomarker or test by
comparing it to a ‘gold’ standard (ESR, 2013). ‘Gold’ standards are often
invasive microscopic methods that require tissue specimens since they usually
require a detailed analysis of the tissues in question. Thus validation studies for
early OA often require cadaver material (ESR, 2013). Validation of the lesions
detected or tissue measurements made in diagnostic images require techniques
that provide spatial alignment of the clinical diagnostic image and the ‘gold’
standard image, so that the lesion detected or the tissue type measured in the
clinical diagnostic image can be compared to the true tissue morphology.
Several animal cadaver and human arthrectomy OA studies have compared
MRI and CT images of normal and abnormal joints with light microscopy
histology using spatial alignment techniques. In most cases these techniques
align the images of the joint to the location of a standard predetermined joint
tissue specimens using varying degrees of anatomical localisation (Olive et al.,
2010b; Olive et al., 2009; Murray et al., 2005; Calvo et al., 2004; Dawson et
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al., 1999; McGibbon et al., 1998; Gahunia et al., 1995; Modl et al., 1991). In
one study lesions were identified in the image and the site of the sampling was
determined by visual inspection of the joint surface and anatomical localisation
(Trattnig et al., 1998), and there are more complex methods that involve
Ethi®-pin markers (Bittersohl et al., 2009) or use of custom made containers
(McGibbon et al., 2003; McGibbon & Trahan, 2003).
Joint tissue sampling followed by light microscopy histology is the most
widely used ‘gold’ standard for validating diagnostic imaging studies in equine
OA research (Smith et al., 2012; Olive et al., 2010b; Olive et al., 2009; Murray
et al., 2007; Murray et al., 2006; Björnsdottir et al., 2004; Laverty et al., 1991).
Light microscopy histology is a widely available, relatively cheap, well proven
method and general OA grading methods (Pritzker et al., 2006; Mankin et al.,
1971) and methods for specific equine joints (McIlwraith et al., 2010) are well
described. Despite this, there is still variation in how light microscopy grading
criteria are applied in studies (Aigner, 2012; Kerkhof et al., 2011; Quatman et
al., 2011). Furthermore, the paraffin embedding method used for light
microscopy is not optimal for the evaluation of mineralised tissues due to the
decalcification required for microtome cutting of the specimens. Microscopic
methods which do not require specimen decalcification such as BSE SEM and
CSLM have been used to evaluate OA changes in equine joints (Boyde et al.,
2011; Boyde & Firth, 2008) but these microscopic methods have not been used
to validate clinical diagnostic imaging methods.
Arthroscopic evaluation of joint surfaces is also considered suitable as a
‘gold’ standard for validation of OA detection with clinical diagnostic imaging
and although it requires an invasive procedure no tissue samples are required
(Kijowski et al., 2009; Wong et al., 2009; Yoshioka et al., 2004). In studies of
cadaver material visual inspection of the joint surfaces including staining of the
articular surface with Indian ink may be used as a ‘gold’ standard (Schmitz et
al., 2010). A weakness of arthroscopy and visual inspection of the joint
surfaces is that they are only able to assess the articular surface of the joint
cartilage and not the tissues deep to the articular surface, since OA changes
may occur within the osteochondral tissues without resulting in changes to the
articular surface (Lacourt et al., 2012). Furthermore, the short, strong extraand intra-articular ligaments, the low volume joint spaces, and the surrounding
firm, fibrous joint capsule of the joints in the distal tarsal region mean that
arthrotomy of this joint is only possible after extensive dissection of the periarticular soft tissues. This dissection results in loss of the positional
relationship of apposing articular surfaces and peri-articular tissues, and
damage to tissues that may be important in the assessment for OA lesions.
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1.6 Radiographic and clinical distal tarsal OA in horses
1.6.1 The general horse population

Distal tarsal OA is a common chronic hindlimb joint disorder of horses
(Moyer, 1978). Joint problems are reported to be the most common cause of
death or euthanasia in the general Swedish horse population (Egenvall et al.,
2006). Furthermore a study of Swedish insurance data found distal tarsal OA
accounts for approximately 9% of all cases of equine lameness that result in
loss of use (Bergsten, 1983). There is an extremely large variation in reported
prevalence of equine distal tarsal OA as diagnosed by radiography. A study
based on prepurchase radiographs found distal tarsal OA changes in 39% of the
160 horses of various breed (van Hoogmoed et al., 2003). Another study, also
based on prepurchase radiographs, found distal tarsal OA in 92% of 3566 sport
horses (Winter et al., 1996). A radiographic study of 590 randomly chosen 3and 4- year-old Dutch Warmblood mares found a 3.1% incidence of distal
tarsal OA (van der Veen et al., 1994). These large variations in prevalence are
likely a result of varying interpretation of the criteria for radiographic distal
tarsal OA and a quantitative rating scale for distal tarsal OA has been
developed in response to this (Labens et al., 2007a).
Radiographic changes that are commonly described in joints in the distal
tarsal regions with OA are periarticular osteophytes, enthesophytes, areas of
articular cartilage loss causing apparent narrowing of the joint space, irregular
widening of the joint space, increased (sclerosis) and decreased (lysis)
subchondral bone mineral density, cyst-like changes in the subchondral bone
and in advanced cases partial or complete ankylosis of the joint (Pool, 1996;
Shelley & Dyson, 1984). For many years it was considered that the
radiographic changes of distal tarsal OA most commonly occurred on the
dorsomedial margin (Verschooten & Schramme, 1994) of the distal tarsal
joints. However, subsequent studies have shown that distal tarsal OA lesions
occur on multiple aspects of the joint and that taking less than the 4 standard
angles of projection reduces the sensitivity of radiography for detecting distal
tarsal OA (Labens et al., 2007b; Eksell et al., 1999).
1.6.2 Icelandic horses

Distal tarsal OA has a high prevalence in Icelandic horses (Björnsdottir et
al., 2000b; Axelsson et al., 1998). Studies in Sweden of Icelandic horses 0-19
years of age show a prevalence of 23% for radiographic changes of distal tarsal
OA and radiographic changes were only detected in horses older than 4 years
of age (Axelsson et al., 1998; Eksell et al., 1998). A study in Iceland of
Icelandic horses 6-12 years of age shows a prevalence of 30.3% for
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radiographic signs of distal tarsal OA (Björnsdottir et al., 2000b). A survey
follow up of the Icelandic prevalence study group (Björnsdottir et al., 2000b)
obtained five years later found that distal tarsal OA was the most common
cause for loss of use (culling) due to disease in 7 to 17 year old Icelandic
horses used for riding in Iceland (Björnsdottir et al., 2003). It is more common
for radiographic changes of distal tarsal OA to be detected in both hind legs
rather than unilaterally (Björnsdottir et al., 2000b).
Risk factors known to be associated to the detection of distal tarsal OA in
adult Icelandic horses include: sire (Arnason & Björnsdóttir, 2003; Björnsdottir
et al., 2000a), increasing age (Björnsdottir et al., 2000b; Eksell et al., 1998),
and ‘sickle hock’ conformation of the tarsal joint (Eksell et al., 1998). In
contrast, the use of the horses for riding and workload is not a risk factor
(Björnsdottir et al., 2000b). As a result of these studies a screening program for
distal tarsal OA using tarsal radiography of stallions 5 years of age or older has
been established for Icelandic horses and the results of these radiographs are
made public (Finn, 2006). The International Federation of Icelandic Horse
Associations strongly encourages Icelandic horse breeders not to use stallions
with radiographic changes of distal tarsal OA.
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2

Aims of thesis

The general aims of this thesis were to investigate the early stage of distal
tarsal OA in young Icelandic horses using complementary imaging techniques,
both to guide sampling for microscopic studies of the joints, to describe
osteochondral lesions and to evaluate the potential of clinical diagnostic
imaging methods to detect early changes of distal tarsal OA. Microscopy was
used to verify and validate diagnostic imaging abnormalities. The combined
microscopy and diagnostic imaging information was used to propose
pathogenesis theories for equine distal tarsal OA.
The specific aims were:
¾ Investigate whether a diagnostic imaging guided method for sampling
cadaver equine centrodistal joints results in improved accuracy for early
OA detection (paper I).
¾ Correlate osteochondral abnormalities detected with CT and high-field MRI
with OA detected by microscopy in young Icelandic horses (paper I)
¾ Describe in detail the osteochondral lesion morphology in the early stages
of distal tarsal OA in young Icelandic horses (paper II).
¾ Evaluate radiography and low-field MRI, for detecting early OA lesions in
the centrodistal joints of young Icelandic horses (paper III).
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3

Hypotheses

The following hypotheses were raised for the distal tarsal joints:
¾ Compared to predetermined site sampling a diagnostic imaging guided
sampling method would result in a higher rate of detection of histological
OA changes (paper I).
¾ Specific osteochondral lesions detected with CT and high-field MRI would
be associated with the presence of histological OA (paper I).
¾ Morphological changes of early OA would occur primarily in the tissue
surrounding the mineralisation front and involve both the hyaline articular
cartilage and articular calcified cartilage (paper II).
¾ Low-field MRI of cadaver specimens using clinical sequences would be
superior for detecting early OA lesions (defined by microscopy) compared
to radiography of standing horses (paper III).
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4

Materials and methods

This section summarises the material and methods used in the studies
performed for this thesis. Detailed descriptions of the procedures are presented
in each of the papers.

4.1 Horses (papers I-III)
The Icelandic horses that were used for the studies were bred from parent
horses selected according the presence or lack of radiographic changes of distal
tarsal OA. Calculations based on Björnsdottir et al. (2004) suggested that a
random sample of 40 horses were likely to provide 28 centrodistal joints with
early OA changes. The goal of parent selection was to breed a study group that
provided joints showing the full spectrum of morphologies from normal to
early OA. An effort was made to breed study horses from parents that had
either radiographic OA in the distal tarsal region in both hindlegs or had no
evidence of radiographic OA in the distal tarsal region. The parent horses
consisted of 28 mares and nine stallions. A summary of the OA status and ages
of the parent horses is given in table 1. Stallions sired between one and seven
study horses (median = 5). A summary of the radiographic changes detected in
the joints of the distal tarsal region of the parent horses is given in table 2. Two
of the study horses were lost, one was aborted and another died as a result of an
accident when it was 1 year old. Thus the study group consisted of 38 Icelandic
horses (23 males and 15 females) and centrodistal joints of both hind legs were
examined (n = 76). Ethical approval from the Iceland National Animal
Research Committee was obtained before the studies commenced.
Horses were bred in two groups. Group-07 horses (n = 24) were born in
spring 2007 and group-09 horses (n = 14) were born in spring 2009. Both
groups lived on the same farm in the north of Iceland. Horses within each
group lived together from birth and were exposed to the same environmental
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and husbandry conditions. Horses were fed together ad libitum with hay and
mineral supplement, and dewormed regularly. The horses were not trained or
exercised. No musculoskeletal abnormalities in the tarsal regions or obvious
lameness’s were detected in the horses prior to the imaging examinations
although complete lameness and orthopaedic examinations were not possible in
these young untrained horses.
Table 1. Summary of the number and ages of the parent horses used to breed the horses used in
the studies in this thesis according to osteoarthritis status and gender,
Number of parent
horses

Age range (yrs)

Age median (yrs)

OA negative mares

14

5-18

12

OA positive mares

24

4-18

11.5

OA negative stallions

3

5-17

15

OA positive stallions

6

4-8

6

OA = osteoarthritis; yrs = years old.

Table 2. Summary of the joints in the distal tarsal region of parent horses that had radiographic
osteoarthritis. Values shown indicate the number of legs,
Mares OA positive Mares OA
in both hindlegs
positive in only
one hindleg

Stallions OA
positive in both
hindlegs

Stallions OA
positive in only
one hindleg

Both hindlegs
TCCQJ only

0

-

0

-

Both hindlegs,
CDJ only

8

-

2

-

Both hindlegs,
TMTJ only

0

-

0

-

Both hindlegs,
CDJ and TMTJ

14

-

4

-

One hindleg,
TCCQJ only

0

0

0

0

One hindleg,
CDJ only

10

0

2

1

One hindleg,
TMTJ only

0

0

0

0

One hindleg,
CDJ and TMTJ

9

3

2

0

One hindleg,
TCCQJ, CDJ
and TMTJ

1

0

0

0

OA = osteoarthritis; TCCQJ = talocalcaneal-centroquartal joint; CDJ = centrodistal joint; TMTJ =
tarsometatarsal joint; - = not applicable
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Radiographic evidence of distal tarsal OA was present in both hindlegs of
both parents in 19 of the horses, in neither parent in nine horses, in both
hindlegs of one parent and one hindleg of one parent in two horses, in both
hindlegs of one parent in two horses, and in one hindleg of one parent in six
horses. The radiographic classification of the parent horses was made by three
experienced equine radiologists (CJL, KH, SB) using consensus with the
presence of either subchondral bone sclerosis/lysis, narrow or uneven joint
space, marginal osteophyte, periarticular bone bridge or ankylosis considered
to indicate OA.
Study I used the right tarsal joints from group-07 horses, study II used the
left tarsal joints from group-07 horses and study III used both left and right
tarsal joints from group-07 and group-09 horses.

4.2 Clinical diagnostic imaging methods (papers I-III)
Radiographs were taken when the horses were 28 ± 1 months old. A
portable x-ray unit (Ajex 9020H, Ajex Meditech, Seoul, Republic of Korea)
and a digital radiography system (DR3 Mark IIIG RapidStudy, Sound-Eklin,
Carlsbad, CA, USA) with exposure settings 80 kVp and 5 mAs, and pixel pitch
0.16 mm were used. Horses were sedated with 0.3–0.4 ml intravenous
detomidine hydrochloride (Domosedan®, Orion Pharma Animal Health,
Sollentuna, Sweden) and made to stand square with the metatarsal portion of
the limb in a vertical position. Four standard angles of projection were acquired
for each tarsal joint (lateromedial [LM], dorsoplantar [DPl], dorso-35º-lateralplantaromedial oblique [D35L-PlMO] and plantaro-10º-distal-45º-lateraldorsoproximomedial oblique [Pl10Di45L-DPrMO]).
The horses were slaughtered at 30 ± 1 months old at an abattoir in Iceland
35 km from the paddock where they were kept. This age for the slaughter was
selected to provide materials from horses that were at the point of skeletal
maturity (Strand et al., 2007) and in the age range were early distal tarsal OA
changes are reported (Björnsdottir et al., 2004). Horses were slaughtered two at
a time, once a week. Carcasses were processed at the abattoir and the meat was
used for human consumption. The tarsal joints were removed during the
processing of the carcasses by sawing through the leg at the level of the distal
third of the tibia and disarticulating the metatarsophalangeal joint. The tarsal
joints were labelled, sealed in plastic bags and transported in foam refrigeration
boxes in refrigerated conditions by truck, car and plane to Uppsala in Sweden.
Time from slaughter to when the joints arrived in Uppsala was 24-50 hours.
In Uppsala the tarsal joints were examined with 1.5 Tesla MRI (Intera,
Philips Medical Systems, Best, The Netherlands), 0.27 Tesla MRI (Hallmarq
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EQ2 Scanner, Hallmarq Veterinary Imaging Ltd, Guildford, Surrey, UK) and
64-slice CT (Definition, Siemens Medical Systems, Erlangen, Germany).
Images were acquired using sequences and exposure values to maximise the
resolution of the mineralised and soft tissues of the distal tarsal joints
including; articular cartilage, subchondral bone, articular margins and intraarticular ligaments, and when possible images were acquired to allow 3D postacquisition (Tables 3 and 4). The temperatures of soft tissues caudal to the
distal tibia were monitored immediately before low-field MRI examinations
with a digital meat thermometer (Meat thermometer, ART 65 RF, Coop
Norden AB, Stockholm, Sweden) and found to range between 6.7 ºC and 20.7
ºC.
For 1.5 Tesla MRI and CT examinations each disarticulated tarsal joint was
held in position by foam pads in a lying position so the dorsal surface was
facing the table top. For 0.27 Tesla MRI the tarsal joints were held in place
using foam pads in an upright position with the long axis of the leg
perpendicular to the static magnetic field. The joints were not loaded during the
examinations. The isocentre of the magnetic field and the mid level of the
radiofrequency coil were centred at the level of the centrodistal joint. The short
tau inversion recovery (STIR) sequences used had a relatively short inversion
time following recommendations for tissue scanning at temperatures between
refrigeration and room temperature (Adrian et al., 2012). Images were
transferred to a diagnostic imaging work station with DICOM viewing
software (OsiriX v 4.1.2, Pixmeo, Geneva, Switzerland) for evaluation.
Within 16 hours after completion of the MRI and CT studies the unopened
distal tarsal joints were manually sectioned with a bandsaw (KT-400,
Klaukkala, Finland) using parallel saw cuts to make five to ten millimetre thick
frontal plane slabs. The positioning and angulation of the saw cut was done
according to a described method (Björnsdottir et al., 2004). All tarsal slabs
except the second from dorsal slab in group-07 tarsal joints were immersed and
fixed in 10% neutral buffered formalin. The second from dorsal slabs in
group-07 tarsal joints were or placed in plastic bags and frozen (-20 ºC). The
time between slaughter and tarsal slab fixation/freezing ranged from 45 to 69
hours. After fixation in formalin specimens for embedding in PMMA (Paper
II) were transferred into 70% ethanol five to seven days before subsampling.
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4
145

Flip angle (o)

No. of signal acquisitions

Bandwidth (Hz)

160

54

Approximate scan time (min)

4

288 x 288
11

384 x 384

0.7 x 0.5

192

147

100

1 and -0.5*

145

2

35

25

—

5.3

Sagittal

T1W 3D FFE

8.1

512 x 512

0.9 x 0.4

384

192

170

3.5 and 4.2

33

6

32

140

—

13

Sagittal

T2*W-GRE

5.2

512 x 512

0.9 x 0.4

384

195

170

3.5 and 4.2
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4

90

1969

—

87

Sagittal

3.1

256 x 256

1 x 0.5

336

165

170

5 and 6

98

2

90

2700

60

27

Sagittal

STIR-FSE

0.27 Tesla sequences
T2W-FSE

5.8

512 x 512

0.9 x 0.4

384

192

170

3.5 and 4.2

65

6

75

100

—

8

Sagittal and dorsal

T1W-GRE

 = Not applicable; WATSf = water saturated fluid; STIR = short tau inversion recovery; W = weighted; 3D = three dimensional; FFE = fast field echo; GRE = gradient echo; FSE =
fast spin echo. *Slice gaps -0.35 and -0.5 refer to contiguous slices with a 0.35 mm and 0.5 mm overlap respectively.

512 x 512

Reconstruction matrix (pixels)

0.8 x 0.6

272
0.3 x 0.3

In-plane pixel resolution (mm)

Frequency encoding steps

125

100

80
272

Phase encoding steps

3 and 3.3

212

3

90

3422

140

60

Sagittal

STIR

1.5 Tesla sequences

Field of view (mm)

0.7 and -0.35*

50

Repetition time (ms)

Slice thickness and gap (mm)

—
21.7

Inversion time (ms)

10.1

Sagittal

Echo time (ms)

Scan plane

WATSf

Table 3. Settings used during magnetic resonance imaging sequences of cadaver distal tarsal joints (papers I and III),
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Table 4. Settings used during computed tomography examinations of cadaver distal tarsal joints
(paper I),
Parameter

Whole tarsus

Bone slab

Position in gantry

Head-foot-prone

Head-foot-prone

Tube voltage (kVp)

120

120

Tube current (mA)

400

100

Exposure time (s)

0.5

1

Focal spot (mm)

1.2

0.7

Spiral pitch factor

0.8

0.5

Convolution kernel

B70f

U70u

Slice thickness (mm)

0.6

0.4

Slice increment (mm)

0.4

0.2

Single collimation width (mm) 0.6

0.3

Acquisition plane
reconstruction diameter (mm)

124

50-80

Acquisition plane
reconstruction matrix (pixels)

512 x 512

512 x 512

4.3 Osteochondral sampling methods (papers I-III)
4.3.1 Predetermined sampling (paper I)

One slab, containing the full joint width, was removed from each joint at
the location described by Björnsdóttir et al. (2004). The pathologist (SE) who
removed the specimens had no knowledge of the originating horse’s parentage,
and no attempt was made to identify gross lesions. The centrodistal joint of the
selected bone slab was removed by transversely dividing the central, third, and
fourth tarsal bones. The joint was then divided into lateral and medial halves
by sawing sagittally through the centrodistal fossa. This resulted in two 8 mm
to 30 mm blocks representing lateral and medial aspects of the centrodistal
joint.
4.3.2 Image-guided sampling of centrodistal joints (papers I-III)

The MRI and CT images from the tarsal joints were analysed using a semiquantitative grading system (Table 5) modified from similar grading systems
used in human and veterinary OA research (Olive et al., 2010a; Hunter et al.,
2008; Kornaat et al., 2005; Peterfy et al., 2004). Lesions were graded on three
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point scales as follows: grade-0, unremarkable appearance; grade-1, abnormal
with a small or mild change; and grade-2, moderate to severe or large change.
Anatomic sites for osteochondral specimen collection were selected from the
anatomic region of the centrodistal joint with the highest grade total. When
grades were equal, selection priority was given to the region with the highestgrade lesions on the articular aspect of the joint, over lesions on the articular
margin. The image-guided specimen collection sites were selected
semiquantitatively by taking into account the lesion grades, groupings, and
type. The aim was to identify specimen collection sites that were < 5 mm in
diameter and contained the highest degree of pathologic change according to
the MRI and CT images.

Table 5. Grading system used to characterize the type and severity of suspected osteoarthritis
lesions in centrodistal joints from equine cadavers as identified with computed tomography and
1.5 Tesla magnetic resonance imaging,
Lesion

Modality Grade-1

Grade-2

Articular cartilage
hypointensity

MRI

—

Focal hypointense signal within the
articular cartilage

Articular cartilage
thickness and joint
space (Figs. 7 - 9)

MRI

WATSf:
hyperintense and

WATSf: hyperintense layer not
visible; or

t 1 mm thick

STIR: focal collection of
hyperintense signal between
articular surfaces

Central osteophyte
(Figs. 7 and 9)

MRI

—

Hypointense projections from the
mineralisation front

Subchondral bone
hyperintensity

MRI

< 1 mm hyperintense t 1 mm diameter hyperintense
area/s
area/s

Articular mineralisation CT
front defect (Figs. 7- 9)
Marginal osteophyte
(Fig. 9)

CT

0.5 mm depth

> 0.5 mm depth

Small

Large

Intra-articular and
CT
chondral mineralisation
(Fig. 10)

—

Mineral density material between
the mineralisation fronts

Subchondral cyst-like
lesion

CT

< 1 mm

t 1 mm

Subchondral sclerosis

CT

Focal sclerosis

Generalized sclerosis

Subchondral lysis

CT

Focal lysis

Generalized lysis

— = Not applicable; MRI = magnetic resonance imaging; CT = computed tomography; WATSf = water
saturated fluid; STIR = short tau inversion recovery.
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Coregistration of the CT and MRI images via a manual rigid registration
algorithm (OsiriX v 4.1.2, Pixmeo, Geneva, Switzerland) on the basis of at
least four anatomic landmarks was used during image evaluation so the
locations of lesions identified via CT and MRI could be compared. The 5 mm
diameter area that had the highest summed grade was identified as the imageguided sample site. The midpoints of these sites were marked with regions of
interest on the CT image.
Bone slab CT images were coregistered by means of a manual rigid
registration algorithm on the basis of at least four points to the tarsal CT
images marked with the image-guided specimen collection site position (Fig.
6). With the tarsal CT images as a guide and the assistance of the localizer
function in the imaging software (OsiriX v 4.1.2, Pixmeo, Geneva,
Switzerland) locations of the image-guided specimen collection sites were
marked as regions of interest on a corresponding 3D volumetric reconstruction
bone slab CT image (Fig. 6). Osteochondral regions representing these sites
were removed via bandsaw with guidance from the labelled bone slab CT
images. The sections of the slab that contained the image-guided specimen
collection site were removed as small blocks (5 to 15 mm in size).
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Figure 6. Sequence of images showing the coregistration process and localisation of an imageguided sample site in one of the tarsal specimens from the study. For a video presentation of this
figure click on the following text (link to figure 6 video). (A and C) The same image slice from a
T1-weighted magnetic resonance imaging (MRI) of the entire tarsus. (B and D) Computed
tomography (CT) dorsal plane reconstructions of a tarsal bone slab from the tarsus. (A) and (B)
image planes are not aligned, so corresponding anatomical structures are marked with regions of
interest in the series of images. One of these regions of interest is shown (white circle with central
blue dot called ‘Point 3’) marking the same anatomical point (the tarsometatarsal interosseus
foramina) in both (A) and (B). Using these regions of interest the computer constructs a
coregistered slab CT image series. After coregistration the (C) T1-weighted MRI and the (D)
tarsal slab CT are now aligned. (E) Sagittal plane water saturation fluid (WATSf) MRI of the
same tarsal joint shown in (A to D) with a centrodistal joint lesion marked (white circle with
central white dot called ‘point 1’). (F) Dorsal plane T1-weighted MRI where the localiser function
has been used to identify the location of the lesion (centre of the green cross) marked in the (E)
WATSf MRI. (G) Slab CT image that is aligned with the (F) WATSf MRI and the MRI image
change is marked on the slab CT image (white circle with central blue dot called ‘point 1’). (H)
Three-dimensional volumetric reconstruction of the (F) CT series showing the location of the
centrodistal lesion (red dot) in an image that can be rotated and viewed from all angles.
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4.3.3 Image-guided sampling for SEM and CSLM (paper II)

In order to select osteochondral specimens containing a high frequency and
degree of OA lesions and examples of specific lesion-types, the number of
specimens taken from each joint and the microscopic technique used for each
specimen was chosen subjectively, based on the information in the 1.5 Tesla
MRI and CT images (AB, SE and CJL). The most severe lesion regions of
interest in centrodistal joints (up to a maximum of four for each joint) were
sampled using the MRI and CT image-guided sampling method and these
specimens often included adjacent tarsometatarsal and/or talocalcanealcentroquartal joints. If possible attempts were made to include multiple lesion
regions of interest in one specimen. If no CT or MRI changes were detected in
the centrodistal joint then a specimen of the centrodistal joint was removed
using a predetermined sampling method (Björnsdottir et al., 2004) without
MRI/CT guidance. Lesion regions of interest in tarsometatarsal and
talocalcaneal-centroquartal joints were then sampled and these specimens often
included adjacent centrodistal joints or occasionally also tarsometatarsal and/or
talocalcaneal-centroquartal joints. All joints included in a specimen were
subsequently evaluated with microscopy regardless of whether or not MRI or
CT abnormalities had been detected.
Osteochondral specimens were subsampled using a diamond saw (Labcut,
DR Bennett LTD, London, UK) with guidance from the MRI and CT images.
Where ever possible parallel adjacent specimens were taken for PMMA
embedding and for processing for paraffin-embedding. The aim of this was to
have adjacent light microscopy and BSE SEM/CSLM sections to allow
comparison of these microscopic methods. Unfortunately an incompatibility
between the 70% ethanol, which the specimens were immersed in prior to
subsampling, and the decalcifying solution which they were immersed in after
subsampling resulted in destruction of most of the paraffin-embedded
specimens. For preparation of PMMA embedded specimens, 1.5 to 4 mm thick
osteochondral slabs were made. Osteochondral blocks 5 to 15 mm thick were
taken for BSE SEM studies after maceration of non-mineralised material.

4.4 Microscopic imaging methods (papers I-III)
4.4.1 Paraffin embedded light microscopy (papers I and III)

After decalcification in 3.4% (wt/vol) sodium formiate and 15.1% (wt/vol)
formic acid, block specimens were trimmed with a scalpel into thin flat
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sections. For the image-guided method, the radiologist was present to guide the
block trimming with the aid of MRI and CT images, with the aim of collecting
specimens as close as possible to the site of image lesions. Sections were
dehydrated, embedded in paraffin blocks, cut into 3-6 m thick sections, and
stained with hematoxylin and eosin, and toluidine blue. Sections were then
examined using light microscopy.
4.4.2 Polymethyl methacrylate (PMMA) embedded BSE SEM and CSLM
(papers II and III)

Osteochondral slab specimens were embedded in PMMA and prepared as
plane parallel slabs (Boyde, 2012a). The examination surface was ground and
polished using a graded series of silicon carbide papers and diamond abrasives
down to one micron.
Specimens embedded in PMMA used for BSE SEM were carbon coated,
and examined using a Zeiss DSM962 SEM (Zeiss UK Ltd, Welwyn Garden
City, Herts, UK) at 20 kV accelerating voltage with a 4 sector solid state BSE
detector (KE Electronics, Toft, Cambs, UK) as previously described (Boyde &
Firth, 2008; Boyde & Firth, 2005). Later in the study a Zeiss EVO MA10 SEM
(Carl Zeiss NTS Ltd, Cambridge, UK) was acquired, which enabled scanning
of uncoated PMMA embedded specimens when operated at 50 Pa chamber
pressure and 20 kV for BSE imaging. Subsequently procedures for staining
non-mineralised cell and matrix components using iodine were developed by
AB (Boyde, 2013; Boyde, 2012b). Blocks were repolished to remove any
carbon coating and stained with solutions of triiodide in potassium or
ammonium iodide (triiodide ion) or stained dry with elemental iodine vapour,
simply by placing the PMMA embedded specimens in a sealed container
containing the iodine vapour.
Uncoated PMMA embedded specimens examined with CSLM were
coverslipped with glycerol and examined using a Leica DMRBE with a SP2
confocal scan head and using 10/0.4 dry and 25/0.7 oil objectives (Leica
Microsystems Ltd, Knowlhill, Milton Keynes, U.K.). The 488 nm line from an
argon ion laser was used for excitation, and autofluorescence emission was
collected into green (band from 498 – 578 nm) and red (588 – 734 nm)
channels.
4.4.3 Macerated specimen BSE SEM (paper II)

Block specimens of joint surfaces were macerated using 2% Tergazyme
(alkaline pronase enzyme detergent, Alconox Inc., New York, NY, USA) to
remove hyaline articular cartilage and other soft tissue, washed and air dried. If
Tergazyme treatment failed to remove cartilage, tendon or ligament, the
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specimens were further treated by immersion in 5% hydrogen peroxide
solution until clean. These specimens were either carbon coated and examined
using the Zeiss DSM962 SEM at 20 kV, or examined uncoated in the Zeiss
EVO MA10 SEM operated at 50 Pa chamber pressure, and again at 20 kV
using BSE. Images were recorded in 3D by taking multiple images with 1° or
2° angle tilt difference and processed into movies to allow 3D to be
appreciated through motion parallax; or by taking two images with a 6° tilt
angle difference giving a stereoscopic pair and these were processed to give
red-cyan anaglyphs that could be viewed with colour-filter spectacles.
4.4.4 Micro-CT (paper II)

Further investigation of macerated and PMMA embedded specimens was done
with high resolution micro-CT (Scanco μCT40, Scanco Medical AG,
Switzerland) when highly mineralised mineralisation front protrusions were
seen or suspected. Macerated and PMMA embedded specimens were cut and
trimmed to a cross-sectional size of less than 7 mm, permitting 6 μm micro-CT
resolution.

4.5 Evaluation of microscopic imaging (papers I-III)
When light microscopy histology sections and BSE SEM images were graded
the sections and images were evaluated individually by two of the authors (SE
and CJL). All sections were coded so that the evaluators were blinded to
identification information for the joints. If there was disagreement between
evaluators then the final microscopy OA classification was decided by
consensus.
4.5.1 Grading for comparison of methods (paper I)

In paper I the results of grading of microscopy sections from the osteochondral
tissues were used to compare the OA detection rates of image-guided sampling
compared to predetermined sampling. Light microscopy was used to evaluate
24 centrodistal joints in this study. Specimens were classified as OA negative
and OA positive on the basis of a modification of a published grading system
(McIlwraith et al., 2010). For a specimen to be classified as OA positive, at
least 3 of the following features had to be present, otherwise the section was
classified as OA negative: chondrocyte necrosis, articular cartilage fibrillation,
chondrocyte clusters with > 3 chondrocytes/lacuna, increase or decrease in
articular cartilage thickness, osteochondral splitting, loss of toluidine blue
staining, and tidemark (the interface between the mineralized and nonmineralized articular cartilage, which is considered to be equivalent to the
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articular mineralisation front in the MRI, CT and BSE SEM images)
fragmentation, reduplication, or absence.
4.5.2 Microscopy as the ‘gold’ standard (papers I and III)

In papers I and III grading of microscopy from the osteochondral tissues
sampled using the image-guided method were used as the ‘gold’ standard to
determine the OA status of the joints and investigate sensitivities and
specificities of diagnostic imaging techniques.
The method of grading for the microscopy ‘gold’ standard in paper I was
the same as was used for the comparison of the sampling methods in paper I
(see 4.5.1).
In paper III light microscopy was used to evaluate 52 centrodistal joints and
BSE SEM was used to evaluate 23 centrodistal joints (one sample was
excluded due to loss of part of the specimen). The grading system from paper I
was modified so that only morphological features were evaluated and thus the
modified system could be used for both light microscopy and BSE SEM
images. Thus evaluation of toluidine blue staining was removed from the light
microscopy grading and to compensate for the loss of this feature the criteria
for classification of OA positive was modified so that at least two of the
osteochondral lesion-types had to be present; otherwise the specimen was
classified as OA negative.
4.5.3 Evaluation of early OA osteochondral lesions using combined high
resolution imaging (paper II)

Lesion classifications (lesion-types) were proposed from the morphological
changes observed in the specimens. When multiple microscopic techniques
were used images were correlated to evaluate the range of lesions present.
The PMMA embedded BSE SEM images were systematically re-examined
and the lesion-types present in each specimen were determined. This
information was used to record the frequency of osteochondral lesion-types in
talocalcaneal-centroquartal, centrodistal and tarsometatarsal joints and to
calculate associations and correlations between the lesion-types in the
centrodistal joints.

4.6 Evaluation of radiography and low field MRI for detection of
early OA (paper III)
Images from radiography and low-field MRI were examined for presence or
absence, and distribution of lesions in the centrodistal joints by three of the
authors (CJL, KH and SB). The initial image evaluations were done
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individually and radiographs were examined before low-field MRI. Where
there was disagreement between readers this was followed by simultaneous
examination of the images by all readers and a majority consensus agreement.
All images were coded, identification information was hidden and the order of
the presentation of the joints was randomised.
Lesion categories for the radiographs and low-field MRI images were
established based on the expected radiographic and low-field MRI appearance
of lesion categories described in paper I and in high detail radiographic studies
of centrodistal joints of young horses (Björnsdottir et al., 2004; Barneveld &
van Weeren, 1999; Laverty et al., 1991). Lesion categories were constructed
for radiography and low-field MRI to reflect the specific imaging
characteristics of each modality and the images were subsequently evaluated
for the presence of these lesions.
Lesion categories causing shape changes of the mineralised joint tissues
were sought in both radiographs and the low-field MRI sequence T1-weightedgradient echo (T1W-GRE). Joint margin changes were defined as abnormally
enlarged margins (bone overproduction) or pointed or peaked shaped margins
(caused by bone overproduction or undercutting bone resorption) as opposed to
the normal angular or rounded joint margin shape. Evaluation for joint margin
changes could not be done in areas of T1W-GRE images where hypointense
ligament or joint capsule were confluent with the joint margin. Central
osteophytes were defined as areas of focal convex bumps on the mineralisation
front. Mineralisation front defects were defined as focal concave regions in the
mineralisation front that usually resulted in a focal region of increased distance
between the mineralisation fronts of the joint. Care was taken not to include
regions suspected to be partial volume artefacts as central osteophytes or
mineralisation front defects.
Several lesion categories that resulted from changes of joint tissue mineral
opacity were sought in radiographs only. Regions of reduced opacity in the
mineralised tissues adjacent to the joint surfaces were defined as mineralised
joint tissue lysis. Regions of thickening of the mineralised tissues proximal or
distal to the joint surfaces were defined as subchondral sclerosis. Narrowing of
the lucent space between the mineralisation fronts (combination of joint space
and hyaline articular cartilage) was defined as a narrow joint space. Focal
mineral opacities detected between the mineralisation fronts were defined as a
joint space mineral opacity.
In low-field MRI images several lesion categories defined by changes in
MRI intensity patterns were sought. Abnormal MRI signal in the region
between the mineralisation fronts was considered to represent an articular
cartilage lesion resulting either from abnormal articular cartilage MRI signal or
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an articular cartilage surface defect filled with synovial fluid, and this change
was recorded according to sequence type. Lesions were recorded when focal
T2-weighted-fast spin echo (T2W-FSE) and STIR- fast spin echo (FSE)
hyperintensity, T1W-GRE hypointensity, T2-star-weighted-gradient echo
(T2*W-GRE) hyperintensity or hypointensity were detected. Regions of T2WFSE and STIR-FSE hyperintensity in the mineralised tissues adjacent to the
articular surfaces were classified as subchondral hyperintensity and considered
to represent oedema-like signal and/or cyst-like lesions. Regions of definite
abnormal thickening of the signal void dense subchondral bone plate in T1WGRE, T2*W-GRE and T2W-FSE sequences were classified as subchondral
sclerosis.
The lesion distribution in each joint was classified as focal, multifocal or
generalised. Readers also recorded the radiographic projection in which each
lesion was detected. In low-field MRI images the location of lesions were
judged subjectively by the readers with the assistance of the transverse pilot
image at the level of the centrodistal joint. Possible lesion regions were lateral,
dorsolateral, dorsal, dorsomedial, medial and plantar. For anatomical
orientation the mid-sagittal plane was considered to divide the centrodistal
joint region into two approximately symmetrically shaped halves.

4.7 Data analyses
4.7.1 Paper I

Osteoarthritis detection results for the two different specimen collection
methods were compared with Chi-squared tests (Minitab 15 statistical software
program, State College, Pa., USA).
To analyse the imaging grades the microscopic classification (OA positive
or negative) of specimens from the image-guided collection sites was used as
the ‘gold’ standard and the sums of the imaging grades were grouped into four
categories. The association between these summed imaging grade categories
and the microscopic OA classification of sites was assessed via logistic
regression and production of receiver operating characteristic curves (SAS,
version 9.2, SAS Institute, Cary, NC., USA)
The summed image grades were evaluated for their usefulness as a possible
diagnostic tool for OA detection by calculation of the area under the curve for
the receiver operating characteristic curves. Diagnostic sensitivity and
specificity, including 95% confidence intervals, were calculated for image
lesion-types and grades detected within each image-guided sample region, with
results of microscopic classification of each image-guided sample considered
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the ‘gold’ standard (Interactive Statistical Calculation Pages. Available at:
statpages.org/ctab2x2.html).
Fisher’s exact tests were used to identify image lesion-types and grades that
were associated with the microscopic OA classification (SAS, version 9.2, SAS
Institute, Cary, NC., USA).
Values of P < 0.05 were considered significant for all statistical tests.
4.7.2 Paper II

The frequencies of lesion-types were recorded as percentages of joints
examined according to joint (talocalcaneal-centroquartal, centrodistal or
tarsometatarsal joint) and specimen type (PMMA embedded or macerated).
Count data of lesion-types detected in PMMA embedded centrodistal joint
specimens was tested for associations between the presence of osteochondral
lesion-types using Fisher’s exact tests (SAS, version 9.2, SAS Institute, Cary,
NC., USA). To control type-1 errors, the Benjamini and Hochberg false
discovery rate procedure was applied to P = 0.05 to determine significant Pvalues for individual tests of association (Benjamini & Hochberg, 1995). Phi
coefficients were calculated from the same centrodistal joint lesion-type data to
investigate the degree and direction of correlations between the osteochondral
lesion-types.
4.7.3 Paper III

All analyses for paper III were performed using the PROC FREQ procedure in
SAS (SAS, version 9.2, SAS Institute, Cary, NC, USA) and values of P 0.05
were considered significant. Fisher’s exact tests were used to investigate
associations between lesion categories detected in radiographs and the
microscopic OA classification of the joint and lesion categories detected in
low-field MRI. Microscopic OA classification was used as the ‘gold’ standard
used to calculate sensitivity and specificity including 95% confidence intervals
for radiography and low-field MRI. McNemar’s exact tests were used to
compare the sensitivities and the specificities of radiography compared to lowfield MRI, for pooled lesion categories, and for single lesion categories found
to have a statistically significant association with microscopic OA. For lesion
categories found to have a significant association with microscopic OA
histograms were constructed showing the frequency of lesion detection in
radiographs according to the angle of projection and in low-field MRI
according to the anatomical region location of the detected lesion.
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5

Results

This section summarises the results from the studies performed for this thesis.
Detailed descriptions of the results are presented in each of the papers.

5.1 Paper I
5.1.1 Detection of OA according to the specimen collection method

The predetermined and image-guided specimen collection methods showed
significantly different rates of OA detection (P = 0.02). Osteoarthritis lesions
were detected with microscopy in 7 of 24 (29%) joints when the specimens
were collected from the predetermined location and in 15 (62%) joints when
the sites from which specimens were collected were identified with the aid of
MRI and CT. All joints with OA changes detected using the predetermined
specimen collection also had OA changes detected via the image-guided
method.
5.1.2 Association of image grades and microscopic OA

Twenty-two joints were classified as microscopic OA positive and 26 joints
classified as microscopic OA negative. An association was detected between
the guided-sample summed image grade categories and the microscopic
classification of OA (positive vs negative; P = 0.018). The area under the curve
calculated from the receiver operating characteristic curve was 0.89, indicating
that the summed image grades were a good predictor of microscopic OA.
5.1.3 Abnormalities identified in MRI and CT images

Moderate to high numbers of image-guided specimen collections sites had
evidence in the images of articular mineralisation front defects (Figs. 8 and 9),
marginal osteophytes (Fig. 9), central osteophytes (Fig. 7), articular cartilage
thickness abnormalities (Fig. 7), articular cartilage hypointensities and intra55
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Figure 7. Correlation and comparison of diagnostic and microscopic imaging showing examples
of the lesion-types central osteophytes/articular calcified cartilage advancement (white arrows),
and articular cartilage thickening/articular calcified cartilage arrest (white arrowheads) in
centrodistal joints. (A) Radiograph and corresponding (B) light microscopy histology of the same
joint and region. (C) Water saturation fluid (WATSf) magnetic resonance imaging (MRI) and
corresponding (D) iodine stained back scattered electron scanning electron microscopy (BSE
SEM) images of the same joint and region. (E) WATSf MRI and corresponding (F) macerated
specimen BSE SEM anaglyph image (requires red-cyan colour filter spectacles for viewing) of
the same joint and region. The central osteophytes in (C) and (E) correspond to regions of
articular calcified cartilage advancement in (D) and (F) respectively. The regions of articular
cartilage thickening in (C) and (E) correspond to regions of articular calcified cartilage arrest in
(D) and (F) respectively. Additionally (B) and (D) shows examples of chondrocyte clusters (black
arrowheads) and (D) shows areas of chondrocyte necrosis (regions within the red dashed lines)
and fibrillation of the hyaline articular cartilage. hac = hyaline articular cartilage; acc = articular
calcified cartilage; scb = subchondral bone; js = joint space. (D) and (F) by A. Boyde.

chondral/articular mineralisation (Fig. 10). On the other hand, low numbers
had signs of subchondral sclerosis, subchondral lysis, subchondral cyst, and
subchondral hyperintensity.
5.1.4 Validated OA lesions

An association was identified between histologic detection of OA and the
following lesions identified in MRI or CT images: grade-2 articular
mineralisation front defects (P = 0.022, Fig. 8), and grade-2 marginal
osteophytes (P = 0.022, Fig. 9), central osteophytes (P < 0.001, Fig. 7),
combined grades-1 and -2 of articular cartilage thickness abnormalities (P =
0.009, Fig. 7).
5.1.5 Sensitivity and specificity of image lesions for OA detection

The specificity of image lesions and grades for OA detection was generally
high, with the exception of articular mineralisation front defects grade 1 (very
low specificity) and articular cartilage hypointensities (moderately low
specificity). Large variation was evident in the sensitivities of the various
image lesions and grades for OA detection, with image lesions and grades that
were uncommon (detected in less than seven joints) having low sensitivity.
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Figure 8. Correlation and comparison of diagnostic and microscopic imaging, and examples of
the lesion-type of articular mineralisation front defects/articular calcified cartilage arrest (black
arrows) in centrodistal joints. (A) Computed tomography, (B) radiography and (C) light
microscopy histology from the same joint and region showing an articular mineralisation front
defect lesion. (D to F) Examples of lesions in three other joints. Articular mineralisation front
defects were called articular calcified cartilage arrest (black arrows) in (D) macerated specimen
backscatter electron scanning electron microscopy (BSE SEM) (this is an anaglyph image and
requires red-cyan colour filter spectacles for viewing), (E) iodine stained BSE SEM and (F)
confocal scanning light microscopy. Additionally (C), (E) and (F) show examples of chondrocyte
clusters (black arrowheads), areas of chondrocyte necrosis (regions within the red dashed lines)
and (C) shows an area of fibrocartilage (fc). hac = hyaline articular cartilage; acc = articular
calcified cartilage; scb = subchondral bone; js = joint space; jm = joint margins. (D), (E) and (F)
by A. Boyde.

5.2 Paper II
Thirteen lesion-types were detected in PMMA embedded specimens and seven
of these lesion-types were detected in macerated specimens (Table 6, Figs. 7 to
10).
5.2.1 Lesion-type frequency in PMMA embedded specimens

Lesions were detected in all centrodistal joints that had PMMA embedded
specimens taken (n = 22) and all 13 lesion-types were detected. Lesion-type
frequencies in the centrodistal joint were moderate to high in the hyaline
articular cartilage, variable in the articular calcified cartilage, low in the
subchondral bone, high on the joint margins and low for hypermineralised
infill phase lesions.
Lesions were detected in all tarsometatarsal joints that had PMMA
embedded specimens taken (n = 20) and 11 of 13 lesion-types were detected.
Lesion-type frequencies in the hyaline articular cartilage of the tarsometatarsal
joints were low except for marginal chondrocyte clusters, which had a high
frequency similar to that seen in the centrodistal joint. Lesion-types of the
tarsometatarsal joint margins had a moderate to high frequency with joint
margin erosions having a similar frequency to that seen in the centrodistal
joints.
Lesion-type frequencies in the talocalcaneal-centroquartal joints were low.
Only five of 13 lesion-types were identified and lesions were detected in only
three of seven joints.
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Figure 9. Correlation and comparison of diagnostic and microscopic imaging showing examples
of lesion-types, marginal osteophytes (white arrowheads), articular mineralisation front
defects/articular calcified cartilage arrest (black arrows) and central osteophytes/articular calcified
cartilage advancement (white arrows) in centrodistal joints. (A) Computed tomography (CT) and
correlated (B) light microscopy histology images of the same joint and region. (C) CT and
correlated (D) iodine stained backscattered electron scanning electron microscopy images of the
same joint and region. Additionally, chondrocyte clusters (black arrowheads) and areas of
chondrocyte necrosis (regions within the red dashed lines) are shown in (B) and (D), and
fibrocartilage (fc) and a full thickness split of the hyaline articular cartilage are shown in (D). hac
= hyaline articular cartilage; acc = articular calcified cartilage; scb = subchondral bone; js = joint
space. (D) by A. Boyde.
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Table 6. Descriptions of lesion-types in polymethyl methacrylate embedded and macerated
specimens from joints of the distal tarsal region,
Hyaline articular cartilage lesion-types (Figs. 7 to 9)
Chondrocyte loss

PMMA: Regions that contained empty chondrocyte lacunae, small often
flattened faint silhouettes of chondrocytes or hypo- or acellular HAC

Central chondrocyte
clusters

PMMA: Groups of chondrocytes within a chondron
> 500 μm from the joint margin

2 cells wide located

Marginal chondrocyte
clusters

PMMA: Groups of chondrocytes within a chondron
< 500 μm from the joint margin

2 cells wide located

Fibrillation

PMMA: Articular surface discontinuities, fissures, splits and erosions

Articular calcified cartilage lesion-types (Figs. 7 to 9)
Chondrocyte loss

PMMA: Hypo- or acellular regions

Chondrocyte clusters

PMMA: Groups of chondrocytes within a chondron
Macerated: Imprints in the MF of chondrons

Arrest

2 cells wide

2 chondrocytes wide

PMMA: Areas of thin, moderate to high mineralisation density, hypo- or
acellular ACC which when focal caused a concave contour of the MF
Macerated: Grooves and furrows formed by concave MF regions

Advancement

PMMA: Areas of thick ACC, which when focal caused a convex contour
of the MF. Poorly defined and hazy mineralising front and superficial layer
of low density
Macerated: Ridges or mounds formed by convex MF regions

Joint margin lesion-types (Fig. 9)
Extensions

PMMA: The joint margin at the level of the articular cartilage was enlarged
by mineralised fibrous joint capsule and periosteum, mineralised
fibrocartilage or bone
Macerated: Extension or enlargement of the joint margin

Erosions

PMMA: Concave areas of bone resorption on non-articular aspects of the
joint margin
Macerated: Patches or craters of bone resorption on non-articular aspects
of the joint margin

Hypermineralised infill phase lesion-types (Fig. 10)
ACC HIP

PMMA: Focal linear or irregularly shaped HIP material within the ACC
and occasionally extending into the SCB

HIP protrusions

PMMA: Focal protrusions of HIP within the articular cartilage that
extended from the ACC into the HAC
Macerated: Focal protrusions of HIP through the MF

Subchondral bone lesion-types
Resorption

PMMA: Concave to circular regions of SCB resorption
Macerated: Concave areas of resorption extending into the SCB

ACC = articular calcified cartilage, HAC = hyaline articular cartilage, HIP = hypermineralised infill phase, MF
= mineralisation front, PMMA = polymethyl methacrylate embedded, SCB = subchondral bone.
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5.2.2 Lesion-type frequency in macerated specimens

Lesions were detected in all centrodistal joints that had macerated specimens
taken (n = 9) and all seven lesion-types were detected. Lesion-types of the
articular calcified cartilage in the centrodistal joints had a moderate to high
frequency. Margin erosions were detected in all the centrodistal joints
examined and margin extensions were detected in four joints (44%).
Lesions were detected in all tarsometatarsal joints that had macerated
specimens examined (n = 6) and the only lesion-type not detected was
subchondral bone resorption. The tarsometatarsal joints had a mildly lower
frequency of articular calcified cartilage lesion-types compared to the
centrodistal joints. The frequency of joint margin lesion-types was almost
identical to that of the centrodistal joints.
Four of the five talocalcaneal-centroquartal joints that had macerated
specimens taken had at least one lesion detected and all seven lesion-types
were detected in these joints. Similar to the frequency pattern in PMMA
embedded specimens, marginal lesions of the talocalcaneal-centroquartal joint
in macerated specimens had a low frequency.
5.2.3 Associations and correlations between lesion-types in PMMA embedded
centrodistal joint specimens

Centrodistal joint lesion-types with moderate to high frequency that had
significant associations and strong positive correlations were; hyaline articular
cartilage chondrocyte loss, hyaline articular cartilage central chondrocyte
clusters, hyaline articular cartilage fibrillation, articular calcified cartilage
arrest, articular calcified cartilage advancement and articular calcified cartilage
chondrocyte loss.
Lesion-types with high frequency that had no significant associations with
other joint lesion-types were hyaline articular cartilage marginal chondrocyte
clusters and lesion-types of the joint margins.
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Figure 10. Correlation and comparison of diagnostic and microscopic imaging showing
hypermineralised infill phase protrusions (white arrowheads) from the same region of the same
centrodistal joint. (A) Water saturation fluid magnetic resonance imaging. (B) Computed
tomography. (C and D) Macerated specimen back scattered electron scanning electron
microscopy. Panel (D) is a close-up image of part of the hypermineralised infill phase protrusion
shown in (C) and the location of the white arrowheads in (C) and (D) correspond. jm = joint
margin; mf = mineralisation front. (C) and (D) by A. Boyde.

5.3 Paper III
The microscopy evaluation classified 42/75 joints OA positive and 33/75 OA
negative. Lesions were detected in radiographs of 38/75 joints and in low-field
MRIs of 40/75 joints. Radiographic lesions in 32/38 joints were classified as
OA positive by microscopy and distributions of these radiographic lesions
were focal in 9/32 joints, multifocal in 23/32 and no joints with generalised
changes were detected. Low-field MRI lesions in 28/40 joints were classified
as OA positive by microscopy and distributions for these MRI lesions were
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focal for 9/28 joints, multifocal in 19/28 and no joints with generalised changes
were detected.
5.3.1 Associations between radiographs and microscopic OA

Associations were identified between the detection of lesions in radiographs
(pooled results of all lesion categories) and the presence of microscopic OA (P
< 0.0001). The sensitivity and specificity for pooled radiographic lesion
categories for detecting OA was high. Joint margin lesions and mineralisation
front defects (Fig. 8) were the most frequently detected lesion categories and
both had associations with the presence of OA (P < 0.0001), and moderate
sensitivity and high (joint margin lesions) or almost perfect (mineralisation
front defects) specificity for the detection of OA. Mineralisation front defects
were detected in 29/75 joints and all but one of these joints were classified as
OA positive by microscopy. Central osteophytes (Fig. 7) were detected with
low frequency but still had an association with the presence of OA (P = 0.03).
Central osteophytes were only detected in centrodistal joints that were
classified positive for microscopic OA and in every joint where a central
osteophyte was detected both mineralisation front defects and joint margin
changes were always present. Mineralised joint tissue lysis, subchondral
sclerosis, narrow joint space and joint space mineral opacity were detected
with very low frequency and showed no association with OA.
5.3.2 Associations between low-field MRI and microscopic OA

Associations were detected between the detection of lesions in low-field
MRI (pooled results of all lesion categories) and the presence of microscopic
OA (P = 0.01). The sensitivity and specificity of pooled low-field MRI lesion
categories for detecting OA were moderate. Joint margin lesions were the most
frequently detected lesion category and had associations with the presence of
OA (P = 0.02) and moderate sensitivity and high specificity for the detection of
OA. Mineralisation front defects were detected with moderate frequency and
had associations with the presence of OA (P = 0.01), and low sensitivity and
very high specificity for the detection of OA. Articular cartilage lesions were
detected with high frequency and had associations with the presence of OA (P
= 0.0003), and low sensitivity and very high specificity for the detection of
OA. All of the articular cartilage lesions detected in low-field MRI were
suspected articular cartilage surface defects indicated by focal collections of
T2W-FSE or STIR hyperintensity between the articular cartilage layers. It was
noted that in these areas of T2W-FSE or STIR hyperintensity there was often a
corresponding area of T1W hyperintensity. No joints were detected with focal
T1W-GRE hypointensities within the intermediate signal articular cartilage
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region. Subchondral hyperintensity and subchondral sclerosis were detected
with very low frequency and showed no association to OA. Central
osteophytes were not detected with low-field MRI.
5.3.3 Comparison of radiography and low-field MRI for detection of centrodistal
joint OA

No differences were detected between radiography and low-field MRI when all
lesion categories were pooled, although there was a trend towards radiography
having a higher specificity. When frequently detected radiography lesion
categories that were associated with OA (joint margin lesions and
mineralisation front defects) were compared to pooled results for all low-field
MRI lesion categories, radiography had a higher specificity. Frequently
detected low-field MRI lesion categories that were associated with OA (joint
margin lesions, mineralisation front defects and articular cartilage lesions) had
a higher sensitivity compared to pooled results for all radiography lesion
categories.
Mineralisation front defects detected in radiographs were more sensitive at
detecting OA compared to mineralisation front defects in low-field MRI, but
there was no difference in specificity. An association was detected between the
presence of mineralisation front defects in radiographs and low-field MRI of
the same joint (P = 0.0218) and when mineralisation front defects were
detected with both modalities in a joint, OA was always detected with
microscopy.
There was no difference between the sensitivity and specificity of
radiography joint margin lesions and low-field MRI joint margin lesions for the
detection of OA. An association was detected between the presence of joint
margin lesions in radiographs and low-field MRI of the same joint (P < 0.0001)
and when joint margin lesions were detected with both modalities in a joint, the
joint was positive for OA in 18/21 joints.
5.3.4 Locations of lesions associated with microscopic OA

Lesions detected with radiography in joints with OA were identified most
frequently in the Pl10Di45L-DPrMO projection, with moderate frequency in
the LM and D35L-PlMO projections and with low frequency in DPl
projections.
Lesions detected with low-field MRI in joints with OA were identified with
high frequency in the dorsolateral region of the centrodistal joints, and with
low frequency in the lateral, dorsal, dorsomedial and medial regions. No lowfield MRI lesions were detected in the plantarolateral, plantar or
plantaromedial regions.
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6

General discussion

6.1 Image guidance for detection of early OA in cadaver distal
tarsal joints
The morphological changes of early OA are typically focal and small
compared to the much larger joint organ (Pritzker et al., 2006; Squires et al.,
2003; Veje et al., 2003; Dieppe & Kirwan, 1994). This is a major challenge for
early OA detection and for the investigation of early OA morphological
lesions. Furthermore the anatomy of the joints of the equine distal tarsal region
makes access to the articular surfaces for macroscopic evaluation impossible
without extensive dissection of the joint capsule and ligaments. With these
challenges in mind the method using clinical diagnostic imaging equipment for
sampling cadaver joints using image guidance was developed in paper I. In this
method the images of the osteochondral tissues of the entire centrodistal joint
were evaluated to localise focal lesions, then using coregistration of CT images
of sawn joint slabs it was possible to sample the regions of these lesions. The
image-guided sampling method had a higher sensitivity for the detection of
centrodistal joint OA detected by light microscopy compared to specimens
taken using a predetermined sampling method. These results support the use of
an image guidance method when sampling joints of the centrodistal joint from
equine cadavers to investigate the frequency of early OA.

6.2 Early distal tarsal OA lesions
By using a combination of microscopic techniques (paper II) it was possible to
investigate lesions in the mineralised and non-mineralised joint tissues and
examine of joint tissues in cross-section, en face and with 3D volumetric
reconstructions. Additionally the MRI and CT guided osteochondral sampling
technique allowed localisation of focal regions of change in the joints and
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selection of optimal microscopic methods to examine these regions.
Furthermore the validation of several lesion-types detected in radiographs,
MRI and CT images for OA detection (papers I and III) opens possibilities to
use these imaging methods that evaluate the entire joint to further investigate
spatial patterns of these lesion-types in centrodistal joints.
The BSE SEM studies of PMMA embedded articular tissues (paper II)
produced high contrast and spatial resolution images of the mineralised tissue
morphology and density thus these techniques were ideal for examining the
articular calcified cartilage and mineralisation front. This is in contrast to light
microscopy histology (paper I) where the decalcification required for tissue
preparation resulted in removal of some of the mineralised tissue information,
which in some cases made identification and detailed evaluation of the
mineralisation front region uncertain (Figs. 8C and 9B). Of particular value to
paper II was the development by Alan Boyde of novel iodine staining methods
for BSE SEM examinations of PMMA embedded blocks, which resulted in
excellent quality high-resolution images of both mineralised and nonmineralised tissues. Additionally, the attribute of BSE SEM to acquire detailed
images of the mineralisation front in cross-section in PMMA embedded
specimens and en face in macerated specimens allowed examination of
mineralisation front changes at very high magnification and resolution, and
showed patterns of changes of relatively large areas of the articular surface.
Further information was acquired in paper II about changes deep to the
mineralisation front lesions detected in macerated specimens by using
microCT, particularly in the case of hypermineralised protrusions. MicroCT
was also useful to guide re-surfacing, re-polishing and further imaging of
PMMA embedded specimens when lesions were suspected under the block
surface.
In human OA research early OA is considered to occur before radiographic
changes of the joint are detectable (Palmer et al., 2013; Bay-Jensen et al.,
2010; Cibere et al., 2009), but in paper III lesions were detected in radiographs
that were associated with focal microscopic osteochondral lesions in the
centrodistal joints. A possible explanation for why early OA of the centrodistal
joint was possible to detect with radiographs is that these small focal lesions
were often located close to the periphery of the joint in regions that could be
radiographed with minimal summation from the adjacent tissues (Figs. 7 and
8). Additionally, narrowed joint space and subchondral bone sclerosis and
lysis, which are lesions commonly detected in radiographs of horses with
advanced OA of the distal tarsal region (Labens et al., 2007a), were very rarely
detected (paper III).
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Some of the articular cartilage lesions detected with microscopy (paper IIII) were similar to lesions classified as severe in general OA and equine OA
grading systems (McIlwraith et al., 2010; Pritzker et al., 2006) but the focal
distribution of these lesions that was observed in the MRI and CT images
(paper I) and the microscopy images (paper II) is consistent with early OA
(Pritzker et al., 2006; Squires et al., 2003; Veje et al., 2003; Dieppe & Kirwan,
1994).
In humans early OA is considered to occur in the preclinical stage of the
disease before symptoms are established (Luyten et al., 2012). The horses in
the study were not trained to lead or ride, thus detailed lameness and
orthopaedic examinations of the horses were not possible, although the horses
in group-09 were evaluated with an objective lameness detection system
(Lameness locator®, Equinosis, Columbia, Missouri, USA). For the
examinations the horses trotted freely in pairs in an approximately 3 m wide 50
m long laneway. Gait recordings were considered suitable for measurement in
13 of 14 horses. One horse would only pace or tolt and thus gait measurements
of this horse were not possible. Using published lameness criteria (Keegan et
al., 2011) no systematic lameness’s were detected in the 13 horses recorded. In
these horses microscopic OA was detected in both centrodistal joints in three
horses, in one centrodistal joint in five horses and was not detected in the
centrodistal joints of the remaining five horses.
6.2.1 Articular cartilage lesions

The terminology used to name lesion-types in the papers included in the thesis
differs depending on the imaging technique used. The lesions articular
mineralisation front defect and focal mineralisation front defects in paper I and
paper III respectively are considered to correspond to articular calcified
cartilage arrest lesions identified in paper II (Figs. 7 to 9). The lesion central
osteophyte in papers I and III is considered to correspond to articular calcified
cartilage advancement lesions identified in paper II (Figs. 7 and 9). It is likely
that many of the focal articular cartilage thickness and joint space lesions
detected with high-field MRI are a result of articular calcified cartilage
advancement and arrest lesions (paper I). Other studies utilizing light
microscopy of paraffin embedded specimens have described subchondral bone
defects and subchondral bone plate irregularities in the joints of the equine
distal tarsal region (Björnsdottir et al., 2004; Laverty et al., 1991) and it is
likely these are also equivalent to the articular calcified cartilage advancement
and arrest lesions described in this thesis. It was only with the microscopic
imaging methods used in paper II that it was always possible to localise these
lesions specifically to the articular calcified cartilage, since it was not
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uncommon in the paraffin embedded specimens that the tidemark could not be
clearly defined in regions of articular cartilage lesions (Figs. 8C and 9B).
In paper II the lesion-types of the hyaline and calcified articular cartilage
were most common and strong correlations were found between the presence
of hyaline articular cartilage chondrocyte loss, hyaline articular cartilage
central chondrocyte clusters, articular calcified cartilage arrest and articular
calcified cartilage advancement. Chondrocyte loss and clusters are typical
lesions described in early OA (McIlwraith et al., 2010; Pritzker et al., 2006;
Björnsdottir et al., 2004; Barneveld & van Weeren, 1999) but the articular
calcified cartilage lesion-types arrest and advancement have not been described
in detail previously. The reason for selection of the terms advancement and
arrest for these lesion-types was that the morphological features of these
lesion-types suggested different rates of progression of the mineralisation front
into the hyaline articular cartilage. Advancement lesions appeared to be due to
an increased mineralisation rate of the deep layer of the hyaline articular
cartilage matrix thus creating a convex bulge of the mineralisation front and
thick articular calcified cartilage (Figs. 7 and 9). Whereas, in regions of arrest
lesions there appeared to be a slowing or complete stop of the rate of
mineralisation of the deep layer of the hyaline articular cartilage. Since
mineralisation of the adjacent regions of the hyaline articular cartilage
continued and ossification of the deep aspect of the articular calcified cartilage
appeared to continue this resulted in concave regions of the mineralisation
front and thin articular calcified cartilage (Figs. 7 to 9). The study horses were
at the age where endochondral ossification of the articular epiphyseal cartilage
had only recently finished but it is likely that some lesions developed during
the previous months when endochondral ossification was occurring. Since the
mineralisation front region is very active and rapidly changing during articular
epiphyseal endochondral ossification this is likely to be a period when injuries
to these tissues may result in changes in the development and subsequent
morphology of the mineralisation front. Thus, the lesions detected in these
studies in this thesis are likely to be not only injuries of tissue structure but also
injuries that have affected tissue growth. This raises the very important
question: what happens to these lesions? Do these lesions progress to involve
more of the osteochondral tissues and the other associated joint tissues, or is it
possible for these early OA lesions to heal?
In radiographs and CT images the mineralisation front should always be the
articular aspect of the articular calcified cartilage except in regions where there
is a defect in the articular calcified cartilage. The appearance of lesions in the
MRI images (paper I) suggests that the articular aspect of the border of the
hypointense region representing dense bone is in the region of the
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mineralisation front. However, this does not agree with a study that compared
articular cartilage thickness in MRI images with histology images and
concluded that the border was probably the osteochondral junction rather than
the articular aspect of the articular calcified cartilage (Murray et al., 2005).
Spatial relations were apparent between the four strongly correlated hyaline
articular cartilage and articular calcified cartilage lesion-types (paper II).
Hyaline articular cartilage chondrocyte clusters often occurred on either side of
focal regions of hyaline articular cartilage chondrocyte loss. Articular calcified
cartilage arrest often occurred deep to focal regions of hyaline articular
cartilage chondrocyte loss. Articular calcified cartilage advancement often
occurred on either side of focal regions of articular calcified cartilage arrest
and deep to regions of hyaline articular cartilage chondrocyte clusters. Focal
regions containing this pattern of these four lesion-types were often seen in
apposing articular surfaces located toward the periphery of the joint. In
macerated specimens it was common to see articular calcified cartilage arrest
trenches and articular calcified cartilage advancement ridges on the lateral,
dorsal and medial peripheral articular surfaces and following the shape of the
joint margins. This peripheral location on the joint surface and following the
joint margins was also evident in the articular mineralisation front defects seen
in CT images (paper I), articular cartilage thickness lesions in high-field MRI
(paper I) and mineralisation front defects in radiography and low-field MRI
(paper III).
The spatial relations detected suggest a possible sequence of events in the
early stages of distal tarsal joint OA. Focal hyaline and calcified articular
cartilage damage could be caused by focal increased overloading (most likely
static due to the low-motion characteristics of the distal tarsal joints) or the
presence of osteochondral tissue with increased susceptibility to loading in the
peripheral articular surface regions. Chondrocyte death and related to this
articular calcified cartilage arrest may occur in the regions of maximum
overloading damage. The resulting thinning or even loss of the articular
calcified cartilage likely causes a reduction of the selective barrier function of
the articular calcified cartilage (Pan et al., 2012; Suri & Walsh, 2012; Pan et
al., 2009). This provides an opportunity for the perpetuation of the OA cascade
due to the possible increased access of inflammatory substances between the
subchondral bone and intra-articular compartments.
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On the edge of highly loaded areas the damage to the articular cartilage is
less and the injury to chondrocytes in these areas may result in the activation of
anabolic processes in the articular cartilage and the development of clusters of
hypertrophic chondrocytes. Hypertrophic chondrocytes in the hyaline cartilage
are associated with an increased rate of mineralisation of the cartilage (ChenAn et al., 2013; Lotz et al., 2010). The increased rate of mineralisation occurs
due to release of substances such as bone morphogenetic protein 2 by the
clusters (van der Kraan & van den Berg, 2007). Extracellular membrane
vesicles distribute substances produced by chondrocytes that induce
calcification to the surrounding cartilage matrix (Anderson et al., 2010).
6.2.2 Joint margin lesions

Joint margin lesions were evaluated in the diagnostic imaging studies and in
the microscopy studies. Marginal osteophytes detected by CT were used as a
criterion for the image-guided sampling method (paper I) and it was found that
large marginal osteophytes were associated with presence of OA, but small
marginal osteophytes were not. Joint margin changes were also evaluated using
radiography and low-field MRI (paper III) and detection of these lesions was
frequent and found to be associated with the detection of microscopic OA.
When the joints were examined with BSE SEM and CSLM (paper II) a range
of joint margin changes were discovered. This included joint margin erosions,
seen as patches or craters on the non-articular aspects of the joints, and joint
margin extensions by mineralised fibrous joint capsule and periosteum,
mineralised fibrocartilage or bone. However, all these types of joint margin
changes resulted in similar peaked marginal osteophyte shape. Shape is the
basis of evaluation for joint margins in radiography, CT and MRI and because
of this it is unlikely these methods can differentiate between marginal erosions
and the variety of causes of marginal extensions.
Joint margin changes were very common in the centrodistal and
tarsometatarsal joints but there was no association between the types of joint
margin lesion or between joint margin lesions and osteochondral OA lesions
(paper II). In contrast to paper I the joint margin changes in paper II were not
graded according to size but rather were graded according to type, thus it
appears that the size of a joint margin change is more important for the
prediction of osteochondral OA rather than the type of joint margin change.
The BSE SEM and CSLM techniques in paper II resulted in very high
resolution of the mineralised joint margin compared to that of papers I and III.
With BSE SEM it was possible to detect joint margin extensions and erosions
that may have been too small to be detectable in paper III and either too small
to be detected or in the grade 1 category in described paper I. Furthermore, the
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maceration technique used in paper II meant it was possible to survey large
regions of the non-articular joint margin with high resolution. Thus the
detection rate of joint margin lesions in paper II, particularly small and mild
lesions is likely to be higher than the studies that used light microscopy
histology, MRI, CT or radiography (papers I and III). A method to differentiate
small from larger joint margin lesions was not used in paper II due to problems
of classifying size in joint margins that often had both margin erosion and
margin extension.
The variation of the association between joint margin changes and OA
found in papers I-III are consistent with reports in the literature. When
examining joints with radiography, CT or MRI marginal osteophytes are
considered indicative of OA (Hunter et al., 2011a) although osteophytes are
reported in joints without OA (Brandt et al., 2009) and osteophyte formation
and articular cartilage destruction have been found to be independent in OA
(Kaneko et al., 2013). Laverty et al. found that isolated joint margin bony
productive lesions on equine distal tarsal joints were not always associated
with other histological changes in the joint and suggested that margin changes
alone have minimal clinical significance (Laverty et al., 1991).
6.2.3 Hypermineralised infill phase lesions

The lesion-type name hypermineralised infill phase was coined in paper II
to describe highly mineralised material that fills spaces within the
osteochondral tissues. Similar lesions have been described in BSE SEM studies
of the equine metacarpophalangeal joint (Whitton et al., 2013; Boyde et al.,
2011; Boyde & Firth, 2008) and third tarsal bone (Boyde, 2003). The
hypermineralised infill phase material is proposed to arise from traumatic
cracks and spaces within the osteochondral tissues that fill with extracellular
fluid, blood or plasma forming an aqueous organic matrix (Boyde et al., 2011).
The water component of this organic matrix progressively mineralises and if
the contents of the crack or cavity are isolated from the surrounding tissues
there will be a lack of mineralisation inhibitors allowing very high
concentrations of mineralisation to develop. Thus, these lesions are
characterised by accumulations of material that have levels of mineralisation
that are higher than articular calcified cartilage or bone. Hypermineralised
infill phase lesions are very likely to be removed by the decalcification and
microtomy procedures required for the preparation of light microscopy sections
(Boyde et al., 2011) and this is the most likely reason of the very rare mention
of these lesion-types in the literature. Interestingly the larger hypermineralised
infill phase protrusions were clearly visible in CT images of the joints and this
was used to identify some of these lesions (paper II). In paper I
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hypermineralised infill phase protrusions were categorised as intra-articular
and chondral mineralisation in CT images and in retrospective evaluation of
the high-field MRI images some of these lesions could be seen as focal
articular cartilage hypointensities.
Hypermineralised infill phase protrusions occurred with a relatively low
frequency in the joints but this lesion-type was always associated with OA
changes in the surrounding osteochondral tissues (papers I and II).
Hypermineralised infill phase protrusions will result in a focal region of very
hard inflexible tissue surrounded by flexible hyaline articular cartilage, giving
a high risk of eventual exposure of the hypermineralised protrusion through the
articular surface and even fracture and displacement of the hypermineralised
protrusion into the joint space. Such exposed or displaced hypermineralised
protrusions have tremendous potential to cause extensive mechanical damage
to the articular surfaces.
The relation of articular calcified cartilage hypermineralised infill phase
material, which is usually seen in the form of linear hypermineralised cracklike lesions, and distal tarsal joint OA is less clear. These lesions were seen in
distal tarsal joints with and without articular cartilage OA lesions and so it
uncertain if this lesion occurs at a stage of OA before morphological changes
are seen in the articular cartilage or whether this lesion is an overload or
fatigue injury that does not necessarily progress to OA. These findings have
similarities to those of a recent BSE SEM study of the distal articular surface
of the third metacarpal bone in Thoroughbred racehorses where 36% of horses
with third metacarpal condyle fractures but 63% of control horses (euthanised
for reasons other than third metacarpal condyle fractures) had hypermineralised
crack-like articular calcified cartilage lesions (Whitton et al., 2013).
All of the methods used to evaluate the subchondral bone in this thesis have
been used in other equine studies to successfully detect subchondral bone
changes (Whitton et al., 2013; Olive et al., 2010a; Boyde & Firth, 2008;
Murray et al., 2007; Young et al., 2007; Boyde & Firth, 2005) so if
subchondral bone lesion were present they should have been readily detectable.
The subchondral bone was evaluated with CT (paper I), MRI (papers I and III),
radiography (paper I), and BSE SEM (paper II) and in all cases the frequencies
of subchondral bone lesions in joints were low and associations with articular
cartilage OA lesions were not detected (papers I-III), although the few
subchondral bone resorptive lesions that were detected (paper II) were always
seen together with articular cartilage lesions. These findings are in agreement
with several other diagnostic imaging and microscopy studies of equine
centrodistal joints. A study with high-detail radiography shows that
microscopic articular cartilage lesions were associated with joint margin
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demineralisation but not subchondral bone sclerosis (Laverty et al., 1991),
whilst another study shows some association between bone sclerosis and
chondronecrosis in the lateral part of the joint, but no association medially
(Björnsdottir et al., 2004). The low frequency and low or lack of association of
microscopic OA and subchondral bone changes detectable with CT,
radiography and MRI means that using these methods the evaluation of
centrodistal joints from young horses for changes within the subchondral bone
is unlikely to assist in the detection of individuals with early microscopic OA.
Furthermore it is doubtful that the initiating events of early OA occur in the
subchondral bone in the joints in the distal tarsal region of horses.

6.3 Microscopy - the ‘gold’ standard
The ‘gold’ standard used to evaluate the detection of early OA by the
diagnostic imaging methods used in this thesis was microscopic morphological
changes in the osteochondral tissues. The microscopic classification systems
used in this thesis were comparable to grades 1 to 3 of the Osteoarthritis
Research Society International system (Pritzker et al., 2006), grades 1 to 4 of a
proposed microscopic grading system for OA in equine fetlock and carpal
joints (McIlwraith et al., 2010) and a recently proposed definition of
histological early-stage OA in humans (Madry et al., 2012). To allow use of
light microscopy histology in some joints and iodine stained BSE SEM in
others (paper III) a classification system was used that evaluated
morphological features that could be assessed using either technique. Thus
even though light microscopy histology and BSE SEM provide some different
tissue information it was considered that both methods were suitable and
comparable for grading OA.

6.4 An imaging biomarker for early distal tarsal OA in Icelandic
horses
Screening programs for heritable forms of disease, investigations of the
evolution of naturally developing diseases and studies of early intervention
treatment strategies require biomarkers that are validated, widely available,
cost-effective and easily allow for follow up examinations (ESR, 2013). In this
thesis several imaging biomarkers have been identified and validated for early
OA of the equine centrodistal joint.
The investigation of lesions detected in the MRI and CT images of the
sampled regions of centrodistal joints and OA changes detected in microscopic
sections from these sampled regions (paper I) showed that central osteophytes
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and articular cartilage thickness abnormalities detected with MRI, and
moderate or larger articular mineralisation front defects and moderate or larger
marginal osteophytes detected with CT were associated with OA. These lesiontypes had very high or perfect specificity and variable sensitivity for OA
detection thus validating these lesion-types for the detection of early OA. The
imaging methods in paper I were designed for examination of cadaver
specimens rather than screening live horses. The WATSf MRI sequence used
in paper I is not suitable for scanning live animals due to the extremely long
scan time (approximately 54 minutes). However the CT protocol used is
suitable for scanning live horses although a general anaesthetic is required for
the examination. Thus the CT method is not suitable for screening large
numbers of live horses.
Radiography and low-field MRI (paper III) are methods that are currently
available for examining standing sedated horses. Due to the isolated location of
the study horses it was only possible to perform the radiographic examinations
on live horses whilst the low-field MRIs were made on cadaver tarsal
specimens from the same horses. Thus the low-field MRI studies lack the
effects of weight bearing and horse motion. Additionally the low-field MRI
sequences used in paper III were in all cases except STIR sequences higher
resolution than the standard sequence protocols in the low-field MRI system
and thus had relatively long scan times and small pixel sizes. The likelihood of
motion degradation increases as image spatial resolution improves since any
motion greater than half the pixel size degrades the image (McKnight et al.,
2004). Various motion-correction techniques have been developed (Lange et
al., 2013; McKnight et al., 2004) and although motion-insensitive sequences
were available in the low-field MRI system used they were included since
motion artefacts were not anticipated in the specimens. To reduce the effects of
motion artefacts when doing low-field MRI on the tarsal regions general
anaesthesia can be used for the scanning procedure.
The comparison of radiography of standing horses and low-field MRI of
cadaver specimens showed that radiography was equal to or better than lowfield MRI for detecting early stage centrodistal joint OA. This result disagreed
with the study hypothesis that MRI would have a higher sensitivity for early
OA detection. The major reason for the lower than expected sensitivity and
specificity of low-field MRI most likely relates to low image resolution relative
to the small osteochondral lesions. Morphological changes in the early stages
of OA are focal and mild (Pritzker et al., 2006; Veje et al., 2003; Brama et al.,
2000; Palmer et al., 1995; Dieppe & Kirwan, 1994) thus the detectability of
early lesions is heavily dependent on image resolution (Alhadlaq et al., 2004).
The acquisition in-plane pixel resolutions in the low-field MRI sequences were
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between 0.44-1.03 mm and slice thicknesses were between 3.5-5 mm and this
compares to a pixel pitch of 0.16 mm for the radiographs. Thus the 2D spatial
resolution of the radiographic image is considerably higher than the low-field
MRI images. The 2D nature of radiographs results in summation and overlap
of opacities and this can obscure anatomical detail and hide lesions despite
high image resolution. However, convex curved bone surfaces that are
tangential to the x-ray beam are projected free from other skeletal structures,
thus summation is minimal and very high resolution images of these surfaces
are possible (May et al., 1986). A radiograph taken with an x-ray beam that is
both parallel to an articular surface and tangential to a convex curved joint
margin can result in high resolution images of focal regions of the peripheral
regions of a joint, and the angles of projection used in paper III resulted in
these types of images. Therefore, each set of radiographs from a joint provided
high resolution images of multiple small peripheral joint regions without
overlap of other skeletal structures and it was in these peripheral joint regions
that almost all of the radiographic changes that were associated with
microscopic OA were detected.
A study of the image resolution required for MRI to detect OA changes in
human and bovine patella articular cartilages concludes that images with inplane pixel resolutions greater than 0.3 mm do not reliably show mild
alterations of articular cartilage (Rubenstein et al., 1997). A study of articular
cartilage volume measurements in human stifle joints suggests 0.275 mm inplane resolution and 1 mm slice-thickness reduced partial volume averaging
effects to acceptable levels for accurate repeated cartilage volume
measurements (Hardy et al., 2000). Furthermore the articular cartilage in
equine centrodistal joints is thin compared to human and bovine knee articular
cartilage (Malda et al., 2013; Salo et al., 2012; Tranquille et al., 2009) and thus
would be expected to require even higher pixel resolutions in images to show
mild cartilage lesions. Lesions that are similar or smaller than image voxels
suffer partial volume averaging effects due to dilution of the lesion signal in
the surrounding tissue signal within that voxel. The pixel and voxel sizes in the
low-field MRI images were larger than those suggested in the human and
bovine studies and often had dimensions larger than lesion sizes detected in
paper II. This was a major limitation for the MRI cartilage assessment and the
likely reason that the sensitivity values for detecting lesions of the articular
cartilage were low, or in the case of central osteophytes not detected.
To increase spatial resolution (decrease pixel/voxel size) in digital images
there is always a trade off for a lower signal-to-noise ratio or a longer scan
time. An adequate signal-to-noise ratio must be maintained otherwise lesion
detectability will decrease (Rubenstein et al., 1997). Scan times for clinical
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sequences must be relatively short and it is the amount of tissue signal resulting
from an MRI sequence that has the strongest influence on the maximum image
spatial resolutions possible. Since tissue signal increases in proportion to
magnetic field strength, high field strengths allow higher resolution imaging
and it has been shown that higher field strengths improve the sensitivity of
MRI for detection of OA changes (Kijowski et al., 2009; Stahl et al., 2009;
Wong et al., 2009; Masi et al., 2005). Studies that compare high- and low-field
MRI for the detection of artificially created and natural articular cartilage
lesions in equine cadaver specimens show high-field MRI to be superior
(Werpy et al., 2011; Murray et al., 2009b). High-field MRI is validated in
multiple studies for the detection of morphological changes in human OA
(Hunter et al., 2011b; Quatman et al., 2011) and is used with success to
evaluate focal osteochondral changes and early stage OA in the human knee
(Chundru et al., 2013; Ding et al., 2006; Ding et al., 2005a; Ding et al.,
2005b). Anaesthesia is currently required for high-field MRI examination of
the equine tarsus and the high costs and potential complications associated with
this procedure virtually excludes high-field MRI as a screening technique for
early OA.
The paper III results validate mineralisation front defects and joint margins
lesions in both radiography and low-field MRI, central osteophytes in
radiographs and focal T2W/STIR hyperintensity between the articular surfaces
in low-field MRI as changes of early centrodistal joint OA. The specificity and
sensitivity results show that all these lesion categories have high or very high
specificity but there is considerable variation in the sensitivity of these lesion
categories for the detection of OA. Mineralisation front defects detected by
radiography had the highest sensitivity and this suggests that evaluation for this
lesion in radiographs may be useful for screening young Icelandic horses for
early centrodistal joint OA.

6.5 The Icelandic horse as a model for OA research
Animal models with naturally occurring OA provide valuable information
for human OA research (Madry et al., 2012; Innes & Clegg, 2010). Horses
offer several advantages over other animal species in regards to joint structure.
Compared to other animal models used in OA research horses provide the
closest approximation to human articular cartilage thickness (Malda et al.,
2013; Frisbie et al., 2006) and chondrocyte volume density (Aigner et al.,
2010). Due to the heritability and high frequency of distal tarsal OA in the
Icelandic horse population (Björnsdottir et al., 2000a; Björnsdottir et al.,
2000b; Eksell et al., 1998) and the relatively low genetic diversity of the breed
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(Glowatzki-Mullis et al., 2006) the Icelandic horse provides a valuable general
model for the study of naturally occurring OA. In agreement with previous
studies (Björnsdottir et al., 2004) this thesis shows that early OA is common in
the joints of the distal tarsal region in young Icelandic horses. Thus studies of
the distal tarsal joints of young Icelandic horses provide an opportunity to
study a spectrum of osteochondral lesions during the period when the early
stages of OA are occurring. Information from such studies has potential
applications for the development of diagnostic and therapeutic methods in all
species.
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Conclusions

¾ An image-guided method for collecting specimens for microscopy resulted
in a higher detection rate of early OA in cadaver equine centrodistal joints
compared to predetermined sampling.
¾ An image-guided method for collecting specimens is recommended when
microscopic examination will be used as the ‘gold’ standard for the
detection of early OA in cadaver centrodistal joints of horses.
¾ The early morphological changes of distal tarsal OA in Icelandic horses
occur in the hyaline and calcified articular cartilage, rather than in the
subchondral bone.
¾ Central osteophytes and articular cartilage thickness abnormalities detected
with high-field MRI were validated by light microscopy histology as OA
lesions.
¾ Moderate or larger articular mineralisation front defects and moderate or
larger marginal osteophytes detected with CT were validated by light
microscopy histology as OA lesions.
¾ Mineralisation front defects and joint margins lesions detected with
radiography and low-field MRI were validated by a combination of light
microscopy histology and BSE SEM as OA lesions.
¾ Central osteophytes detected with radiographs were validated by a
combination of light microscopy histology and BSE SEM as OA lesions.
¾ Focal T2W/STIR hyperintensity between the articular surfaces detected
with low-field MRI were validated by a combination of light microscopy
histology and BSE SEM as OA lesions.
¾ Young Icelandic horses offer a promising model for the study of calcified
articular cartilage behaviour in early OA of low-motion joints
¾ Morphological changes of early stage centrodistal joint OA were detectable
with both radiography of standing horses and low-field MRI of cadaver
joints.
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¾ Radiography is equal to or better than low-field MRI for detecting early
stage centrodistal joint OA in Icelandic horses.
¾ Detection of mineralisation front defects in radiographs may be a useful
screening method for detection of early OA in centrodistal joints of young
Icelandic horses.
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Future research

During the collection of the data from the horses in this study it was attempted
to maximise the opportunities for parallel and future studies that were outside
the framework for this thesis. The results of this thesis also open possibilities
for further development of screening programmes in Icelandic horses and
wider applications to other horse breeds and models for early OA research.
The diagnostic images acquired in this thesis work contain an enormous
amount of morphological information about the horses in the study and there
are several further studies that can be made using these images:
¾ The locations of the lesions detected in the MRI and CT images were
thoroughly marked during the imaging guidance process and methods for
spatial mapping of lesions in joints with confirmed OA can provide
valuable information about the lesion distributions within the joint. This
information has importance in the further development of imaging
diagnostic methods for early distal tarsal OA and the search for the factors
that initiate and predispose for the development of distal tarsal OA.
¾ The CT images contain readily accessible 3D information that can be
applied to investigating the conformation of the bones of the tarsal joints
and possible associations with the conformation and the presence of early
distal tarsal OA.
¾ The CT images also contain quantitative mineral density information in the
form of Hounsfield units that can be used to investigate patterns of bone
density in the tarsal region and their associations to early distal tarsal OA
and leg conformation.
¾ Spatial information of osteochondral lesions, bone conformation and
mineral density information can be evaluated in relation to known loading
patterns of the tarsal joint to investigate associations between mechanical
joint loading and the development of OA.
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¾ Multi-echo MRI sequences for T2-mapping were acquired from all the
tarsal joints in the study and these images are not yet evaluated.
Remaining tissue specimens and sections from the study horses will provide
possibilities for further investigation of:
¾ Specific osteochondral lesion-types using techniques such as
immunohistochemistry.
¾ Evaluation of frozen specimens for genetic and biochemical research.
¾ Further processing of the PMMA embedded specimens for investigation of
subchondral bone structure.
Parallel to this study the conformations of the study horses were evaluated
using 3D videomorphometry and this information gives possibilities for
investigation of associations between external conformation and the presence
of early distal tarsal OA.
Most importantly the findings from paper III provide a non-invasive, cost
effective, widely available and highly specific method for the detection of early
distal tarsal OA in Icelandic horses. Possible future research using this method
includes:
¾ Longitudinal studies of groups of Icelandic horses starting at a young age to
investigate whether the radiographic changes validated for early distal tarsal
OA in paper III progress or heal as the horses get older and associations
with future lameness problems arising from the distal tarsal region.
¾ Retrospective studies of archives of tarsal radiographs of young Icelandic
horses to evaluate the prevalence of the validated radiographic changes and
attempts to re-radiograph these now older horses and investigate
associations with lameness detected since the taking of the radiographs.
If correlations are found between the validated radiographic changes and the
subsequent development of advanced distal tarsal OA and lameness arising
from the region then the radiographic method described in paper III could be:
¾ Applied as a screening method to remove horses with early distal tarsal OA
from the Icelandic horses breeding population.
¾ Used to investigate genetic screening methods for distal tarsal OA in
Icelandic horses.
¾ Used to select horses for study groups to evaluate early intervention
treatments for early OA in horses and as a general early OA model.
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It remains uncertain whether or not distal tarsal OA has a common
pathogenesis in all horse breeds or whether Icelandic horses have a separate
subtype of the disease. Evaluation of other breeds of horse using the methods
described in this thesis should help to clarify this.
The image-guided sampling method has applications in joint research where
osteochondral specimens are collected. This includes specimen collection
guidance for large and/or inaccessible joints to guiding specimen collection
between multiple joints in an individual animal.
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