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SUMMARY 

 

Osteoarthritis of the metacarpo/metatarsophalangeal joint is a major 

cause of lameness in the horse. Magnetic resonance imaging and particularly 

delayed gadolinium enhanced imaging of cartilage (dGEMRIC) and T2 

cartilage mapping in humans has been shown to visualize cartilage matrix 

changes in osteoarthritis early in the disease process. T2 mapping is a non-

invasive technique characterizing hyaline articular cartilage and repair tissue. 

In dGEMRIC, the negatively charged administered Gd-DTPA2−, penetrates 

hyaline cartilage in an inverse relationship to the proteoglycan concentration 

thereof. In osteoarthritis, proteoglycan concentration is decreased with 

increased penetration of Gd-DTPA2− due to a relative decrease in negative 

charge of the proteoglycan-depleted cartilage.  

This study was performed on normal cadaver limbs of twelve euthanized 

racing Thoroughbreds. Six horses’ midcondylar distal third 

metacarpals/metatarsals (Mc3s/Mt3s) underwent six precontrast inversion 

recovery (IR) sequences for dGEMRIC T1 relaxation time calculation, as well 

as T2 mapping sequences using a 1.5T machine. Gd-DTPA2- was injected 

intra-articularly and the same six IR sequences repeated at 30, 60, 120, and 

180 minutes post-injection at the same midcondylar sites. The distal Mc3/Mt3 

cartilage thickness was measured histologically and compared to selected 

images of the T1 and T2 weighted sequences. T1 and T2 maps were created 

by fitting the respective data into mono-exponential relaxation equations for 

each pixel, and mean values of certain regions of interest were calculated. A 

second group of six horses’ fore and hind limbs were randomly assigned to 

two groups and the limbs either chilled or frozen, allowed to return to room 

temperature and scanned similarly to the first control group. Chilling and 

freezing effects on dGEMRIC and T2 mapping results were evaluated. 

The main conclusions from this study are that IR and proton density 

weighted (T2 mapping) sequences can measure distal Mc3/Mt3 cartilage 

thickness where the cartilage doesn’t overlap with that of the proximal 

phalanx. However, accurate measurement was hampered by the thin cartilage 

in this region. dGEMRIC mapping, using intra-articular Gd-DTPA2- is a 
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feasible technique and T1 relaxation times decrease in a similar fashion to 

that of the human, with the optimal time of scanning after intra-articular Gd-

DTPA2- injection being 60-120 minutes. There is little effect on T1 or T2 

relaxation time and mapping images after chilling and freezing of the limbs 

except where the magic angle effect predominates in the T2 mapping 

sequences. 

Limitations of this study include relatively coarse spatial resolution of the 

thin cartilage, the overlap of the distal Mc3/Mt3 cartilage with the adjacent 

phalanx and the relatively low number of limbs used, resulting in low statistical 

power, particularly in the frozen limbs’ study. In spite of these limitations, this 

study provides technical information and reference values of dGEMRIC and 

T2 mapping in the cadaver distal Mc3/Mt3 of the normal Thoroughbred horse 

of value for forthcoming studies. 

Future studies need to evaluate intravenous administration of Gd-

DTPA2- and cartilage mapping in live exercised vs. non-exercised horses. 

Ultimately, dGEMRIC and T2 mapping of horse metacarpo/metatarso-

phalangeal joints with differing degrees of osteoarthritis should be used to 

attempt to diagnose early cartilage degeneration to endeavour to halt or delay 

its progression. 
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CHAPTER 1 

 

GENERAL INTRODUCTION 

 
Osteoarthritis in the horse is one of the major causes of lameness, and 

is particularly common in the metacarpo/metatarsophalangeal (fetlock) joint. 

Clinical hands-on evaluation with additional perineural and intra-articular local 

anaesthesia usually results in localization of the cause of pain. Diagnostic 

imaging and particularly radiography and ultrasonography have been the 

mainstay of the next step in confirming the cause of lameness until a few 

decades ago. Computed tomography and scintigraphy have added great 

additional diagnostic value in the past twenty years and more recently 

magnetic resonance imaging (MRI). Since cartilage degeneration does not 

always result in pain or lameness per se it is important to use modalities that 

can identify early cartilage and bone injury to address the condition before it 

has progressed into irreversible matrix damage.  

 Magnetic resonance imaging has changed the face of musculoskeletal 

imaging in humans and in horses in the past twenty years. Daily, MRI 

sequences and sophisticated physiological MRI tests are adapted to visualize 

increasing detail of bones, joints, ligaments and tendons. Higher field magnets 

are also available enabling even higher imaging resolution. 

 Although there is much funding available in many equine disciplines, 

the use of MRI in diagnosing horse lameness is limited to the larger practices 

and institutions and even then, the far greater knowledge and research in MRI 

is nearly limited to man. It is in the best interests of the equine world that 

osteoarthritis research focussing on lameness remains a priority. The 

pathophysiology of osteoarthritis in the fetlock joint is currently the focus of 

much research with cartilage, subchondral bone, biomechanics of the joint, 

and biomarkers being the most topical. It is still debatable whether 

subchondral bone injury precedes cartilage injury or vice versa, or if changes 

occur simultaneously, and what the interaction between these tissues are to 

ultimately result in degeneration of the joint.  
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Magnetic resonance imaging has been used to evaluate most articular 

and peri-articular structures both of normal and osteoarthritic joints, with 

certain sequences having being identified to be superior to others for specific 

tissues and injuries. MRI utilizing mapping techniques such as T2 and 

delayed gadolinium enhanced magnetic resonance imaging of cartilage 

(dGEMRIC) has been shown to be a reliable indicator of early cartilage 

degeneration and osteoarthritis in human and animal models. If this type of 

information can be made available early in the life of the equine athlete, 

attempts can be made to decrease the progression of the disease, thereby 

resulting in less pain and morbidity, increased athletic abilities and 

prolongation of the horse’s career. This should also result in decreased loss of 

earnings and more confidence in the equine industry. 

The two most common MRI machines currently in use in equine 

veterinary medicine are the standing low-field units and the 1.5T machine that 

requires the animal to be under general anaesthesia. The current standing 

unit can detect cartilage lesions in fetlock joints, but has the disadvantage of 

long acquisition times and movement artefacts since the horse is awake and 

tends to sway even though sedated. The resolution needed for adequate 

signal information in dGEMRIC may make the use of the standing machine 

less desirable but this still needs to be determined. 

The 1.5T unit has decidedly superior resolution, but is more costly and 

requires more maintenance. A few equine veterinary institutions have 3T 

machines with even better resolution, but it is unlikely that use of this machine 

will become the norm in the nearby future. The question arises, whether the 

owner of the superior equine athlete will allow his/her animal to be placed 

under general anaesthesia, although complications with general anaesthesia 

for elective procedures are very low. Another solution would be to use a high 

field standing unit with relatively fast scanning sequences and optimal 

software to minimize movement artefacts. The condition of the horse’s joint 

cartilage could be assessed with standard MRI sequences and mapping 

techniques, appropriate therapy instigated and progression of the condition 

and/or effect of the therapy monitored in the same way. It is highly unlikely, 

however, to be available for the equine world in the foreseeable future.  
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This study lays the foundation of T2 and dGEMRIC mapping in the 

cadaver equine fetlock joint. Studies building on this need to evaluate 

intravenous administration of Gd-DTPA2- and cartilage mapping in live 

exercised vs. non-exercised horses. Ultimately, horse metacarpo/metatarso-

phalangeal joints with differing degrees of osteoarthritis should be evaluated 

using these techniques. It is hoped that findings will result in earlier diagnosis 

of the disease and ultimately a healthier horse. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 
The horse is utilized for multiple disciplines in the modern world, both for 

recreational and working purposes. When it is unable perform, emotional and 

financial implications arise. 1
 Lameness is the primary cause of poor 

performance in horses, 2-7 with the most common source of lameness being 

the distal limb. 6, 8-13 Since racing is a large source of internal revenue and 

employment in many countries, lameness in the Thoroughbred race horse is 

often studied. Twenty five percent of racing Thoroughbreds experience 

metacarpo/metatarsophalangeal joint pain, 6 with this joint being the most 

commonly affected by traumatic and degenerative lesions of the appendicular 

skeleton, often referred to as overload arthrosis, resulting in osteoarthritis. 7, 9, 

14-17
  

Lesions in the articular cartilage generally show no signs of pain due to 

the lack of nociceptive receptors, with osteoarthritic pain thought to be caused 

by intra-articular factors released from the synovium or bone and other 

associated structures. 18 This implies that cartilage damage can and does 

progress while no clinical signs such as lameness are yet apparent. 19 For this 

reason it is important to find modalities which can identify early cartilage 

damage enabling timeous therapy to be instigated. It has been suggested that 

early diagnosis of pre-osteoarthritic conditions could improve outcome and 

reduce disability in humans and that pre-osteoarthritis indeed is a modifiable 

disease process. 20  

Two thirds of adult human articular cartilage by dry weight is collagen, 21 

of which the majority is type II collagen, as well as types III, IX, X, XI. The 

articular hyaline cartilage collagen fibrils, overlying the subchondral bone are 

organized into a structural framework important for normal cartilage 

biomechanics. The collagen fibres adjacent to the subchondral bone are 

arranged perpendicularly to the joint surface (70-90% of the total thickness), 

the intermediate layer randomly arranged (1-15% of the total cartilage 

thickness) and the most superficial layer parallel to the joint surface (5-15% of 
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the cartilage thickness). 22 Between this framework of fibrils are interposed 

proteoglycans, of which, in normal articular cartilage, the content is higher in 

the deeper layer decreasing superficially. 

Proteoglycans are mainly composed of a central core protein with 

multiple glycosylated side chains, primarily keratin sulfate and chondroitin 

sulfate. Aggrecan, secreted from the chondrocyte, binds to hyaluronan to form 

large proteoglycan aggregates. The negatively charged proteoglycan 

aggregates exhibiting a fixed charge density (FCD), bind positively charged 

cations, mostly sodium, which increases the osmolarity of the extracellular 

matrix, causing water to be drawn into the cartilage and the hydrated 

proteoglycan to swell. This swelling is constrained because of the 

intermingled collagen framework, thus putting this network under tension and 

giving the cartilage its compressive stiffness, vital for normal cartilage 

function. 23  

The articular cartilage consists of four functionally and structurally 

divided zones, namely the zone of calcified cartilage, the deep zone, the 

middle or transitional (radial) zone and the superficial (articular or tangential) 

zone. 23 This stratification is well visualized on T2 mapping images of normal 

human cartilage and correlates well with histological zones, where the shorter 

T2 relaxation values are in the radial zone, due to the highly organized radially 

orientated fibrils resulting in increased internuclear dipolar relaxations and 

relative restriction of water motion. The longer T2 relaxation values in the 

transitional zone are as result of the more haphazard organization of collagen. 

24, 25 Clinically this has also been utilized in humans. 26 This typical visible 

layered pattern with increasing T2 values from the subchondral bone to the 

articular surface, has been seen in the distal femur of the horse. 27 The T2 

measurement technique has been reported to show good intra- and inter 

repeatability in human articular cartilage 28-30 and is likely to be the same in 

the horse. It has been shown that T2 values are sensitive to mechanical 

cartilage stress in humans. 31 A 0.65 mm decrease in cartilage thickness has 

been seen in weight-bearing cartilage, 32 and signal intensity of superficial 

cartilage layers is decreased with increasing levels of compression. 33 Another 

report specifically ascribes the increase in signal intensity in T2 mapped 

cartilage of humeral femoral condyles to cartilage compression. 34 The 
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typical mean T2 values for different ROIs of human cartilage is between 15 

and 60 ms, varying slightly with the magnetic field strength used, 35 and can 

vary up to between 10 and 80 ms.  

The mechanical properties of cartilage have been assessed by means of 

quantitative magnetic resonance imaging (MRI). These techniques could be 

used to identify biomechanical changes in cartilage undergoing early 

degenerative changes. The orientation and amount of collagen fibrils can be 

illustrated by means of T2 relaxation times, 24, 36, 37 and has been suggested to 

be a possible marker for acute and chronic osteoarthritis. 38 Delayed 

gadolinium enhanced MRI of cartilage (dGEMRIC) has been shown to be able 

to predict a high percentage of the variation in the ability of articular cartilage 

to bear load 39 as well as to reflect spatial changes in cartilage proteoglycan 

concentration. 40 Both T2 and dGEMRIC may therefore be able to shed more 

light on the biomechanical properties of articular cartilage. 37 

Osteoarthritis (or degenerative joint disease) is a chronic degenerative 

disease characterized by a degeneration of articular cartilage, subchondral 

bone loss and or thickening, and soft tissue changes in the synovium. Matrix 

fibrillation, fissure appearance, gross ulceration and full thickness loss of the 

cartilage occurs. The synovial membrane is also often affected. 41 The 

progression of the disease in humans is generally divided into three phases. 

Stage 1 is defined as proteolytic breakdown of the cartilage matrix, followed 

by Stage 2 where fibrillation and erosion of the cartilage surface occurs 

accompanied by the release of cartilage breakdown products into the synovial 

fluid. This is followed by Stage 3 where synovitis occurs, the synoviocytes 

phagocytose these breakdown products and proteases and pro-inflammatory 

cytokines are produced. The activity of proteases, such as metalloproteases, 

collagenase, stromelysin, aggrecanase and other inflammatory products such 

as plasminogen activator, plasmin and cathepsin B,  cytokines, interleukin-1β 

and tissue necrosis factor-β, interacting with one another, result in a cascade 

of events ultimately resulting in collagen degradation which is an irreversible 

step in osteoarthritis. 41 Disruption of the proteoglycans may lead to swelling 

as result of increased oncotic pressure, followed by the loss of the degraded 

proteoglycans and therefore loss of cartilage volume. 42  

Subchondral bone, which absorbs stress and maintains joint shape, 
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shows a variation of density and thickness across the joint surface. 43 

Subchondral bone changes in osteoarthritis have been postulated to have 

three different mechanisms, namely excessive bone deposition leading to a 

stiffer more brittle bone, secondly excessive bone resorption leading to bone 

weakening and thirdly, reactivation of the ossification at the tidemark resulting 

in thinning of the cartilage. 44-46 Excessive stress may result in buckling of the 

trabeculae which may result in microdamage. In this respect it is important to 

remember that impaired biomechanical cartilage properties, e.g. by 

glycosaminoglycan loss, may alter subchondral bone load and trigger bone 

changes. Adaptation remodelling of the distal Mc3/Mt3 occurs to strengthen 

the bone which becomes denser. 47, 48 Overload arthrosis in the palmar region 

of the distal Mc3 condyle has been reported to result in “subchondral bone 

sclerosis, devitalization and mechanical failure leading to collapse of the 

overlying cartilage”. 15 It is still not known whether osteoarthritis starts in the 

cartilage, in the subchondral bone or whether the changes occur 

simultaneously as well as when the changes become pathological and/or 

irreversible. 43
 Subchondral osteophytes have also been reported in the horse 

metacarpo/metatarsophalangeal joints. 49 

 In an in vitro study of horse metacarpo/metatarsophalangeal joints, 

utilizing a cartilage degradation index technique, it was found that initial 

cartilage degeneration tends to commence at the dorsal articular margin of 

proximal phalanx one. In the metacarpophalangeal joint this then spreads to 

the central and palmar parts of proximal articular cartilage of phalanx one, 

whereas in the metatarsophalangeal joint the most degeneration occurs in the 

plantar aspect of proximal phalanx one and much less so centrally, indicating 

differences in biokinematics between fore- and hindlimb fetlock joints. 50 It has 

been reported that cartilage from the palmar aspect of joints with osteoarthritis 

had the highest histological scores of osteoarthritic sites. 51 

The causes of osteoarthritis in the metacarpo/metatarsophalangeal 

joints are multifactorial, including conformation, type of athletic discipline, rate 

of training, nature of the ground surface, genetic predisposition, fatigue, and 

others. 52 Biomechanical factors are believed to be of importance and the high 

succeptibility to injury has been related to the relatively small surface area, 

large range of motion and the high impact of full body mass during the weight-
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bearing phase. 16 Common sites for injury in the fetlock joint are the 

proximodorsal phalanx one (osteochondral fragments), palmar/plantar 

metacarpal/metatarsal condyles with “wear-lines”  across the opposing 

condylar surfaces, often with associated maladaptive bone remodelling and 

sclerosis, 53 the sagittal ridge of the distal metacarpus/metatarsus 

(osteochondritis dissecans) and the distal metacarpal/metatarsal and proximal 

phalanx one condyles (degenerative joint disease and osteochondritis 

dissecans). 54  

The use of MRI in equine arthrology and lameness has been reported 

and researched quite extensively in the past years, 55-96 and has been hailed 

as the gold standard  for soft tissue evaluation of joints and associated 

tendons and ligaments. 19  

In a recent study evaluating the reliability of high-(1.5T) and low-field 

standing (0.27T) MRI systems to detect cartilage and bone changes in horse 

cadaver fetlocks with pain localised to the fetlocks,  T1-weighted spoiled 

gradient echo, T2*-weighted gradient echo and STIR sequences (high-field) 

and T1-weighted gradient echo, T2*-weighted gradient echo, T2 –weighted- 

fast spin echo and STIR (low-field) sequences were acquired. 97 The authors 

concluded that all the pulse sequences showed high sensitivity for detection 

of subchondral bone lesions and moderate sensitivity for the detection of 

trabecular lesions. Cartilage lesions were well-detected by high-field T2*-

weighted gradient echo and low-field T2-weighted fast spin echo sequences, 

but the chance of false positive results of detecting cartilage lesions was high 

in both high- and low-field MRI units, and moderate for detecting subchondral 

bone pathology. 97 There is therefore a place to investigate other MRI 

techniques such as dGEMRIC and T2 mapping to determine the presence of 

early cartilage damage possibly even earlier than when using non-mapping 

MRI techniques. To simultaneously evaluate the condition of the subchondral 

and trabecular bone would also add value to the understanding of the 

pathogenesis of the disease.  

T2-weighted sequences, which are sensitive to tissue hydration, due to 

its strong influence on T2 relaxation, provide good tissue contrast. 98 

Generally subchondral bone and ligamentous and tendinous structures are 

hypo-intense and cartilage, synovial fluid and fat are relatively hyperintense. 
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Early degradative changes in the extracellular matrix affect tissue hydration, 

by increasing overall water content via osmosis and by increasing mobility of 

water. T2 relaxation time has been shown to be inversely correlated with 

collagen concentration and the integrity of the collagen network 99, 100 and 

mechanical properties of articular cartilage. 38, 101 Clinically, T2 relaxation time 

has been shown to be inversely correlated to cartilage volume and thickness 

and with severity of the disease. 102 Degradation of the cartilage matrix, can 

be seen with T2-weighted images as clefts and fibrillation. 42 Focal areas of 

increased T2 correspond to arthroscopically visualized cartilage lesions. 103  

When cartilage is damaged or degraded, T2 relaxation time increases. 

102, 104, 105 This is mostly due to disintegration of the collagen network, 35, 102 

but also due to an increase in free extracellular fluid, 106, 107 and to a lesser 

extent due to a loss of proteoglycans 105 and has also been postulated to be 

as result of a combination of changes in cartilage molecular conformation. 106  

In T1-weighted sequences, generally cartilage, subchondral bone and 

ligamentous and tendinous structures are hypo-intense and fat relatively 

hyperintense. However, in T1-weighted contrast-enhanced sequences all 

structures containing contrast are hyperintense. T1 relaxation time without 

gadolinium has been shown to correlate with water content of the cartilage. 108  

Magnetic resonance imaging including the use of the contrast agent 

gadolinium (Gd-DTPA2−) has been used in human studies to visualize 

cartilage damage and osteoarthritis early in the disease process. 109-114 

A quantitative method of evaluating the cartilage entails parametric 

mapping of cartilage utilizing post-processing of the images to give relaxation 

time-associated colour-maps that provide a visual interpretation of the specific 

area’s relaxation times. This has been described in T2, T2*, T1rho, delayed 

gadolinium enhancement of MR in cartilage and other techniques. 42, 103, 115-119 

T2 mapping is a non-invasive technique that can characterize collagen 

network and water content of hyaline articular cartilage and repair tissue. 98 In 

dGEMRIC, the negatively charged Gd-DTPA2−, injected either intra-articularly 

or intravenously, penetrates hyaline cartilage in an inverse relationship to the 

proteoglycan concentration of the cartilage. This takes a while to occur, in 

contrast to normal arthrography where the contrast is immediately visible 

within the joint, ergo “delayed”. dGEMRIC in humans is optimally evaluated 
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between 30 and 100 mins. 120 When proteoglycan concentration is decreased 

due to cartilage degradation, as seen in osteoarthritis, the penetration of Gd-

DTPA2− is increased due to a relative decrease in negative charge of the 

proteoglycan-depleted cartilage. Delayed gadolinium enhanced MRI of 

cartilage has been shown to be an excellent indicator of early degenerative 

cartilaginous changes in humans. 113 

 To create a relaxation time map, several images are acquired by 

varying only a certain sequence parameter, characterizing each relaxation 

time behaviour. The sequence parameter modulating signal intensity is 

inversion time (TI) for T1 mapping (dGEMRIC), and time to echo (TE) for T2 

mapping. The change of image intensity as a function of this sequence 

parameter is fitted pixel by pixel into mono-exponential relaxation equations. 

Results of these calculations yield a relaxation time value for each pixel. The 

characterization of smaller regions of the articulating surfaces using T2 and 

dGEMRIC can be made by freehand drawing of cartilage regions of interest 

(ROIs). A mean of the relaxation time values for pixels within a ROI can be 

then used to characterize the cartilage within each ROI. T2 weighted images 

of cartilage in the presence of Gd-DTPA show similar contrast with and 

without contrast, implying it is possible to perform T2 and dGEMRIC studies in 

the same scanning session. 100 

Only a handful of quantitative MRI techniques has been reported in 

horses. T2 mapping of experimentally made defects in the articular cartilage 

of the equine stifle using a 1.5T machine, revealed that T2 mapping helped 

differentiate hyaline cartilage from reparative fibrocartilage. Mean T2 values 

from the deep to middle to superficial layers of normal cartilage, respectively, 

were 40.7, 53.6, and 61.6 ms, whereas T2 values were 53.3, 58.6, and 54.9 

ms at reparative fibrous tissue sites. 27  

The use of dGEMRIC using a 3T machine has been reported once in a 

group of ponies, where it was used to test effects of administered bone 

morphogenic protein in experimentally-created femoral condyle lesions. 121 

The adjacent non-injured cartilage had significantly lower dGEMRIC T1 

relaxation times than lesion repair tissue at 12 weeks post lesion creation.  At 

52 weeks, dGEMRIC T1 relaxation times were lower in both the lesion and 

the adjacent cartilage. Authors proposed that these findings could have been 
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due to early osteoarthritis or because the bone morphogenic protein caused 

cartilage degeneration. Other proposed theories were that changes were 

caused by immobilization and un-loading of the cartilage because of pain. A 

review of the advances in biochemical evaluation of horse cartilage reports 

dGEMRIC and T2 and T1rho mapping as techniques which need further 

investigation. 19 

This study was performed to determine the feasibility of performing 

dGEMRIC and T2 mapping in the distal metacarpus3/metatarsus3 (Mc3/Mt3) 

of normal horse cadaver limbs and to identify potential pitfalls and limitations. 

The aim was to provide normal dGEMRIC and T2 mapping reference values 

and therefore provide a platform on which to base later studies of horses with 

osteoarthritis.  

Since much human and animal MRI research is performed on cadaver 

tissues, and these studies are often conducted at times when convenience 

dictates, necessitating preservation of the specimen by means of cooling or 

freezing, it was deemed necessary to determine the effects of this type of 

cryopreservation on the distal Mc3/Mt3. The effects of chilling and freezing on 

cartilage in certain MRI sequences have been described in the horse, 57, 122, 123 

but not the effect on dGEMRIC or T2 mapping. 

Other questions concerning dGEMRIC and T2 mapping that have been 

addressed in humans but as yet not in the horse include the comparison 

between intra-articular and intravenous delivery of Gd-DTPA2-, 124-127 the 

effect of exercise 128 on gadolinium uptake in cartilage and in exercise 

patterns in individuals 129 and the appearance of dGEMRIC and T2 mapping 

images in horses with different degrees of osteoarthritis. 103, 109, 112-114, 130  

The effect of osteoarthritis on the biomechanical properties of the 

cartilage should also be investigated as has been, and is being done in 

humans. 37, 101, 131 These are questions that can be addressed in the horse in 

future, based on the results of this current study. 

This study was performed on normal cadaver limbs of twelve racing 

Thoroughbreds which were humanely euthanized post retirement. The first six 

horses’ metacarpo/metatarsophalangeal joints’, mid condylar distal 

Mc3s/Mt3s underwent six precontrast inversion recovery (IR) sequences for 

dGEMRIC T1 relaxation time calculation as well as T2 relaxation sequence 
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scans using a 1.5T machine. Thereafter Gd-DTPA2- was injected 

intraarticularly and the same six IR T1 sequences were repeated at 30, 60, 

120, and 180 minutes post injection at the same midcondylar areas. The distal 

Mc3/Mt3 cartilage thickness was measured histologically and on selected IR 

and proton density weighted (PDw) images of the dGEMRIC and T2 weighted 

sequences respectively, and these compared to validate the technique for 

dGEMRIC and T2 mapping. T1 maps were created by fitting the respective 

data into mono-exponential relaxation equations and mean values of certain 

regions of interest were calculated. The effect of intra-articular Gd-DTPA2- on 

T1 relaxation time from pre-Gd to 180 minutes post injection was determined. 

A second group of six horses’ fore and hindlimbs were randomly assigned to 

2 groups, one where the limbs were chilled for 48 hours and the second 

where the limbs were frozen for up to 90 days. The limbs were then allowed to 

return to room temperature and scanned similarly to the first fresh limb control 

group. The effect of chilling and freezing on the dGEMRIC and T2 mapping 

results were evaluated.  

It is important that the dGEMRIC and T2 mapping techniques be repeated 

in live animals to determine whether these techniques are feasible for early 

prediction of osteoarthritis in the athlete.  
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CHAPTER 3 

 

HYPOTHESES 

 

The aims of the study were to formulate a technique to perform 

quantitative MRI of the cartilage of the distal metacarpus3/metatarsus3 in the 

normal Thoroughbred horse, utilizing dGEMRIC and T2 mapping. The 

information will serve as a guide to perform the techniques, to provide initial 

reference values, and to determine the effects of cryopreservation of the limbs 

on these reference values. The specific research hypotheses of the study 

were the following: 

 

1.  dGEMRIC mapping measurement parameters result in the same distal 

metacarpus3/metatarsus3 cartilage thickness as histomorphometric (gold 

standard) parameters. 

2. T2 mapping measurement parameters result in the same distal 

metacarpus3/metatarsus3 cartilage thickness as histomorphometric (gold 

standard) parameters. 

3. dGEMRIC mapping of five regions of interest  (ROIs) of the distal 

metacarpus3/metatarsus3 cartilage can be performed. 

4.   dGEMRIC mapping of the entire distal metacarpus3/metatarsus3 cartilage 

can be performed. 

5. The optimal time of scanning the distal metacarpus3/metatarsus3 

cartilage for dGEMRIC mapping after intra-articular injection of Gd-

DTPA2- is 30 minutes 

6. T2 mapping of five ROIs of the distal metacarpus3/metatarsus3 cartilage 

can be performed. 

7.   T2 mapping of the entire distal metacarpus3/metatarsus3 cartilage can be 

performed. 

8. Chilling/freezing does not affect T2 mapping at five different ROIs of the 

distal metacarpus3/metatarsus3 cartilage. 

9. Chilling/freezing does not affect T2 mapping of the distal 

metacarpus3/metatarsus3 entire cartilage. 
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10. Chilling/freezing does not affect dGEMRIC mapping at five different ROIs 

of the distal metacarpus3/metatarsus3. 

11. Chilling/freezing does not affect dGEMRIC mapping of the distal 

metacarpus3/metatarsus3 entire cartilage. 

The first two hypotheses are addressed in chapter 4, hypotheses 3 and 5 in 

chapter 5, hypotheses  6, 7, 8 and 9  in chapter 6, and hypotheses 4, 10 and 

11 in chapter 7.  
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4.1 ABSTRACT 

 

The purpose of this study was to determine whether delayed gadolinium-

enhanced magnetic resonance imaging of cartilage (dGEMRIC) and T2 

mapping are accurate techniques for measuring cartilage thickness in the 

metacarpus3/metatarsus3 (Mc3/Mt3) of Thoroughbred racehorses. Twenty-

four Mc3/Mt3 cadaver specimens were acquired from six healthy racehorses. 

Cartilage thickness was measured from post intra-articular Gd-DTPA2− 

images acquired using short tau inversion recovery (STIR), and proton density 

weighted (PDw) sequences, and compared with cartilage thickness measured 

from corresponding histologic images. Two observers performed each 

histologic measurement twice at three different sites, with measurement times 

spaced at least 5 days apart. Histologic cartilage thickness was measured at 

each of the three sites from the articular surface to the bone-cartilage 

interface, and from the articular surface to the mineralized cartilage interface 

(tidemark). Intra-observer repeatability was good to moderate for dGEMRIC 

where Mc3/Mt3 cartilage was not in contact with the proximal phalanx. Where 

the Mc3/Mt3 cartilage was in contact with the proximal phalanx cartilage, 

dGEMRIC STIR and T2 mapping PDw cartilage thicknesses of Mc3/Mt3 could 

not be measured reliably. When measured from the articular surface to the 

bone–cartilage interface, histologic cartilage thickness did not differ from STIR 

or PDw cartilage thickness at the site where the Mc3/Mt3 cartilage surface 

was separated from the proximal phalanx cartilage (P>0.05). Findings 

indicated that dGEMRIC STIR and T2 mapping PDw are accurate techniques 

for measuring Mc3/Mt3 cartilage thickness at locations where the cartilage is 

not in direct contact with the proximal phalanx cartilage.  
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4.2 INTRODUCTION 

 

Lameness is the primary cause of poor performance and wastage in 

horses.1–6 This decrease in athletic ability has been estimated to cost the 

performance horse industry in North America an estimated $1 billion annually, 

with an incidence of 8.5% to 13.7%.7 In studies performed at racetracks 

throughout the world, the most common source of lameness is the distal 

limb.5,8–13 Twenty five percent of racing Thoroughbreds experience 

metacarpophalangeal and metatarsophalangeal joint pain,5 with this joint 

being the most commonly affected by traumatic and degenerative lesions of 

the appendicular skeleton resulting in osteoarthritis.6,10,14–16 Osteoarthritis is 

characterized by matrix fibrillation, the appearance of fissures, and ulceration 

and full-thickness loss of the cartilage.17–20  

Magnetic resonance imaging, including the use of gadolinium (Gd-

DTPA2−) has been used in human studies to visualize osteoarthritis early in 

the disease process.21–25 Parametric mapping of cartilage entails post-

processing of images to give relaxation time-associated colour-maps that 

provide a visual interpretation of the specific area’s relaxation times. This has 

been described in T2, T2*, and delayed gadolinium enhancement of MR in 

cartilage (dGEMRIC) techniques.26 T2 mapping is a noninvasive technique 

that can characterize hyaline articular cartilage and repair tissue.27 In 

dGEMRIC, the negatively  charged Gd-DTPA2−, injected either intra-articularly 

or intravenously, penetrates hyaline cartilage in an inverse relationship to the 

proteoglycan concentration of the cartilage.  When proteoglycan concentration 

is decreased due to cartilage degradation, as seen in osteoarthritis, the 

penetration of Gd-DTPA2− is increased due to a relative decrease in negative 

charge of the proteoglycan-depleted cartilage. Delayed gadolinium enhanced 

MR in cartilage has been shown to be an excellent indicator of early 

degenerative cartilaginous changes in humans.24 The MRI parameter maps 

for T2 and dGEMRIC can be made by freehand drawing of cartilage regions 

of interest (ROIs). Signal intensity can be then fitted pixel by pixel into mono-

exponential relaxation equations using image analysis software (MATLAB 

Mathworks Inc., Natick, MA, USA). Results of these calculations yield a 
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relaxation time value for each pixel. A mean of the relaxation time values for 

pixels within a ROI can be then used to characterize the cartilage within each 

ROI.  

To ensure that the bone–cartilage interface and the cartilage surface of 

the dGEMRIC and T2 mapping sites are consistent with true anatomical 

areas, previous validation studies have compared MRI measurements to 

histological measurements as the gold standard. A study validating MRI 

imaging measurements of equine carpal cartilage thickness found a 

significant correlation between gradient echo and spoiled gradient echo, and 

spoiled gradient echo and histologic measurements.28 The same study found 

that, when calcified cartilage was excluded from the histologic measurement, 

MRI measurements were significantly greater than histologic 

measurements.28 

Another previous human study reported good repeatability for cartilage 

thickness measurements using a 7T scanner, with a coefficient of variation of 

1.13%.29 Good repeatability of MRI cartilage thickness measurements was 

also found in a study of asymptomatic human hip joints.30 Inter-rater and intra-

rater reliability of human cadaver femoral head cartilage thickness 

measurements from 3D-spoiled gradient echo pulse sequences have been 

found to be very high (<0.98)31 and high-resolution MRI cartilage thickness 

evaluation was also found to have good correlation with direct imaging 

analysis of surgically removed cartilage.32 For accurate determination of 

highly curved and thin articular cartilage volume and thickness three 

dimensionally, a 3D gradient echo sequence with selective water excitation 

acquisition can be used together with semi-automatic segmentation using a 

spline Snake algorithm.33 

Previous studies have also validated MRI cartilage measurement 

techniques for assessing progression of osteoarthritis. In one previous study, 

MRI detected a 1–2% decrease in cartilage thickness annually in human 

patients with some identifiable risk factors.24 Another study reported that MRI 

cartilage thickness and volume measurements decrease in patients with 

symptomatic knee osteoarthritis.34 In an experimental study using a guinea 

pig meniscectomy model, MRI cartilage thickness measurement precision 

(repeatability) was good, with positive agreement and a significant partial 
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correlation between measurements.35 Cartilage thickness changes were also 

seen in serial MRI examinations of guinea pig stifle joints after 

meniscectomy.36 Computer-aided methods for quantifying cartilage thickness 

and volume changes using MRI have also been validated.37 In a computer-

aided technique where measurements were tested and re-tested (paired 

imaging analysis), improved precision of cartilage segmentation for articular 

surfaces of the femur, tibia, and patella was found.38 Using MRI-based 3D 

cartilage models, the thickness of cartilage was overestimated in regions 

where cartilage thickness was less than 2.5 mm and correctly predicted in 

regions where the cartilage was greater than 2.5 mm.39 

In a study comparing a standard MRI knee protocol and T2 mapping, T2 

mapping was found to be feasible in a clinical setting and also revealed 

cartilage lesions not visible with standard clinical MRI protocols.40 Day-to-day 

repeatability of the dGEMRIC measurements has also been reported at 

different knee joint surfaces of healthy humans, and has been found to be 

good for small, deep, or superficial segments, for full thickness ROIs and for 

bulk ROIs.41 

The purpose of the current study was to validate T2 mapping and 

dGEMRIC techniques for measuring cartilage thickness in Thoroughbred 

racehorses, using three selected sites of the distal Mc3/Mt3 condyle of normal 

Thoroughbred cadaver specimens. The first objective of the study was to 

determine intra- and inter-observer agreement for histomorphometrical 

measurements of cartilage thickness for the three sites, measured from the 

articular surface to the most superficial bone Haversian canals (bone–

cartilage interface) and to the most superficial aspect of mineralized cartilage 

(tidemark (mineralized cartilage interface)). The second objective was to 

determine intra-observer agreement for measurements of cartilage thickness 

for the three sites and for two MRI techniques, the TI = 200 ms (hereafter 

referred to as the STIR) images during dGEMRIC mapping and the TE = 16.7 

ms (hereafter referred to as PDw (proton density weighted)) images during T2 

mapping. The third objective was to compare histologic measurements of 

bone–cartilage interface and mineralized cartilage interface to cartilage 

surface with measurements of cartilage thickness from the STIR images in 

dGEMRIC mapping and the PDw images in T2 mapping. The last objective 
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was to compare cartilage thickness measurements from the STIR images in 

dGEMRIC mapping to measurements from the PDw images in T2 mapping. 

 
4.3 MATERIALS AND METHODS 
 

This was a prospective cross-sectional study using 24 cadaver limbs of 

six clinically sound Thoroughbred horses. The project (V067/10) was 

approved by the Animal Use and Care Committee of the Faculty of Veterinary 

Science University of Pretoria and all horses were treated according to South 

African Veterinary Council ethical standards. Inclusion criteria were that the 

horses were to be Thoroughbreds aged between 3 and 6 years, of any 

gender, with no pain on flexion of the metacarpophalangeal or 

metatarsophalangeal joints and no signs of lameness at a walk or trot. There 

had to be no clinically apparent signs of marked appendicular skeletal 

abnormalities and no history of corticosteroid or glycosaminoglycan 

treatments in the past week. The horses were obtained from a welfare horse 

care organization where racing Thoroughbreds are sent for adoption or 

euthanasia. 

The horses were shot intracranially and the limbs removed at the 

middiaphyses of the third metacarpal or metatarsal bones. The limbs were 

wrapped in cling plastic, identified, placed in a cool bag, and transported to an 

MRI facility (Pretoria MR Trust, Faerie Glen Branch, Pretoria, South Africa) 

with a Siemens Avanto 1.5 T MRI machine with A B17 Software upgrade 

(Siemens Healthcare, Erlangen, Germany). The scanning took place with the 

limbs at room temperature (20°C) approximately 6 h posteuthanasia. A 

vitamin E oil capsule was taped to the lateral aspect of every Mc3/Mt3 

specimen. The limbs were placed on the scanner table with the dorsal surface 

facing down and with the toe facing into the gantry. A head and neck 12-

channel receiver coil combination was used. The forelimbs were randomly 

selected and scanned, followed by those of the randomly selected hind limbs. 

A leapfrog time schedule was used to ensure optimal time use, with the four 

metacarpo/metatarsophalangeal joints’ scans finishing approximately 8 h after 

commencement of the scans. The T1-weighted images were acquired using 

turbo spinecho sequences in the sagittal plane with TR: 557 ms; TE: 23 ms; 
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FOV: 100 × 100; matrix: 256 × 256; and receiver bandwidth: 130 Hz/pix. The 

T2 mapping images were acquired using multi-slice multi-echo spin-echo 

sequences with TR: 2170 ms; six TEs at between 16.7 and 116.9 ms; FOV: 

140 × 140; matrix: 256 × 256; slice thickness: 3 mm; and kHz receiver 

bandwidth: 130 Hz/pix. A 17-line software template was used on a transverse 

localizer of the distal Mc3/Mt3 to identify the midlateral Mt3 condyle and the 

midmedial Mc3 condyle (Fig. 4.1 A). 

 

A B 

  

Figure 4.1 (A) Transverse pilot MRI image of the distal third metatarsal bone of a 
normal Thoroughbred horse, demonstrating how MRI slices were marked for 
histologic comparisons. A 17-line template has been placed on the slice and 
centered over the distal sagittal ridge. Slice 1 is positioned on the lateral epicondyle 
cortex and slice 17 is positioned slightly axial to the medial epicondyle cortex. A 
hyperintense vitamin E oil capsule has been used as a marker for the lateral 
metatarso-phalangeal joint surface. (B) Lateral midcondylar parasagittal PDw (of T2 
mapping) MRI image with a representation of the translucent template illustrating 
concentric circles placed using a “best-of-fit” method over the third metacarpal 
condyle and with a line transecting the midline of the Mc3 distal metaphysis. Sites 1–
3 are also identified (S = site). 
 

To acquire the parasagittal images for dGEMRIC T1 relaxation time 

calculation, six precontrast inversion recovery sequences were performed on 

the mid lateral condyle for the hind limb and the mid medial condyle for the 

forelimb, respectively. As much synovial fluid as possible was aspirated from 

the palmar/plantar recess of the metacarpo/metatarsophalangeal joints to 

minimize dilution of the Gd-DTPA2− and minimize fluid-related sources of 
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variability. Gadolinium-DTPA2− (Magnevist®, gadopentetate dimeglumine, 

Bayer Health Care Pharmaceuticals, Isando, Gauteng, South Africa) was 

injected at 0.05 ml in 5 ml saline (0.025 mmol/joint). The joints were manually 

flexed at approximately one flexion per second for 5 min to ensure adequate 

contrast distribution in all parts of the joint. The same six inversion recovery 

T1 sequences as those used for precontrast images were repeated at 30, 60, 

120, and 180 min postinjection and at the same midcondylar areas. The joint 

fluid was examined cytologically the following day and the balance aliquoted 

and frozen at −80° for later further analysis. Three distal articulation sites of 

Mc3/Mt3 were identified for histological and MRI measurements. Site 1 was 

defined based on a 25° dorsal angle and from a point in the centre of the 

rotation of the joint. Site 2 was defined as the distal aspect of a line drawn 

down the axis of the diaphysis of Mc3/Mt3 and corresponding to the 

transverse ridge. Site 3 was defined based on a 35° palmar/ plantar angle 

from a point in the centre of the rotation of the joint and using the sagittal 

template of slices 5 and 13 (Fig. 4.1 B). The palmar site location was chosen 

based on the site where cartilage injury has been previously reported, most 

often in conjunction with subchondral sclerosis and signs of fatigue condylar 

fractures.42,43 The locations of sites 1–3 were chosen to be the same as sites 

previously evaluated by researchers studying stages of condylar fatigue 

fractures.42  

The metacarpo-/metatarsophalangeal joints were radiographed and 

scanned with computed tomography and limbs discarded from this study if 

there were overt signs of pathology, such as osteochondritis dissecans or 

osteoarthritis changes with osteophytes larger than 2 × 2 mm. Metacarpus3 

and Mt3 were dissected loose from the rest of the limb and the midmedial and 

midlateral condyles of Mc3 and Mt3, respectively, were identified using the 

transverse MRI template and sectioned into 3–5 mm thick slices using a band 

saw. The dorsal and medial aspects of each bone section were marked and 

the sample was placed into an 8% nitric acid made up in 10% buffered 

formalin solution for fixation and decalcification. The solution was replaced 

every week to optimize demineralization until the bone floated in the solution. 

Sites 1, 2, and 3 were identified using the sagittal template of the midmedial 

and midlateral distal condyles of Mc3 and Mt3, respectively, the cut blocks 
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processed, embedded into paraffin wax, sectioned on a rotary microtome and 

stained using standard Hematoxylin and Eosin. Sections were then mounted 

with Entellan (Merck Chemicals, Darmstadt, Germany). For cartilage 

thickness measurement analysis, the stained sections were viewed with a 

Nikon (Centurion, South Africa) light microscope equipped with an Axio Cam 

camera (Axiovision VS40V4.8.1.0 Carl Zeiss Imaging Solutions GmbH). Two 

observers measured cartilage thickness from the articular surface to the first 

Haversian canal (bone–cartilage interface) and from the articular surface to 

the mineralized cartilage interface (tidemark) if visible (Fig. 4.2). 

 

 

 

Figure 4.2. Hematoxylin and eosin histology slide indicating how measurements were 

made for the distance between the articular surface and the beginning of the 

Haversion canal system (BC, bone–cartilage interface), and the distance between 

the articular surface and the beginning of the mineralized cartilage interface (TM, 

calcified cartilage tide mark).  

 

Three measurements were made at each site and the mean determined. 

Each set of metacarpo-/metatarsophalangeal measurements was acquired at 

least 5 days apart. To determine whether ROIs to be mapped on the T2 and 

dGEMRIC mapped images were representative of true cartilage dimensions, 
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the histomorphometric thicknesses of cartilage at sites 1–3 were compared to 

measurements from MRI images.28 Cartilage thickness was measured using a 

Siemens SYNGO workstation (Siemens Healthcare, Erlangen, Germany). The 

optimal inversion recovery sequence for visualizing the surface of the 

cartilage was determined subjectively by the first author and based on an 

evaluation of all 600 inversion recovery series of the dGEMRIC mapping 

images (four limbs × five times (pre-Gd, 30, 90, 120, 180 min) × five sites (the 

extra two were not used in this study) × six different TIs = 600) of a randomly 

picked horse’s distal Mc3/Mt3 (Horse 6). Each image was zoomed and 

panned into an optimal position where a translucent template (Fig. 4.1B) could 

determine the midline of the relevant condyle of Mc3/Mt3 and the centre of 

rotation of distal Mc3/Mt3. The optimal window was found using the 

windowing tool in the software package and the sites determined where the 

cartilage surface and bone–cartilage interface could best be identified. The 

mineralized cartilage interface could not be visualized so no attempt was 

made to measure this. Based on results of these assessments, the TI = 200 

ms IR (STIR) in the 180-min post Gd-DTPA2− time series was chosen as the 

best for measuring all horses’ Mc3/Mt3 using the Syngo electronic callipers 

(Fig. 4.3 A). A similar procedure was used for the T2mapping TEs (using all 

24 limbs × five sites × six TE = 720 sites) and the TE of 16.7 ms (PDw) was 

subjectively deemed the best image for visualizing the cartilage surface (Fig. 

4.3 B). The thickness of the articular cartilage was then measured for sites 1–

3 for all the PDw and STIR images of all 24 limbs, respectively, three times 

and the mean determined for each site and MRI measurement. This 

measurement procedure was repeated at least 2 months later by the same 

observer.  
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A B 

  

 

Figure 4.3. (A) STIR image at 180 min post Gd-DTPA2− demonstrating a parasagittal 

slice of the distal mid-Mt3 condyle for Horse 5 and locations where the hyperintense 

articular cartilage depth was measured at sites 1–3. Window width 1734; window 

level 964. (B) Proton density weighted image of the distal mid Mc3 condyle for Horse 

4, demonstrating where the hyperintense articular cartilage depth was measured at 

sites 1–3. Window width 1445; window level 706. Note that there is minimal synovial 

fluid within the joint and that this T2 image is prior to Gd injection. There is minimal 

fluid signal within the joint itself (S = site). 

 

Histologic cartilage thicknesses were evaluated at Sites 1–3 by the 

same observer at least 3 months after the MRI measurements. Statistical 

analyses were performed using SPSS software (version 19, SPSS Inc., 

Chicago, IL, USA). The selection and conduction of all statistical tests were 

made in collaboration with statisticians. The level of significance for all tests 

was set at P < 0.05. Repeatability for cartilage thickness measurements was 

determined using the intraclass correlation coefficient (ICC), which represents 

the error free proportion of the intersubject score variation with a 95% 

confidence interval (CI). The ICC values above 0.75 were classified as good, 

values between 0.74 and 0.40 as moderate and values below 0.40 were 

deemed to have poor reliability44 with a negative ICC also indicating low true 

intraclass correlation.45 Differences between cartilage thickness 

measurements were tested using Wilcoxon signed rank tests, performed post 
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hoc. Forelimb and hindlimb cartilage thickness values (mm) recorded from 

histologic bone–cartilage interface, histologic mineralized cartilage interface, 

STIR and PDw were compared for sites 1, 2, and 3 separately as well as sites 

1–3 combined using Wilcoxon signed rank tests.  
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4.4 RESULTS 

 

Twenty limbs met the inclusion criteria and four limbs were excluded, 

two for osteoarthritis, one for synovitis, and the other for an osseous cyst-like 

lesion. T2 mapping data was lost in Horse 1 right and left hindlimbs, and 

Horse 2’s right hindlimb due to technical errors; therefore, 17 limbs were 

available for T2 mapping ROI tracing. Means, standard deviations and intra 

and interobserver ICCs of cartilage thickness at sites 1–3 for bone– cartilage 

interface and mineralized cartilage interface, and combined sites 1–3, 

respectively, are summarized in Table 4.1.  

 

TABLE 4.1 Mean and Standard Deviation Values for Histological Cartilage Thickness 
of Distal Metacarpal 3 /Metatarsal 3 at Sites 1–3, Measured at Least 5 Days Apart by 
Observers A and B.  
 
                                                         BC mm (SD) 

Site                   Observer A Observer B  

 
 
 

1 2 ICC 
1vs2 

Mean 
1&2 

1 2 ICC 
1 vs 
2 

Mean 
1&2 

ICC 
BC means of 
A1&2 vs B1&2 

1 0.87 
(0.11) 

0.88 
(0.10) 

0.97 0.87 
(0.10) 

0.88 
(0.10) 

0.86 
(0.07) 

0.67 0.87 
(0.07) 

0.89 

2 0.98 
(0.08) 

1.00 
(0.67) 

0.80 0.99 
(0.07) 

0.99 
(0.06) 

1.02 
(0.15) 

0.61 1.00 
(0.1) 

0.66 

3 0.79 
(0.14) 

0.77 
(0.10) 

0.87 0.79 
(0.11) 

0.77 
(0.08) 

0.74  
(0.12) 

0.85 0.76 
(0.09) 

0.95 

1-3 0.88 
(0.08) 

0.89 
(0.06) 

0.89 0.88 
(0.07) 

0.88  
(0.05) 

0.87 
(0.07) 

0.61 0.88 
(0.05) 

0.92 

                                                          TM (SD) 

Site Observer A Observer B  

 1 2 ICC 
1 vs 
2 

Mean 
1&2 

1 2 ICC 
1 vs 
2 

Mean 
1&2 

ICC 
means of 
A(1&2)   
vs B(1&2)  

1 0.64 
(0.1) 

0.63 
(0.09) 

0.91 0.64 
(0.09) 

0.62 
(0.10) 

0.60 
(0.08) 

0.54 0.61 
(0.07) 

0.73 

2 0.77 
(0.09) 

0.75 
(0.09) 

0.66 0.76 
(0.07) 

0.73 
(0.08) 

0.73 
(0.24) 

0.55 0.73 
(0.14) 

0.66 

3 0.62 
(0.12) 

0.59 
(0.06) 

0.82 0.61 
(0.09) 

0.59  
(0.05) 

0.54 
(0.11) 

0.10 0.57 
(0.06) 

0.5 

1-3 0.67 
(0.07) 

0.66 
(0.05) 

0.76 0.67 
(0.05) 

0.64 
(0.05) 

0.63 
(0.08) 

-0.21 0.63 
(0.04) 

0.37 

 

 
BC: measurement from the articular surface to the beginning of the Haversian 
canals; TM: measurement from the articular surface to the beginning of the 
mineralized cartilage (tide mark); ICC = intraclass correlation coefficient; SD = 
standard deviation, mm = millimeters, Mc3 = metacarpal 3, Mt3 = metatarsal 3. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 44

For histomorphometric cartilage thickness using the bone–cartilage 

interface, intraobserver repeatability for Observer A was good, with the least 

repeatable results at site 2 (ICC 0.80) and the most repeatable results at site 

1 (0.97). Intraobserver repeatability for Observer B was good to moderate, 

with the most repeatable results at site 3 (0.85) and less repeatable results for 

site 2 (0.61). Repeatability based on means of Observer A1 and Observer A2 

measurements and means of Observer B1 and Observer B2 measurements 

was good (≥ 0.89) for sites 1 and 3 and sites 1–3, and moderate (0.66) for site 

2.  

For histomorphometric cartilage thickness using the mineralized 

cartilage interface, intraobserver repeatability for Observer A was good at 

sites 1 and 3, with least repeatability for site 2 (0.66) and most repeatability for 

site 1 (0.91). Observer B measurements were moderately repeatable for sites 

1 and 2, but poorly repeatable for site 3 (0.10). The repeatability between 

means of Observer A1 and Observer A2 measurements, versus means of 

Observer B1 and Observer B2 measurements, was moderate for sites 1, 2, 

and 3, respectively, and poor for sites 1–3. 

Means, standard deviations and intraobserver ICCs of cartilages 

thicknesses at sites 1–3, separately, and 1–3 combined, for the STIR images 

at 180-min post Gd-DTPA2− and the PDw images are summarized in Table 

4.2.  

For the STIR cartilage thickness measurements, Observer A showed 

good repeatability for site 3 (0.79), moderate repeatability for site 2 (0.58), and 

poor repeatability for Site 1 (0.11). For the PDw cartilage thickness 

measurements, Observer A showed good repeatability for site 1 (0.77), 

moderate repeatability for site 3 (0.69), and poor repeatability for site 2 (0.31).  
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TABLE 4.2. Mean and Standard Deviation Values for Cartilage Thickness of Distal 
Metacarpal 3 / Metatarsal 3, at Sites 1–3, Measured using a STIR Sequence at 180 
min post Gd-DTPA2− and a Proton Density weighted T2 Mapping Sequence, 
Repeated at Least 5 days Apart by Observer A.  

 

Site               STIR (SD) mm               PDw (SD) mm 
 1 2 ICC 

1 vs  
mean 
1&2 

1 2 ICC 
1 vs 2 

mean 
1&2 

1 0.56 
(0.06) 

0.53  
(0.02) 

0.11 0.54 
(0.04) 

0.54 
(0.08) 

0.56 
(0.07) 

0.77 0.55 
(0.07) 

2 0.51 
(0.07) 

0.54  
(0.07) 

0.58 0.52 
(0.06) 

0.44 
(0.05) 

0.51 
(0.06) 

0.31 0.47 
(0.05) 

3 0.87 
(0.13) 

0.80  
(0.15) 

0.79 0.84 
(0.13) 

0.77 
(0.1) 

0.86 
(0.13) 

0.69 0.81 
(0.11) 

4 1.02 
(0.06) 

1.03 
(0.08) 

0.73 1.03 
(0.06) 

0.95 
(0.1) 

0.93 
(0.06) 

-0.15  0.94 
(0.05) 

5 0.94 
(0.06) 

0.91 
(0.05) 

0.74 0.92 
(0.05) 

0.83 
(0.06) 

0.85 
(0.08) 

0.91 0.84 
(0.07) 

1-3 0.65 
(0.07) 

0.62 
(0.07) 

0.48 0.63 
(0.06) 

0.71 
(0.05) 

0.74 
(0.05) 

0.47 0.72 
(0.04) 

1-5 0.78 
(0.07) 

0.76 
(0.05) 

0. 70 0.77 
(0.05) 

0.58 
(0.05) 

0.64 
(0.05) 

0.53 0.61 
(0.04) 

 

 
STIR = short tau inversion recovery; PDw = proton density weighted; ICC = intraclass 
correlation coefficient; SD = standard deviation, mm =millimeters, Mc3 = metacarpal 
3, Mt3 = metatarsal 3. 

 

Table 4.3 summarizes the Wilcoxon signed rank test results for cartilage 

thickness differences among histologic bone–cartilage interface, histologic 

mineralized cartilage interface, STIR, and PDw at sites 1–3 (separately and 

combined); and between STIR and PDw images at sites 1–3 (separately and 

combined). Histologic cartilage thickness measured using the bone–cartilage 

interface differed significantly from STIR and PDw measurements at sites 1 

and 2 and at sites 1–3 combined, but not at site 3 (P < 0.05). Histologic 

cartilage thickness measured using the mineralized cartilage interface differed 

significantly from STIR and PDw measurements at site 2 and differed from 

PDw at site 3 and sites 1–3 combined (P < 0.05). Histologic cartilage 

thickness measured using the mineralized cartilage interface differed 

moderately from STIR cartilage thickness at sites 1 and 3 (P = 0.063).46 

Cartilage thickness from PDw did not significantly differ from STIR cartilage 

thickness at any sites. No differences were found between forelimb and hind 

limb cartilage thickness values for all measurement methods; sites 1, 2, and 3 

separately; and sites 1–3 combined using Wilcoxon signed rank tests and P < 

0.05. 
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TABLE 4.3. Mean, Standard Deviation Values and Wilcoxon Signed Rank Evaluation 
of Mean Measurements of Cartilage Thickness of Distal Metacarpal 3/ Metatarsal 3 
Measured by Observer A, at Sites 1–3 using MRI and Histologic Techniques. 

 

Site Histomorphometric  (SD) STIR  (SD) PDw   (SD) Wilcoxon signed rank test 

 BC 
mm 

TM 
mm 

 
mm 

 
mm 

Technique comparison p 

1 0.87  (0.10) 0.64  (0.09) 0.54  (0.04) 0.55  (0.07) BC vs STIR 
BC vs PDw 
TM vs STIR 
TM vs PDw 
PDw vs STIR 

0.031* 
0.031* 
0.063 
0.063 
0.563 

2 0.99  (0.07) 0.76  (0.07) 0.52  (0.06) 0.47  (0.05) BC vs STIR 
BC vs PDw 
TM vs STIR 
TM vs PDw 
PDw vs STIR 

0.031* 
0.031* 
0.031* 
0.031* 
0.688 

3 0.79  (0.11) 0.61  (0.09) 0.84  (0.13) 0.81 (0.11) BC vs STIR 
BC vs PDw 
TM vs STIR 
TM vs PDw 
PDw vs STIR 

0.69 
0.563 
0.063 
0.031* 
0.688 

4 - - 1.03  0.06) 0.94 (0.05) STIR vs PDw 0.156 
5 - - 0.92 (0.05) 0.84 (0.07) STIR vs PDw 0.031* 
1-3 0.88  (0.07) 0.67  (0.05) 0.63  (0.06) 0.61 (0.04) BC vs STIR 

BC vs PDw 
TM vs STIR 
TM vs PDw 
PDw vs STIR 

0.031* 
0.031* 
0.688 
0.031* 
0.563 

1-5 - - 0.77 (0.05) 0.72 (0.04) PDw vs STIR 0.156 
 

 
STIR (short tau inversion recovery) = IR measured on TI = 200 ms at 180 min post 
Gd-DTPA2− sequence; PDw (proton density weighted) = a T2 mapping sequence at 
TE = 16.7 ms; Wilcoxon signed rank test (two-tailed). Significant differences at P < 

0.05 are marked with*. BC = articular surface to bone–cartilage interface; TM = 
articular surface to beginning of mineralized cartilage; SD = standard deviation, mm 
= millimeters, Mc3 = metacarpal 3, Mt3 = metatarsal 3. 
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4.5 DISCUSSION 

 

The most important finding in this study was that the histological  bone 

interface cartilage thickness and the STIR and PDw cartilage thicknesses of 

Mc3/Mt3 did not differ significantly when the distal Mc3/Mt3 was not in contact 

with the proximal phalanx, validating the STIR and PDw measurements for 

later studies using these sequences and particularly dGEMRIC and T2 

mapping of articular cartilage of the distal Mc3/Mt3. It has previously been 

reported that cartilage thickness for dorsal and palmar sites of distal Mc3 in 

racehorses is approximately 0.79 ± 0.16 mm when measured histologically,  

and 0.90 ± 0.17 mm when measured using fat-suppressed spoiled gradient-

recalled images.47 The current study’s mean histological cartilage thickness 

measurement was slightly higher, which could be a result of individual 

observer technique, e.g. Observer A and B’s measurements did differ 

significantly at some sites. Overestimation of cartilage thickness when the 

actual thickness is less than 1 mm thick has been observed with MRI based 

3D cartilage models.48  This is similar to findings in the current study where the 

STIR and PDw bone–cartilage interface measurements were larger than the 

histomorphometric dimensions at site 3 where the cartilage surface could be 

seen and less at sites 1 and 2 where the cartilage made contact with phalanx 

1. For sites 1 and 2, when windowing the STIR and PDw images to attempt to 

identify the articular cartilage surface, partial volume averaging of the thin 

intra-articular space (often on the 1-pixel threshold) tended to determine the 

boundary between the articular surfaces of distal Mc3/Mt3 and proximal 

phalanx to be half way between them, resulting in a halving of the measured 

distance. In a previous human knee cartilage report, the weight bearing and 

central areas on each femoral and tibial condyle yielded more accurate 

measurements than boundary and non-weight bearing regions based on 

sagittal plane MR imaging.8 However, the normal human knee cartilage is 1.3 

to 2.5 mm thick vs. the approximately 1 mm thickness of the distal Mc3/Mt3  

horse cartilage. Human knee cartilage also has a meniscus that is not present 

in the equine metacarpo/metatarsophalangeal joint, therefore similar 

comparisons with the equine Mc3/Mt3 joint cannot be made.49 The use of 

traction to separate the two cartilage surfaces and better evaluate them has 
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been described in human knees50 and should therefore be considered in the 

future when evaluating the metacarpo/metatarsophalangeal cartilages using 

dGEMRIC and T2 mapping in the horse and in the clinical setting. 

Histomorphometrically, the bone–cartilage interface measurements of 

cartilage thickness were consistently higher than the mineralized cartilage 

interface measurements. This finding was expected, since the tideline of 

calcified cartilage is found in the articular cartilage between the Haversian 

canals and the cartilage surface. The amount of mineralized cartilage 

interface measurements that could be made with confidence were less than 

the bone–cartilage interface measurements, because the border of the 

mineralized cartilage could not be clearly ascertained in several of the slides. 

Mineralized cartilage interface cartilage thicknesses were consistently 

found to be higher than STIR and PDw measurements at sites 1 and 2, but 

lower at site 3, likely for the same reason as for the bone–cartilage interface 

measurements. These findings support previously reported findings where 

MRI measurements of equine carpal cartilage were significantly greater than 

the histologic measurements.28 

The subjective choice of STIR and PDw sequences as being the best for 

visualizing cartilage in the current study was supported by the fact that TI = 

200 ms is quite close to STIR imaging at 1.5T (where TI = 150 ms), which 

means that the fat signal of the image is close to zero, and cartilage with 

relatively high water content can be well differentiated from its surroundings. 

For T2, the image with the shortest TE has the best signal-to-noise ratio and 

least T2 weighting, therefore closer to a proton density weighting, which yields 

a good contrast between cartilage and surrounding tissues. One possible 

limitation of the study was that only one horse’s limb was used to determine 

the selection of these sequences. However, a very rigorous review process 

was followed for all the limbs to ensure the cartilage examined was as normal 

as possible. Also, the MRI properties of fat and water were expected to be 

constant and behave similarly when using a constant set of imaging 

parameters at a constant field strength. 

It was encouraging that findings from the current study indicated that 

intraobserver repeatability of MRI measurements was good to moderate 

where cartilage was not in contact with other cartilage. This finding was 
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similar to previously published findings.29–31 One limitation of the current study 

was that no interobserver comparisons were made. However, previous 

studies have found good interobserver repeatability for MRI measurements.  

Another limitation of the current study was that histomorphometric 

measurements were not measured at more sites away from adjacent 

cartilage. Histomorphometric cartilage thickness measurements of the dorsal 

and palmar aspects of distal Mc3 have not been found to differ in previous 

studies.47 Therefore, it is reasonable to assume that measurements from 

these sites would be relatively similar to site 3’s measurements. 

If a higher field strength magnet had been used, higher resolution 

images could have resulted in superior cartilage thickness measurements as 

has been reported in a human study comparing 3T with 1.5T images. 

However, even in that study, correlation coefficients for values obtained at 3T 

and 1.5T were high.51 Using thinner slices for MRI scans was considered for 

the current study, but this would have resulted in a lower signal-to-noise ratio 

and would have been more time consuming. The effect of slice thickness on 

assessment of human knee cartilage volume has been previously reported 

and findings indicated that there was little difference in human tibial cartilage 

volume as slice thickness increased from 1.5 to 7.5 mm.52 Conclusions from 

the previous study were that increasing slice thicknesses could be used and 

that this would result in decreased acquisition and post processing times. 

However, since human knee cartilage thickness is much greater than that of 

the equine fetlock, this extrapolation may not be valid in equine fetlock joints. 

Cartilage curvature is another important factor to consider. If cartilage is very 

thin but not curved in the region being evaluated, thicker slices will also give 

reliable results. The small sites evaluated in the distal Mc3/Mt3 had very little 

curvature. Another limitation to this study was the relatively low number of 

horses and limbs used, decreasing the power of the findings.  

In spite of these limitations, bone–cartilage interface histomorphometric 

cartilage thickness measurements did not differ from MRI measurements 

using a selected inversion recovery sequence for dGEMRIC mapping, and a 

selected time to echo image for T2 mapping in the palmaro/plantarodistal 

aspect of the distal Mc3/Mt3. This finding validates the use of dGEMRIC and 

T2 mapping for measuring cartilage thickness in locations where cartilage is 
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not in close approximation to opposing adjacent cartilage in Mc3/Mt3 of 

Thoroughbred horses. Future studies are needed to evaluate these dGEMRIC 

and T2 mapping techniques in live horses with and without joint disease.  
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CHAPTER 5 
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5.1 ABSTRACT  

 

Osteoarthritis of the metacarpo/metatarsophalangeal joints is one of the 

major causes of poor performance in horses. Delayed gadolinium-enhanced 

magnetic resonance imaging of cartilage (dGEMRIC) may be a useful 

technique for non-invasively quantifying articular cartilage damage in horses. 

The purpose of this study was to describe dGEMRIC characteristics of the 

distal metacarpus3/metatarsus3 (Mc3/Mt3) articular cartilage in twenty 

cadaver specimens collected from normal Thoroughbred horses. For each 

specimen, T1 relaxation time was measured from scans acquired pre-contrast 

and at 30, 60, 120 and 180 minutes post intra-articular injection of Gd-DTPA2- 

(dGEMRIC series). For each scan, T1 relaxation times were calculated using 

five regions of interest (sites 1-5) in the cartilage. For all sites, a significant 

decrease in T1 relaxation times occurred between pre-contrast scans and 30, 

60, 120 and 180 min scans of the dGEMRIC series (P<0.0001). A significant 

increase in T1 relaxation times occurred between 60 and 180 min and 

between 120 and 180 min post Gd-injection for all sites.   For sites 1-4, a 

significant increase in T1 relaxation time occurred between 30 and 180 min 

post-injection (P<0.05). Sites 1-5 differed significantly among one another for 

all times (P<0.0001). Findings from this cadaver study indicated that 

dGEMRIC using intra-articular Gd-DTPA2- is a feasible technique for 

measuring and mapping changes in T1 relaxation times in equine 

metacarpo/metatarsophalangeal joint cartilage.  Optimal times for post-

contrast scans were 60-120 minutes. Future studies are needed to determine 

whether these findings are reproducible in live horses. 
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5.2 INTRODUCTION 

 

Lameness in horses is the primary cause of poor performance and 

wastage. 1-3 Costs to the horse industry in North America were an estimated 

$1 billion in 1998. 4 The fetlock (metacarpo/metatarsophalangeal) joint is 

commonly affected by trauma, degeneration, 5 and osteoarthritis.  6  Lesions 

often involve both lateral and medial condyles of distal 

metacarpus3/metatarsus3 (Mc3/Mt3). 7, 8   Osteoarthritis is defined as 

degeneration of articular cartilage and is characterized by matrix fibrillation, 

fissures, ulceration and full-thickness loss of cartilage. 9 Diagnosis of 

osteoarthritis in the metacarpo/ metatarsophalangeal joints of horses is based 

on clinical evaluation, perineural or intra-articular nerve blocks, and 

combinations of radiography, ultrasonography, computed tomography, 

scintigraphy and magnetic resonance imaging (MRI). Many of these 

modalities detect disease only after the degenerative process has become 

advanced. 10,11  

Magnetic resonance imaging has been previously established as a 

method for visualizing early articular cartilage pathology in human studies.12,13 

In delayed gadolinium-enhanced MRI of cartilage (dGEMRIC), negatively 

charged Gd-DTPA2- is injected either intra-articularly or intravenously.  The 

contrast agent penetrates hyaline cartilage and distributes in an inverse 

relationship to the proteoglycan content of the cartilage. When the 

proteoglycan concentration is decreased as result of cartilage degradation, as 

seen in osteoarthritis, the gadolinium uptake is increased as result of the 

relative decrease in negative charge of the proteoglycan-depleted cartilage. 

This dGEMRIC technique has been described as an excellent indicator of 

degenerative cartilaginous changes and has been found to correlate with 

mechanical properties of cartilage such as cartilage stiffness.14, 11 Parametric 

mapping of cartilage can be accomplished by post-processing  dGEMRIC 

images and creating relaxation time colour maps.  These maps provide a 

visual representation of relaxation times within specific cartilage locations.  

The use of dGEMRIC has been reported once in a group of ponies, 

where it was used to test effects of administered bone morphogenic protein in 

experimentally-created femoral condyle lesions.16 The adjacent non-injured 
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cartilage had significantly lower dGEMRIC T1 relaxation times than lesion 

repair tissue at 12 weeks post lesion creation.  At 52 weeks, dGEMRIC T1 

relaxation times were lower in both the lesion and the adjacent cartilage. 

Authors proposed that these findings could have been due to early 

osteoarthritis or because the bone morphogenic protein caused cartilage 

degeneration. Other proposed theories were that changes were caused by 

immobilization and un-loading of the cartilage because of pain.  Other 

experimental animal studies and dGEMRIC studies have found that un-loaded 

cartilage has a lower dGEMRIC T1 relaxation time after compression.17  

The purposes of the current study were to determine the feasibility of 

dGEMRIC mapping in the metacarpo/metatarsophalangeal joint of horses and 

optimal imaging times post intra-articular administration of Gd-DTPA2- into the 

same joint. Our hypothesis was that T1 relaxation times for 5 sites within the 

articular cartilage of distal Mc3/Mt3 would decrease after intra-articular 

injection of Gd-DTPA2-. 

 

 

5.3 METHODS  

 

This project was approved by the Animal Use and Care Committee of 

the Faculty of Veterinary Science University of Pretoria and all horses were 

treated according to South African Veterinary Council ethical standards. Six 

Thoroughbred horses were prospectively recruited from the Highveld 

Horsecare Unit, Meyerton, South Africa.  Study inclusion criteria were as 

follows: age 3-6 years, any gender, no signs of lameness and no history of 

recent corticosteroid or proteoglycan treatments.   Horses meeting inclusion 

criteria underwent a clinical examination to confirm absence of lameness.  

Immediately following the examination, horses were shot intra-cranially and all 

four limbs were removed at the mid Mc3/Mt3 diaphyses. Limbs were kept cool 

and transported to a magnetic resonance imaging (MRI) facility. A vitamin E 

oil capsule was taped to the lateral aspect of each 

metacarpo/metatarsophalangeal joint and each limb was positioned with the 

dorsum facing downward and the toe facing into the gantry. A head and neck 

12-channel radiofrequency coil was used. The forelimbs were first scanned in 
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random order using a 1.5 T MRI scanner (Avanto, Siemens Healthcare. 

Erlangen, Germany).   The hind limbs were then scanned in random order 

using the same scanner. All limbs were scanned at room temperature (20°C).  

For each joint, T1 weighted images were acquired in the sagittal plane (TR 

557 ms, TE 23 ms, field of view (FOV) 100x100 mm, matrix 256x256, slice 

thickness 3 mm, receiver band-width 130 Hz/pix). Seventeen slices were 

acquired with the central slice positioned in the middle of the distal Mc3/Mt3 

sagittal ridge. (Fig. 5.1 A).  

 

 
A B 

 

 
Figure 5.1. (A) Transverse MRI image of a distal Mt3 with a 17 line template with the 
central slice 9 placed sagitally over the distal sagittal ridge, slice 1 positioned on the 
lateral, and slice 17 positioned slightly beyond the medial epicondyle cortices. Note 
the hyperintense vitamin E oil capsule on the lateral epicondylar surface. (B) 
Parasagittal mid-condylar MRI image of distal Mc3/Mt3 with representation of the 
translucent template illustrating concentric circles placed “best-of-fit” over the condyle 
with a line transecting the midline of Mc3/Mt3 diaphysis/distal metaphysis. Region of 
interest sites are outlined. Sites 1-3 are identified. Site 4 is where cartilage is clearly 
defined at the edges of palmar/plantar articulations and site 5 is where cartilage is 
clearly defined at the edges of dorsal articulations.  
 

 

For each lateral and medial midcondylar slice, pre-contrast T1 

relaxation time was measured using single slice inversion recovery spin echo 
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sequences (TR 3000 ms, TE 13 ms, six TIs between 100 and 2800 ms, FOV 

140x140 mm, matrix 256x256 mm, slice thickness 3 mm, receiver band-width 

130 Hz/pix). Subsequently, joint fluid was aspirated from each joint and Gd-

DTPA2- (Magnevist®, gadopentetate dimeglumine, Bayer Health Care 

Pharmaceuticals. Bayer (Pty.)Ltd. 27 Wrench Road, Isando, 1600, South 

Africa) was injected using a dose of 0.05 ml in 5 ml saline (0.025 mmol/joint). 

Joints were manually flexed at one flexion per second for 5 minutes. Using the 

same mid-condylar slice locations as those used for the pre-contrast scans, 

T1 relaxation time measurements were repeated at 30, 60, 120, and 180 

minutes post-injection. Following MRI examinations, joints were evaluated 

using radiography and computed tomography.  Joints with gross abnormalities 

were excluded from further analyses.  

Five sites were analysed for each mid-condylar slice and each scan.   

Site 1 was defined using a 25° dorsal angle from a point in the center of the 

rotation of the joint.   Site 2 was defined as the distal aspect of a line drawn 

down the axis of the diaphysis of Mc3/Mt3 and corresponding to the 

transverse ridge.   Site 3 was defined using a 35° palmar/plantar angle from a 

point in the center of the rotation of the joint.   Sites 4 and 5 were defined as 

the most palmar/planter and dorsal locations where Mc3 and Mt3 cartilage 

could be clearly distinguished from adjacent first phalanx cartilage (Fig. 5.1 

B). Often site 3 was partially or totally included within site 4.Immediately 

following imaging, each Mc3 and Mt3 bone was dissected away from the rest 

of the limb and the distal condylar cartilage surface was evaluated 

macroscopically before and after 3-5 minute staining with India ink (Parker 

Quink Ink, Post Net Suite #283, Private Bag X1005, Claremont, 7735, South 

Africa). All cartilage and synovial tissues were examined, and gross 

abnormalities recorded. The cartilage was also graded using the Neundorf 

grading system.18  Only joints with Grade 1 cartilage were used for further 

analyses.   Grade1 was defined using the following criteria: no gross 

abnormalities, minimal loss of reflectance, minimal cartilage hypertrophy at 

the joint margins, minimal partial thickness wear lines, minimal thinning of 

cartilage, minimal thickening of cartilage, and no enlarged synovial fossae. 

Mid-portions of the medial and lateral condyles of Mc3 and Mt3 were 

sectioned into 3-5 mm thick slices in a sagittal plane. The samples were fixed 
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and decalcified in an 8% nitric acid made up in 10% buffered formalin 

solution. Sites 1, 2 and 3 were identified using a sagittal template of the 

corresponding lateral and medial condyles (Fig. 5.1 B). Each cut block was 

processed and stained using standard hematoxylin and eosin. The cartilage at 

sites 1-3 for each mid-condylar slice was evaluated for pathology using a 

modification of an Osteoarthritis Research Society International (OARSI) 

microscopic cartilage grading system.19   Only cartilage with a grade less than 

2 was used for further analyses. 

 

5.3.1 dGEMRIC Data Analysis 

Full-thickness regions of interest (ROIs) were placed on sites 1-3 by 

one of the authors (AC)  Each ROI extended 3°on either side of the template 

lines.  Each ROI was manually positioned between the cartilage bone 

interface and the articular surface at site 3. The ROIs for sites 1 and 2 were 

positioned adjacent to the bone-cartilage interface of phalanx 1 since the 

cartilage surface could not be positively identified in most of the limbs at these 

sites. Larger regions of interest were segmented at sites 4 and 5 from the 

bone-cartilage interface to the articular surface of Mc3/Mt3 which was clearly 

visible at these sites (Fig. 5.1 B). T1 maps were created by fitting the 

respective data into mono-exponential relaxation equations using an in-house 

MATLAB application (MATLAB, MathWorks Inc., Natick, MA, USA). Mean 

values for each ROI were calculated. 

 

5.3.2 Statistical Analysis 

All statistical tests were selected and performed by a statistician. Non-

parametric Friedman tests (SAS. Version 9.2, 2011, SAS Institute, Cary, NC, 

USA) were used to compare T1 relaxation times for pooled limbs across the 

five time periods. For comparisons with significant differences from these 

tests, Wilcoxon signed rank tests were performed post hoc. The level of 

significance for all tests was defined as P< 0.05.  An effect size (r) was 

calculated for significant results.  A small effect was defined as 0.1<r<0.3; 

medium effect 0.3<r <0.5; and large effect r ≥0.5.  
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5.4 RESULTS 

 

Of the 24 limbs collected, 20 met all inclusion criteria and four were 

excluded.   Two were excluded for osteoarthritis, one for an osseous cyst-like 

lesion and one for synovitis. It took 12 minutes per limb to acquire the 6 

inversion recovery images required for T1 mapping analyses. 

 Table 5.1 summarizes T1 relaxation times measured at each time 

interval for all 5 cartilage sites and results of the Friedman tests. Figure 5.2 

demonstrates a representative set of colour maps at sites 1-5 prior to injection 

of Gd-DTPA2- and at 30, 60, 120 and 180 minutes post injection. A higher 

relaxation time range was set for the pre-contrast series (0-2000 ms) than the 

post-contrast series (0-1300 ms).  

The T1 relaxation times measured at the 5 sites are graphically 

displayed in Figure 5.3. A significant decrease in T1 relaxation time occurred 

at Sites 1-5 between pre-contrast and 30, 60, 120 and 180 min dGEMRIC 

series (P≤0.0001; Friedman ANOVA). All sites had a significant increase in T1 

relaxation time between 60 and 180 min, and between 120 and 180 min post–

contrast.  

   

TABLE 5.1. Mean (and standard deviation) Delayed Gadolinium Enhanced Magnetic 
Resonance Imaging of Cartilage (dGEMRIC) T1 Relaxation Times (in ms) of the 
Distal Metacarpus3/Metatarsus3 Cartilage (sites 3-5) and Metacarpus3/Metatarsus3- 
Proximal Phalanx Combined Cartilage (sites 1-2) per Site and Time period. 

 

 
Min 
 

 
Site 1 Site 2 

 
Site 3 

 
Site 4 

 
Site 5 

 
Among 
sites 

            
 Mean 

 
SD Mean SD Mean SD Mean SD Mean SD  

 
Pre 

 
1012.1 

 
233.9 

 
855.0 

 
154.6 

 
1370.7 

 
264.8 

 
1474.1 

 
111.7 

 
990.5 

 
265.9 

 
P<0.0001 

30 701.3 143.7 667.9 191.7 682.7 44.0 662.1 72.6 685.9 179.8 P<0.0001 

60 674.3 156.8 668.7 209.1 673.6 115.2 667.4 140.3 642.3 191.8 P=0.006 

120 670.6 201.4 668.0 205.2 652.3 144.5 661.3 147.8 646.3 209.6 P<0.0001 

180 700.7 199.9 725.8 229.9 685.6 213.9 683.0 209.0 630.7 213.3 P<0.0001 

 P<0.0001* P=0.0001* P=0.0001* P=0.0001* P=0.0001*  

 
Significant differences at the 5% level. (P values - Friedman’s ANOVA).  
min, minutes; Pre, pre-Gd-DTPA2- injection; SD, standard deviation.   
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   B 

   

 

  

  

Figure 5.2. Delayed gadolinium-enhanced magnetic resonance imaging of cartilage 
(dGEMRIC) maps of the mid medial condyle of the right forelimb of Horse 2, 
illustrating the colour-coded relaxation times (in ms) for each of the regions of 
interest measured over times pre- and post-Gd-DTPA2- intra-articular administration. 
Sites 3 and 4 overlap in this figure. (B) and (E) are the colour keys for pre-Gd (A) and 
post-Gd (C, D, F, G), respectively.  
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Figure 5.3.  Mean of T1 relaxation times of sites 1-5 of the cartilage of distal Mc3/Mt3 
of twenty limbs of six horses. For standard deviations see Table 5.1.  

 

For sites 1-4, a significant increase in T1 relaxation time occurred between 30 

and 180 min post-injection (Table 5.2).  
 

TABLE 5.2. Wilcoxon Signed Rank Test Indicating Differences among T1 Delayed 
Gadolinium Enhanced Magnetic Resonance Imaging of Cartilage (dGEMRIC) 
Relaxation Times at Different Times Measured Pre- and Post Gd-DTPA2-

Administration. 
 
    Site 1    Site 2    Site 3    Site 4    Site 5 

 
Pre vs 30    (19) 

 
P<0.0001* 

    
P<0.0001* 

    
P<0.0001* 

    
P<0.0001* 

 
P<0.0001* 

Pre vs 60    (20) P<0.0001* P=0.003* P<0.0001* P<0.0001* P<0.0001* 
Pre vs 120  (18) P<0.0001* P=0.002* P<0.0001* P<0.0001* P<0.0001* 

Pre vs 180  (19) P<0.0001* P=0.024* P<0.0001* P<0.0001* P<0.0001* 

30 vs 60     (19) P=0.798 P=0.352 P=0.104 P=0.040* P=0.096 

30 vs 120   (17) P=0.306 P=0.243 P=0.207 P=0.040* P=0.263 

30 vs 180   (18) P=0.043* P=0.004* P=0.018* P=0.026* P=0.182 

60 vs 120   (18) P=0.284 P=0.702 P=0.899 P=0.865 P=0.609 

60 vs 180   (19) P=0.006* P=0.036* P=0.021* P=0.019* P=0.898 
120 vs 180 (17) P=0.001* P=0.014* P=0.027* P=0.021* P=0.265 

 
* Significant differences at the 5% level.  
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For all sites, the effect size was large between pre-contrast and all 

dGEMRIC series (between r=0.5 and r=0.88).  For sites 1, 3, and 4, the effect 

size was large between 60 and 180 min, and between 120 and 180 min 

(r=0.52 and r=0.73).  For site 2, the effect size was medium between 60 and 

180 min (r=0.47). Results of Wilcoxon signed rank test comparisons among 

sites and time periods are summarized in Table 5.3. 

 

TABLE 5.3.  Wilcoxon Signed Rank Test Indicating Differences between Delayed 
Gadolinium Enhanced Magnetic Resonance Imaging of Cartilage (dGEMRIC) T1 
Relaxation Times at Different Sites 1-5. 

 

 Pre-Gd 30 min 60 min 120 min      180 min 
 
S1 vs S2 

   
   P=0.003* 

  
   P=0.738  

 
    P=0.216 

   
    P=1.000 

  
     P=0.932 

S1 vs S3    P<0.0001*    P=0.011*     P=0.154     P=0.021*      P=0.007* 
S1 vs S4    P<0.0001*    P=0.008*     P=0.097     P=0.130      P=0.002* 
S1 vs S5    P=0.729    P=0.441     P=0.729     P=0.702      P=0.005* 
S2 vs S3    P<0.0001*    P=0.018*     P=0.123     P=0.048*      P=0.001* 
S2 vs S4    P<0.0001*    P=0.018*     P=0.053     P=0.142      P=0.001* 
S2 vs S5    P=0.036*    P=0.275     P=0.133     P=0.212      P=0.005* 
S3 vs S4    P=0.261    P=0.016*     P=0.388     P=1.000      P=0.596 
S3 vs S5    P=0.001*    P=0.020*     P=0.674     P=0.246      P=0.349 
S4 vs S5    P<0.0001*    P=0.032*     P=0.475     P=0.284      P=0.388 

 
* Significant differences at the 5% level.  
Pre, pre-Gd-DTPA

2-
 injection; S, site; min, minutes.  

 

 

Table 5.4 summarizes means and standard deviations of T1 relaxation 

times for the combined sites 1-5 for the different limbs as well as for the 

combined sites for all four limbs. The T1 relaxation times differed between the 

time periods for the left forelimb, right hind limb, and left hind limb (P-

values<0.05; Friedman test).  Differences were not significant in the right 

forelimb (P=0.06).20   
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TABLE 5.4 Mean (and standard deviation) Delayed Gadolinium Enhanced Magnetic 
Resonance Imaging of Cartilage (dGEMRIC) T1 Relaxation times (in ms) of the Distal 
Metacarpus3/Metatarsus3 Cartilage (sites 3-5) and Metacarpus3/Metatarsus3–
Proximal Phalanx Combined Cartilage (sites 1-2) per Limb and Time Period (min), 
also of all Limbs Tested Combined. 
 

Min RF LF RH LH All limbs 

Mean SD Mean SD Mean SD Mean SD Mean SD 

pre 1162.4 139.5 1162.8 98.9 1107.3 156.5 1118.3 161.6 1150.9 117.9 

30 655.5 79.4 720.7 25.9 710.2 47.3 626.6 174.1 673.4 53.8 

60 665.4 116.8 658.4 90.5 716.2 39.0 632.7 252.6 655. 4 76.8 
120 626.0 204.5 727.8 18.7 712.0 40.1 564.4 275.9 647. 4 110.5 

180 601.2 267.7 718.6 24.9 741.7 12.0 701.4 347.5 659.0 147. 8 

       P=0.060      P=0.004*      P=0.014*      P=0.035*     P=0.006* 
 

 
* Significant differences at the 5% level. 
 RF, right fore; LF, left fore; RH, right hind; LF, left hind; Pre, pre-Gd-DTPA2- injection; 
min, minutes. 
 

 

5.5 DISCUSSION 
   

We chose 3- to 6-year-old Thoroughbred horses for our study because 

horses in this age group are used for active flat-racing and are most likely to 

have some degree of mild osteoarthritis in their metacarpo/meta-

tarsophalangeal joints. The modified Neundorf and OARSI scoring systems 

used a set of parameters that was easy to evaluate and should be repeatable 

within and among observers for future studies.18,19 We excluded limbs from 

our study if gross abnormalities were present, or if there was minimal 

macroscopic (Grade 1) or microscopic (<Grade 2) cartilage damage at sites 

1-3 of the condyles.  

Regions of interest for T1 relaxation time measurements were 

constrained by the resolution of the 1.5 T MRI scanner used in our study. The 

dGEMRIC measuring technique on distal horse Mc3/Mt3 cartilage has 

previously been validated by comparing histologic cartilage thickness 

measurements at site 3 with a single STIR sequence used in the dGEMRIC 

mapping technique,21 as was done between MRI and histological 

measurements of horse carpal articular cartilage using a 1.5T machine.22 

Distal Mc3 and Mt3 cartilage in normal horses is approximately 1 mm thick 

(0.90±0.17 mm).23 Since the cartilage of distal Mc3/Mt3 at sites 1 and 2 could 

not be differentiated from the cartilage of the adjacent P1, the ROIs drawn 
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were a combination of the two adjacent cartilages and the thin layer of 

synovial fluid between them. Combined analysis of articulating surfaces has 

been previously described as an acceptable method for dGEMRIC analysis of 

joints with thin cartilage, such as the human hip.24 In future clinical dGEMRIC 

studies of horse joints with thin cartilage, this combined articular dGEMRIC 

ROI technique may also be helpful for scans acquired using relatively low field 

MRI machines. 24 

Both the lateral and medial condyles of Mc3/Mt3 are prone to 

palmar/plantar osteochondral disease. 8 As the joint is extended, the dorsal 

and palmar/plantar surfaces of the condyle become increasingly 

compressed.25 With further acceleration, stress to the palmar/plantar surface 

of the metacarpal/metatarsal condyle can be more than twice that applied to 

the dorsal surface.  These findings support the theory that biomechanics may 

play an important role in osteoarthritis pathogenesis.26  

The 12 minutes needed to acquire the 6 inversion recovery images for 

T1 mapping was a relatively long period of time. In the clinical situation, a 

horse would be anesthetized and would have to be repositioned to ensure all 

limbs were placed within the iso-centre of the gantry. However, repositioning 

times could be reduced by simultaneously imaging both forelimbs or both hind 

limbs, even though they would not then be within the iso-centre of the gantry. 

Three-dimensional techniques are available that will shorten acquisition time 

even further, although these will unlikely be available for dedicated equine 

scanners in the near future.  

The pattern of decreasing T1 relaxation times we observed over 120 

minutes in our horse cadaver specimens was similar to that previously 

reported in human studies, where dGEMRIC series were acquired between 

30 and 100 min.27 Human cadaver results have been found to be similar to 

live patient results for dGEMRIC.28  We assume that the same would apply in 

horses.  A previous study in normal dog elbows found a mean T1 dGEMRIC 

value of 400 ± 47 ms at 30 minutes post intravenous injection of gadopentate 

dimeglumine, as opposed to the current study’s post intra-articular injection 

mean value at site 3 of 682.7 ± 44 for the same time period. 29 This 

discrepancy could be due to the method of administering the contrast, 
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cartilage thickness differences or other inherent cartilage differences between 

the two species and joints. 

Significant differences in T1 relaxation times between most of the pre-

contrast sites were likely because of inherent differences in cartilage 

substrate, as has been previously seen in the human knee.30   Differences in 

cartilage substrate could occur as an adaptation to the varying forces applied. 

There are more viable chondrocytes in palmar condyle cartilage than dorsal 

condyle cartilage in the equine fetlock and this finding has been correlated 

with proteoglycan content.31,32  The number of sites with significant 

differences between them decreased to a minimum at 60 and 120 minutes 

post-Gd-DTPA2-13, 14
 injection and then increased again at 180 minutes post 

injection.  This finding could have occurred because the gadolinium that was 

incorporated into the cartilage resulted in a more homogenous T1 relaxation 

time. Our study showed an increase in T1 relaxation time from 120-180 

minutes in 4 of the 5 sites, indicating a wash-out from the cartilage. This 

finding was likely due to diffusion of the Gd-DTPA2- from areas with high intra-

articular and intra-cartilaginous concentration to areas with lower 

concentration.33  This washout would likely occur even earlier in vivo, due to 

perfusion washout. Good correlation has been previously found between 

dGEMRIC in vivo and in vitro human studies after total knee replacement 

surgery.28  It is likely that findings in this equine cadaver study will be similar 

to those in an equine in vivo study, but this would need to be confirmed. 

Previous studies have shown that dGEMRIC values are sensitive to 

mechanical cartilage stress.34  Therefore, in the recumbent, non-weight-

bearing joint, dGEMRIC values could differ from those of the weight-bearing 

cartilage, although the degree thereof is unknown. The dGEMRIC technique 

has been previously reported to have good day-to-day reproducibility in 

humans and is likely to be the same in the horse.35   

The lack of a significant difference between T1 relaxation times of the 

right fore limb as opposed to significant differences among T1 relaxation times 

of the other limbs could be due to different loading and ambulating patterns of 

the right fore limb relative to the  other limbs. This different loading could have 

an effect on the proteoglycan concentration of the cartilage. All these horses 

had recently come off the racetrack, where the inside limb would have been 
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subjected to different forces compared to the outside limb.36,37,38  This could 

have translated into different cartilage loading of distal Mc3/Mt3 in the right 

forelimb.  However, this theory is only speculative and would require further 

investigation in a larger number of horses to confirm.   

Limitations of this study included the relatively poor spatial resolution of 

the thin distal Mc3/Mt3 cartilage, which could be improved in future studies 

with the use of a dedicated surface coil and decreased FOV. A higher field 

strength magnet would also improve resolution but since the highest field 

strength in general use currently is 1.5T, it is unlikely this adaptation will be in 

use soon. The setup used in the current study was chosen because it was 

realistic for in vivo studies and would allow a reasonable imaging time.  The 

use of traction to separate the two cartilage surfaces could also be considered 

to improve visibility of articular margins.39 The low number of limbs used in 

our study was also a limitation, although the non-parametric techniques used 

were able to detect significant differences. Another limitation was the lack of 

repeatability studies for intra- and inter observer evaluations.  In spite of these 

limitations, results supported our hypothesis that T1 relaxation time in 

Mc3/Mt3 cartilage decreases significantly after Gd-DTPA2- administration.  

Future studies of the dGEMRIC technique in equine clinical patients will 

need to address the above limitations.  Standing MRI currently utilizes only 

low magnetic field strengths, e.g. 0.27T, and the resolution may not be 

adequate for accurate dGEMRIC measurements of the thin cartilage in equine 

metacarpo/metatarsal joints.  Before determining whether dGEMRIC could be 

applied in the clinical scenario, it should be also established that dGEMRIC 

can identify early cartilage degeneration in horses with varying degrees of 

osteoarthritis.  Future research should address whether differences in T1 

relaxation time post- Gd-DTPA2- would be affected by the following factors:   

(1) chilling or freezing of cadaver limbs;  (2) the administration route of Gd-

DTPA2-;  (3) exercise or non-exercise post- Gd-DTPA2- administration;  or (4) 

the presence of osteoarthritis. 

In conclusion, findings from this study indicated that dGEMRIC is a 

feasible technique for mapping cartilage T1 relaxation times in the equine 

distal Mc3/Mt3. Locations with thin cartilage in the fetlock joint may be 

measured using ROIs that combine analysis of adjacent articulating 
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cartilages.  For future studies, authors recommend that dGEMRIC scans in 

horse metacarpo/metatarsophalangeal joints be conducted 60-120 minutes 

post intra-articular Gd-DTPA2- injection.  
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6.1 ABSTRACT  

 

Metacarpo/metatarsophalangeal joint osteoarthritis is a major cause of 

poor performance in horses. T2 mapping is a quantitative MRI technique 

developed for non-invasive characterization of hyaline articular cartilage, 

repair tissue and hydration, thereby detecting early degradative changes. 

Cadaver limbs for research often require chilling or freezing prior to scanning, 

necessitating testing to determine whether these techniques affect T2 

mapping. Seventeen distal metacarpus3/metatarsus3 (Mc3/Mt3) of 6 normal 

control Thoroughbred racehorse cadavers (GrA), were scanned using a 1.5T 

MRI machine. Combined distal Mc3/Mt3 and adjacent proximal phalanx 

cartilage T2 relaxation times were calculated at sites 1 and 2.  Distal Mc3/Mt3 

cartilage T2 relaxation times were calculated at sites 3-5 as was the entire 

distal Mc3/Mt3 cartilage. In another six normal Thoroughbred racehorses 

eight randomly selected forelimbs and hind limbs were chilled for 48 hours 

(GrBchill) and five contralateral limbs frozen (GrBfrozen) for 60-90 days. The 

limbs were thawed, allowed to return to room temperature and scanned 

similarly to GrA. The mean T2 relaxation times of the full cartilage of GrA, 

GrBchill, GrBfrozen were 85±14, 80±6, 87±11 ms, respectively.  No statistical 

differences were found among the three groups full cartilage measurements. 

There was moderate evidence of some differences at site 2 (P=0.054). 

Freezing appears to affect cartilage T2 relaxation time more than chilling, 

although not significantly so. Magic angle effect was seen at the 

palmar/plantar condylar cartilage. T2 mapping in the horse cadaver distal 

Mc3/Mt3 can thus be conducted after limb chilling and freezing with minimal 

effect on T2 relaxation time. 
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6.2 INTRODUCTION 

 

Lameness in horses is the primary cause of poor performance and 

wastage 1-3 and costs the horse industry in North America an estimated $1 

billion in 1998. 4 The metacarpo/metatarsophalangeal joints are the most 

commonly affected by trauma and degeneration, 5 most of which results in 

osteoarthritis,6 affecting both the lateral and medial condyles of 

metacarpus3/metatarsus3 (Mc3/Mt3). 7, 8  

Osteoarthritis is defined as degeneration of articular cartilage and is 

characterized by matrix fibrillation, the appearance of fissures and ulceration 

and full-thickness loss of the cartilage. 9 Confirmation of osteoarthritis in the 

metacarpo/metatarsophalangeal joints in the horse, is by means of clinical 

evaluation, perineural or intra-articular nerve blocks and relevant 

combinations of radiography, ultrasonography, computed tomography, 

scintigraphy and magnetic resonance imaging (MRI), if available. 10 Many of 

these modalities are, however, only useful after the degenerative process has 

progressed somewhat. 10, 11  

Magnetic resonance imaging has been utilized in human studies to 

visualize pathological articular cartilage early in the disease process. 12, 13 MRI 

mapping of cartilage entails acquiring the image in certain MRI sequences 

and the manual drawing (segmenting) of regions of interest (ROI) of the 

articular cartilage. This has been described in humans in T2, T2*, T1rho and 

delayed Gd enhanced MRI of cartilage (dGEMRIC) or (T1(Gd)) sequences. 14-

17 and in horses. 18,19  T2 mapping can characterize hyaline articular cartilage 

and repair tissue and T2-weighted sequences are sensitive to tissue 

hydration, 19 and can therefore detect early degradative changes in the 

extracellular matrix when overall water content is increased. T2 relaxation 

time has been shown to be inversely correlated with collagen concentration, 

the integrity of the collagen network and mechanical properties of articular 

cartilage 20, 21 T2 relaxation time has also been reported to increase in 

osteochondrotic cartilage in man. 22  In horses T2 mapping has been 
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described in the equine femoropatellar joint, aiding differentiation between 

hyaline cartilage and reparative fibrocartilage. 23  

MRI research of the distal limb of the average size horse can often only 

be performed in the dismembered cadaver limb, since relatively few 

institutions have MRI facilities to accommodate an average size live horse, 

and costs, logistics and possible general anaesthetic risks for a live horse are 

factors that often preclude examinations of this kind. Since scan time is often 

limited, limbs may require chilling or freezing to be examined more 

conveniently at a later date. It is therefore important to establish whether T2 

mapping results are significantly affected by these cryopreservation 

techniques. There is much research being conducted on the effect of chilling 

and/or freezing in cartilage; particularly in in bovine nasal cartilage 24, 25 and 

bovine or porcine articular cartilage, 26, 27 much of which has utilized micro 

MRI. Chilling and freezing has also been investigated in horse articular 

cartilage 28-30 particularly of the distal limb with different MRI sequences. 

These reports in horses were mostly subjective evaluation of images pre- and 

post-chilling or freezing. One report evaluated distal limbs that were scanned 

within 12 hours after death and then at 1, 2, 7 and 14 days post 4ºC 

refrigeration. 29 The image quality was evaluated subjectively with only bone 

marrow appearing slightly hyperintense in short tau inversion recovery (STIR) 

sequences and slightly hypointense in turbo spin echo (TSE) T2 sequences 

compared with day zero. Signal to noise ratio was utilized as a quantitative 

evaluation technique with a significant decrease seen again in the bone 

marrow in the TSE T2 and double-echo steady state sequences. In another 

study by the same authors equine distal limbs underwent repeated freeze-

thaw cycles and other limbs that were only frozen once but allowed to return 

to scanning temperature in different ambient temperature areas. 30 Their 

subjective findings were that overall image quality was unchanged except for 

the hoof capsule, but that there were significant differences in some of the 

sequences (T1-weighted, turbo spin-echo proton density-weighted) and 

tissues when evaluated quantitatively. Neither of these reports described the 

effect of chilling or freezing on the articular cartilage. 

To the authors’ knowledge, no T2 mapping work in horse 

metacarpo/metatarsophalangeal joints have as yet been published, nor has 
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the effect of chilling and freezing on T2 mapping of cartilage in horses been 

reported. The purpose of the study was to demonstrate the feasibility of T2 

mapping in the metacarpo/metatarsophalangeal joints of the horse and 

secondly to establish whether 48 hour chilling or freezing and thawing of the 

limbs have a significant effect on T2 mapping of the distal Mc3/Mt3 articular 

cartilage. The hypothesis tested was that there is no significant difference in 

T2 relaxation values of the distal Mc3/Mt3 cartilage between control, chilled 

and frozen limbs. 

 

6.3 MATERIALS AND METHODS  

 

This project (V067/10) was approved by the Animal Use and Care 

Committee of the Faculty of Veterinary Science, University of Pretoria and all 

horses were treated according to South African Veterinary Council ethical 

standards. Six Thoroughbred horses (GrA), aged 3-6 years, of any gender, 

with no signs of lameness or history of recent corticosteroid or 

glycosaminoglycan treatments were obtained from a welfare horse care 

organization where racing Thoroughbreds are sent for adoption or euthanasia. 

The horses were clinically examined and then shot intra-cranially and 

the limbs removed at the mid Mc3/Mt3 diaphyses, wrapped in clear plastic 

and transported to an MRI facility within 6 hours post euthanasia. Another six 

horses (GrB) were treated identically, except that a randomly selected 

forelimb and hind limb of each horse was kept for 48 hours at a household 

fridge temperature of 5ºC (GrBchill) and the other two limbs frozen 

(GrBfrozen) from 60 to 90 days at a household freezer temperature of -20ºC. 

After these two time periods, the limbs of GrBfrozen were thawed and both 

GrBfrozen and GrBchill limbs were left to return to room temperature (20°C) 

and scanned immediately thereafter.  

On scanning of both groups A and B, a vitamin E oil capsule was taped 

to the lateral aspect of every metacarpo/tarsophalangeal joint and the limbs 

placed with the dorsum downwards with the toe facing into the gantry. A head 

and neck 12 channel coil and a Siemens Avanto 1.5 T MRI machine (Siemens 

Healthcare. Erlangen, Germany) was used. The forelimbs of GrA were 

randomly selected and scanned followed by the randomly selected hind limbs. 
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Sagittal plane T2 mapping images were acquired using multi-slice multi-echo 

spin echo sequences with TR: 2170 ms; six TEs at between 16.7 and 116.9 

ms; FOV: 140x140; matrix: 256x256; slice thickness: 3 mm; and kHz receiver 

bandwidth: 130 Hz/pix. Seventeen slices were acquired with the central slice 

placed over the distal Mc3/Mt3 sagittal ridge. (Fig.6.1 A).  

Five sites were analysed: site 1: 25° dorsal angle from a point in the 

center of the rotation of the joint; site 2: distal aspect of a line down the axis of 

the diaphysis of Mc3/Mt3 corresponding to the transverse ridge; site 3: 35° 

palmar/plantar angle from a point in the center of the rotation of the joint; the 

ROIs for sites 1-3 were drawn 3 degrees dorsal to and 3 degrees 

palmar/plantar to sites 1-3. Sites 4 and 5 were where the cartilage was clearly 

seen at the palmar/dorsal aspect of Mc3/Mt3, respectively where no adjacent 

phalanx one bone cartilage was present (Fig.6.1 B). Site 3 was occasionally 

completely incorporated within site 4. 

After the MRI the Mc3 and Mt3 were dissected loose from the rest of the limb 

and the distal condylar cartilage surface evaluated macroscopically before 

and after 3-5 minute staining with India ink (Parker Quink Ink, Post Net Suite 

#283, Private Bag X1005, Claremont, 7735, South Africa). All cartilage and 

synovia were examined, gross abnormalities noted and the cartilage graded 

using the Neundorf grading system, accepting only Grade 1 into the study. 31 

Grade 1 included no abnormalities as well as minimal changes of loss of 

reflectance, minimal cartilage hypertrophy at the joint margins, minimal partial 

thickness wear lines, minimal thinning of cartilage, minimal thickening of 

cartilage, and no enlarged synovial fossae. Grades 2 and 3 had progressively 

worse lesions. Mid-medial and lateral condyles of Mc3 and Mt3, respectively, 

were sectioned into 3-5 mm thick slices in a sagittal plane, and the samples 

fixed and decalcified in a 8% nitric acid made up in 10% buffered formalin 

solution. Sites 1, 2 and 3 were identified using the sagittal template of the 

respective lateral and medial condyles (Fig.6.1 B), and the cut blocks 

processed and stained using standard Hematoxylin and Eosin. The cartilage 

at sites 1-3 of the respective mid-condylar Mt3 and Mc3, was evaluated for 

pathology using a modification of an Osteoarthritis Research Society 

International (OARSI) microscopic cartilage grading system, accepting only a 

grade 1 out of 3 into the study. 32 
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Figure 6.1. (A) Transverse pilot MRI image of the distal third metatarsal bone of a 
normal Thoroughbred horse, demonstrating how MRI slices were marked for 
histologic comparisons.  A 17-line template was placed on the slice and centred over 
the distal sagittal ridge.  Slice 1 was positioned on the lateral epicondyle cortex with 
slice 17 extending slightly beyond the medial epicondyle cortex. A hyperintense 
vitamin E oil capsule was used as a marker for the lateral epicondylar surface.  
(B) Lateral mid-condylar parasagittal T2 MRI image with a representation of the 
translucent template illustrating concentric circles placed using a “best-of-fit” method 
over the third metacarpal condyle and with a line transecting the midline of the Mc3 
distal metaphysis. Sites 1-5 are also identified, outlined in black 
(C) Medial mid-condylar parasagittal T2 MRI image illustrating the segmentation of 
the entire distal Mc3 cartilage including the proximal phalanx 1 cartilage where the 2 
surfaces could not be distinguished, outlined in black. 

 
 

6.3.1 MRI Data Analysis 

Full-thickness region of interest (ROI) of sites 1-5, 3° to either side of the 

template lines, were manually segmented from the cartilage bone interface to 

the articular surface of site 3, and to the bone-cartilage interface of phalanx 1 

of sites 1-2 since the cartilage surface could not be positively identified in 

most of the limbs at these sites. Larger regions of interest were segmented at 

sites 4 and 5 from the bone-cartilage interface to the articular surface of 

Mc3/Mt3 which was clearly visible at these sites (Fig.6.1 B). Finally, for each 

limb the entire visible distal Mc3 cartilage (or combination of Mc3 and 

proximal phalanx cartilage where Mc3 cartilage surface was not visible) was 

segmented (Fig.6.1 C). T2 maps were created by fitting the respective data 

into mono-exponential relaxation equations using an in-house MATLAB 
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application (MATLAB, MathWorks Inc., Natick, MA, USA).  Mean values for 

each ROI were calculated. 

 

6.3.2 Statistical Analysis 

Since the sample sizes are small, non-parametric tests (which are 

more robust) were conducted. Unfortunately, small sample sizes result in low 

power for statistical tests, hence we reported exact P-values where possible. 

The Kruskal-Wallis test, which is analogous to an ANOVA, was used to 

determine whether there were statistically significant differences among the 

T2 relaxation times of the three different groups. In the case of significant 

results, Mann-Whitney U tests were performed post hoc to determine 

specifically which groups’ relaxation times differed from each other. The tests 

were performed for each of the five sites as well as for the full cartilage 

measurements.  Within each group, Friedman tests were performed to 

determine whether the five sites differed significantly and if there were 

differences, Wilcoxon signed rank tests were run to determine which sites 

differed from one another. The level of significance, α, was specified at 0.05. 

The evaluator was not blinded to the group.  

 

6.4 RESULTS 

 

For GrA (control), twenty limbs met the inclusion criteria and four limbs 

were excluded, two for OA, one for synovitis, and one for an osseous cyst-like 

lesion. T2 data was lost in three limbs due to technical errors; therefore 17 

limbs from GrA were available for ROI tracing (segmentation). For GrB, only 

thirteen limbs met the inclusion criteria, as eleven were excluded for 

excessive cartilage wearlines, osteochondritis dissecans lesions, and 

palmar/plantar arthroses, resulting in GrBchill with 8 limbs and GrBfrozen with 

5 limbs. The presence of arthrosis could only be detected after the 

macroscopic and microscopic grading, hence the disparate numbers in the 

two B groups.  Typical T2-map images for groups A, Bchill and Bfrozen are 

shown in figure 6.2, with segmented colour maps of the relaxation times 

visible at each of the 5 site ROIs as well as for the entire cartilage. 
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The time to acquire all the images required for the T2 mapping 

procedure is approximately 5 minutes per joint. Table 6.1 displays the means 

(and standard deviations) of the T2 relaxation times of the distal Mc3/Mt3 

cartilage for the separate and combined sites 1-5 for all the limbs, as well as 

the full cartilage measurements. The last four columns in table 6.1 display the 

P-values of the statistical tests comparing the three groups. There was no 

evidence of differences among the three groups when the full cartilage T2 

relaxation times were compared although there was moderate evidence of 

differences among the groups at site 2 (Kruskal-Wallis test P=0.054). The 

post hoc Mann-Whitney U-tests showed that groups A and Bchill differ 

significantly from GrBfrozen at site 2 (P=0.039 and P=0.018, respectively). 

The box plots in figure 6.3 confirm that the measurements for the frozen limbs 

 
Figure 6.2. Comparative representative T2 maps of the mid condyles (either forelimb 
or hind limb), illustrating the colour-coded relaxation times (in ms) for each of the 
regions of interest for sites 1-5 and full cartilage segmentation for GrA (control), 
GrBchill and GrBfrozen.  
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at site 2 are substantially higher than for the chilled and the control limbs, 

which in turn do not differ from each other. There was also moderate evidence 

(P=0.074) of differences among the three groups when the sites were 

combined. From the post hoc tests, it was determined that the chilled and 

frozen limbs differ from each other (P=0.027). This result is illustrated in the 

last box plot in figure 6.3; once again the frozen limbs had higher 

measurements. 

With regards to the assessment of the measurements within each group 

it was found that in GrA the T2 relaxation time means differed significantly 

among the sites (Friedman test P<0.01). From the Wilcoxon signed rank post 

hoc tests it was determined that S1 differed significantly from S3, S4 and S5 

(P=0.01, <0.01 and 0.04 respectively), S2 differed significantly from S4 

(P<0.01), while S3 and S4 both differed significantly from S5 (P=<0.01.) It 

was not possible to test whether there were differences among sites in either 

of the group B sections due to the sparse data.  
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TABLE 6.1 Mean and Standard Deviation of T2 Relaxation Time of GrA, GrBchill and 
GrBfrozen of Distal Mc3/Mt3 (in ms) at sites 3-5, Combined with the Proximal 
Phalanx at sites 1-2, and Full Cartilage.  
 

Site 

 

 

GrA  

(ms) 

[n] 

GrBchill 

(ms) 

[n] 

GrBfrozen 

(ms) 

[n] 

Kruskal 

Wallis  

GrA vs 

GrBchill 

vs 

GrBfrozen 

Mann 

Whitney 

GrA vs 

GrBchill 

Mann 

Whitney  

GrA vs 

GrBfrozen 

Mann 

Whitney  

GrBchill  vs 

GrBfrozen 

1 

 

92±29  

[17] 

77±30 

[6] 

101±31 

[4] 

0.378 - - - 

2 

 

78±28  

[17] 

71±33 

[8] 

117±34 

[4] 

0.054 0.483 0.039* 0.018* 

3 

 

114±21 

[10] 

97 

[1] 

102 

[1] 

0.682 - - - 

4 

 

123±20 

[16] 

115±22 

[5] 

114±33 

[3] 

0.643 - - - 

5 

 

77±19 

[17] 

79±16 

 [8] 

90±17 

[5] 

0.337 - - - 

full 

cart 

85±14 

[17] 

80±6 

[8] 

87±11 

[5] 

0.7 - - - 

 

Mc3, metacarpus3; Mt3, metatarsus3; full cart, full cartilage ; *, Significant difference 
(P<0.05) ; [n], number of limbs measured. Blank areas indicate no reliable result 
because of too low numbers.  
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Figure 6.3. Boxplot representations of mean T2 relaxation times GrA (control), 
GrBchill and GrBfrozen cartilage at sites 1-5 and for the full cartilage. 
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6.5    DISCUSSION 

 

The two most important findings from this study are that T2 mapping of 

the distal Mc3/Mt3 of horses is feasible and that the T2 relaxation times did 

not differ significantly among the 3 groups, except at site 2. This indicates that 

the storage techniques used, namely 48 hour chilling and 60-90 day freezing 

probably do not severely impact on the T2 relaxation times of the areas 

evaluated. There is some evidence that the frozen cartilage results in 

increased T2 relaxation times. The magic angle affects T2 relaxation at 

particularly the sloping dorsal and palmar aspects of distal Mc3/Mt3.   

The technique of T2 mapping of the distal Mc3/Mt3 has been previously 

validated, as has the inability to differentiate the cartilage of distal Mc3/Mt3 at 

sites 1 and 2 from that of the adjacent phalanx 1 using a 1.5T machine. 33 The 

ROIs drawn at sites 1 and 2 were a combination of the two adjacent cartilages 

and the thin layer of fluid between them. The distal Mc3 and Mt3 cartilage is 

approximately 1 mm thick (0.90±0.17 mm), 34 resulting in the resolution of the 

MR images being on the limit of the measurement setup used in this study. 

The T2 relaxation times give a baseline of values which can be compared to 

horses with cartilage damage of the distal Mc3/Mt3 and at sites 1 and 2 of 

combined distal Mc3/Mt3 and proximal phalanx 1.  

The typical mean T2 values for different ROIs of human cartilage is 

between 15 and 60 ms, varying slightly with the magnetic field strength used, 

35 and can vary up to between 10 and 80 ms. The horse control (GrA) T2 

values of the distal Mc3/Mt3 in the current study ranged from 43.1-147.17 ms, 

although the average values ranged from 50 to 143 ms. This generally higher 

T2 relaxation time may be as result of higher water content, lower collagen 

concentration, and differing mechanical properties of the horse cartilage in 

comparison to that of normal human cartilage. Likely of even more 

significance, where the angle of the segmented cartilage and that of the static 

magnetic field (B0) approximates the magic angle of 54.7º (or 125,3º) at sites 

3, 4 and 5 (the sloping dorsal and palmar surfaces of distal Mc3/Mt3), higher 

T2 values were found, indicating that the values found are site dependent.  

The protons in water within structures with highly ordered collagen- and 

water rich tissues (tendons, ligaments, cartilage), are subject to dipolar 
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interactions of which the strength depends on the orientation of the fibres to 

B0. These interactions result in quick dephasing of the MR signal after 

excitation, resulting in a hypointense signal. The dipolar interactions are 

minimised when 3cos2
θ-1=0 (θ= the angle of the structure relative to B0, in this 

case when θ is approximately 55º or 125º), resulting in an increase in T2 and 

therefore increased intensity of the structure. 36  This magic angle effect has 

been reported in ligaments, tendons and cartilage in humans, and in 

ligaments and tendons in the distal horse limb. 37-39  It has not as yet been 

reported in equine cartilage. It is therefore important to note the initial 

positioning of Mc3/Mt3 and that this should be kept as constant as possible. 40, 

41The horse distal femoral medial condyle hyaline cartilage mean T2 values 

were found to be respectively 40.7, 53.6, and 61.6 ms, at deep, middle, and 

superficial sites, 23 generally higher than human cartilage but lower than the 

current study’s distal Mc3/Mt3 T2 relaxation values, likely because the distal 

condylar cartilage is more perpendicular to the B0, although in the study it 

appeared that some of the cartilage segmentations had been done at angles 

approximating the magic angle, although this was not discussed. Additionally, 

since synovial fluid is inevitably segmented within the ROIs, this may also 

result in higher T2 relaxation values. 

Initially the control limbs (GrA; n=17) were compared to the treatment 

limbs (GrB; n=13, i.e. 8 chilled and 5 frozen). No statistically significant 

differences were found, the smallest P-value being 0.335. However, 

inspection of the means and medians of the three groups revealed that there 

may be differences. Therefore the chilled and frozen groups were also 

compared separately with one another and the control group. 

In the current study site 1 likely differed from sites 3, 4, and 5 because of 

the magic angle effect, site 1 being more perpendicular to B0 and having a 

lower T2 relaxation time. The fact that site 1 included the proximal aspect of 

phalanx 1 cartilage may also have contributed to the difference. Sites 3 and 4 

had relatively similar relaxation times, likely because they often overlapped. 

Sites 1 and 2 did not differ significantly, likely because the combined distal 

Mc3/Mt3 and proximal phalanx were relatively close to one another in the 

dorsal condyle/transverse ridge area. Site 4 differed significantly from sites 1 

and 2, likely again because of the magic angle effect, but again may also 
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have the contributing factor of not including proximal phalanx one cartilage. 

Site 4 likely differed from site 5 because of being on the palmar/plantar 

surface; it has been reported that there are more viable chondrocytes 

palmarly than dorsally in the equine fetlock indicating an inherent difference in 

water content and /or collagen matrix, between the dorsal and palmar/plantar 

condylar cartilage, warranting further research. 42 The magic angle effect is 

unlikely to contribute to the difference since sites 4 and 5 are both angled 

similarly to B0 albeit as mirror images to one another. 

The limbs in this study were placed on the dorsum with the 

metacarpo/metatarsophalangeal joint in extension so that the distal Mc3/Mt3 

and digit were in a relatively straight line and positioned as such parallel to B0. 

This, however, was not measured or quantified in any way and some minor 

angulation of distal Mc3/Mt3 may have occurred relative to B0.    

The fact that resolution limitations prevented discrimination of the distal 

Mc3/Mt3 and proximal phalanx at sites one and two is similar to that found in 

the human hip with relatively thin opposing cartilage, where dGEMRIC 

combined analysis of the articulating surfaces has been reported to not affect 

the analysis of dGEMRIC findings. 43 Further work evaluating this in T2 

mapping in the metacarpo/metatarsophalangeal joint of the horse particularly 

those with osteoarthritis is required.  

Articular cartilage consists of four functionally and structurally divided 

zones, namely the zone of calcified cartilage, the deep zone, the middle or 

transitional (radial) zone and the superficial (articular or tangential) zone. 44  

This stratification is well visualized on T2 mapping images of normal human 

cartilage and correlates well with histological zones, where the shorter T2 

relaxation values are in the radial zone, due to the highly organized radially 

orientated fibrils resulting in increased internuclear dipolar relaxations and 

relative restriction of water motion. The longer T2 relaxation values in the 

transitional zone are as result of the more haphazard organization of collagen. 

45, 46  Clinically this has also been utilized in humans. 47This typical visible 

layered pattern with increasing T2 values from the subchondral bone to the 

articular surface, has been seen in the distal femur of the horse, 23 which 

could not be appreciated in this study, because of the relatively poor 

resolution of the very thin cartilage of distal Mc3/Mt3, but likely still affects the 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 93

results by modulating T2 as a function of the angle between the cartilage 

surface and B0.   

The T2 measurement technique has been reported to show good intra- 

and inter repeatability in human articular cartilage 48-50 and is likely to be the 

same in the horse. It has been shown that T2 values are sensitive to 

mechanical cartilage stress in humans. 51  A 0.65 mm decrease in cartilage 

thickness has been seen in weight-bearing cartilage, 52 and signal intensity of 

superficial cartilage layers is decreased with increasing levels of compression. 

53 Another report specifically ascribes the increase in signal intensity in T2 

mapped cartilage of humeral femoral condyles to cartilage compression. 54It is 

debatable whether the cartilage  of the current study’s specimens had 

cartilage that was under compression. GrA’s limbs had not been weight-

bearing for up to 7 hours, and GrB’s limbs not weight-bearing for 48 hours to 

up to 90 days. In the recumbent, non-weight-bearing joint, T2 values are likely 

to differ from that of the weight-bearing cartilage.  

Repositioning of equine limbs to utilize the magic angle effect to 

determine the T1 relaxation time of the tendinous structures palmar to Mc3 

has been reported to be feasible, 55 and should be considered for future 

studies to determine its effect on equine distal Mc3/Mt3 cartilage.   

Cryopreservation of cartilage in humans, either by refrigeration or 

freezing, is done for research and allograft purposes 56 to preserve the 

specimen for the former until an optimal time for the MRI scan, and until 

transplantation for the latter. The two important factors to consider in 

cryopreservation for particularly osteochondral transplants but also for 

minimizing damage for research purposes is cell viability and matrix integrity. 

26  

Freezing of cartilage has quite a marked effect on its tissue structure 

and composition, 57 likely caused by catabolic enzyme degradation after 

freezing and thawing, 58 e.g. metalloproteinases destroying collagen, 59 

stromlysin degradation of the core and link proteins in aggrecan, 60  and the 

polysaccharide components of aggrecan by hyaluronidase, chondroitinase 

and other glycosidases LD. 61 Freezing can also physically damage 

chondrocytes and the matrix as result of ice crystal formation 26, 57 and is often 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 94

also associated with loss of water from the matrix. The mechanical destruction 

that occurs by the expansion of water turning to ice is likely also involved. 

When cartilage is damaged or degraded, T2 relaxation time increases. 

26, 62, 63 This is mostly due to disintegration of the collagen network, 35, 62 but 

also due to an increase in free extracellular fluid, 27, 57 and to a lesser extent 

due to a loss of proteoglycans 63 and has also been postulated to be as result 

of a combination of changes in cartilage molecular conformation. 57 The study 

reporting this, using magnetic resonance microimaging of bovine nasal 

cartilage also found that T2 relaxation time increased with increased time 

being frozen or stored at 4ºC. 57 Less matrix structural changes have been 

described to occur when cartilage is cooled or frozen quickly as compared to 

slow freezing techniques. 26  

There was some indication of increased T2 values in the frozen limbs vs 

the other limbs in this study (Figure 6.3) and this would have to be confirmed 

with a larger study or a meta-analysis. The tendency for a mildly increased T2 

relaxation time seen in the frozen group could be as result of the damage to 

the cartilage after the freeze/thaw cycle. Even though this was not visualized 

histologically, we cannot exclude that the chilled or frozen cartilage could 

have been affected by the cryopreservation techniques at a molecular level, 

but did not significantly affect T2 relaxation times.  

When cartilage is freeze-dried thereby decreasing its water content T1 

relaxation times have been shown to be linearly dependent on the solid-to-

water ratio and inversely to the water content, however also dependent on the 

amount of free and loosely-bound water and percentage of proteoglycan 

content. 27 Usually T2 relaxation time is more sensitive to water content than 

T1 relaxation, but T2 relaxation is strongly dependent on, and can be affected 

by collagen fiber integrity and its orientation in relation to B0.
 64, 65  

A large amount of the MRI cartilage research done in the non-veterinary 

field evaluating the effect of cryopreservation is done with microimaging MRI 

where the resolution can be in the range of 13.7µm, 46 tissue sample sizes are 

small and temperature changes can be instigated quickly as opposed to the 

relatively slow freezing of entire horse cadaver digits. Therefore some care 

must be taken in directly comparing macro and micro MRI imaging with 

relevance to T2 relaxation times.  
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There were no differences between the T2 relaxation times between 

controls and chilled and frozen specimens except at site 2, where there is 

evidence of differences between the frozen limbs’ measurements on the one 

hand, and the fresh and frozen limbs’ on the other. At site 2 the ROIs were of 

the combined Mc3/Mt3 and proximal phalanx cartilages. This combined 

cartilage T2 relaxation time may explain the difference at site 2. It is possible 

that the combined cartilage measurements at site 2 when measured could 

have inadvertently have included more of the subchondral bone during the 

ROI segmentation resulting in the lower T2 relaxation values, since here at 

the distal transverse ridge of Mc3/Mt3, the measured combined cartilage 

using proton density weighted images have been reported to be narrower 

than at sites 1 and 3. 33 Excluding the site 2 differences, it is encouraging that 

minimal differences in T2 relaxation times are present in the remaining sites 

and most importantly for the full cartilage, leading us to conclude that if limbs 

are to be stored using chilling or freezing prior to MRI T2 mapping, the 

resultant T2 maps and relaxation times are credible.  

Limitations of this study include the low number of limbs used, 

particularly since only half the number of limbs were used respectively in the 2 

parts of GrB. Another limitation is the relatively poor spatial resolution of the 

thin distal Mc3/Mt3 cartilage, which could be improved with the use of a 

dedicated volume coil, higher magnetic field strength and a decreased FOV. 

The use of traction to separate the two cartilage surface can also be 

considered to improve visibility of articular surfaces. 66 The fact that the 

temperature of the limbs was not measured prior to scanning may have 

affected the results since they were not allowed to acclimatize to room 

temperature for at least 24 hours prior to scanning for logistical reasons, and it 

is well recognised that temperature of the sample affects T2 relaxation time; 67 

however since samples were treated relatively similarly in this study it is 

unlikely to have had a significant effect on the results. In spite of these 

limitations, the results illustrate that T2 mapping is feasible in the distal 

Mc3/Mt3 and combined distal Mc3/Mt3-proximal phalanx. The results strongly 

suggest that T2 relaxation time changes minimally after chilling and 

freezing/thawing in the distal horse metacarpus3/metatarsus 3 where the 

cartilage is not adjacent to the proximal phalanx.  
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Additional studies further evaluating the effect of the magic angle 

phenomenon on T2 values of the sites should be conducted. Future research 

should also address whether T2 mapping changes can be seen in horses with 

osteoarthritis of the metacarpo/metatarsophalangeal joints.  

T2 mapping of the horse distal Mc3/Mt3 is feasible and can be 

conducted after chilling and freezing of the limbs with minimal effect on T2 

relaxation time and mapping, except at the transverse ridge where the 

cartilage of Mc3/Mt3 overlaps with that of the proximal phalanx. Chilling 

appears to affect cartilage T2 relaxation time less than freezing. Magic angle 

has an effect on the dorsal and palmar/plantar condyles.   
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7.1 ABSTRACT  

 

Osteoarthritis of the metacarpo-/metatarsophalangeal joints is a major 

cause of lameness in horses. In delayed gadolinium enhanced MRI of 

cartilage (dGEMRIC), a useful technique developed for non-invasive 

assessment of early cartilage degradation, Gd-DTPA2- distributes inversely 

proportional to the proteoglycan content thereof. Research studies often 

necessitate chilling or freezing of limbs, requiring evaluation of whether these 

techniques affect the mapping images. The cadaver distal 

metacarpus3/metatarsus3 of 6 normal Thoroughbred racehorses (GrA), were 

scanned using a 1.5T MRI machine. In a similar sized group (GrB), one 

randomly selected forelimb and hind limb were chilled for 48 hours and the 

contralateral limbs frozen for at least 60 days. After returning to room 

temperature the limbs underwent MRI imaging. T1 relaxation time was 

measured from scans acquired pre-contrast and at 30, 60, 120 and 180 

minutes post intra-articular injection of Gd-DTPA2-. T1 relaxation times were 

calculated for the full cartilage and at five regions of interest (sites 1-5) in the 

cartilage. T1 relaxation time did not differ between the groups at any of the 

scanning times for the full cartilage, and only differed between the groups at 

site 2 pre-gadolinium and at site 3 at 30 minutes. All groups showed 

significant decrease in T1 relaxation time between pre-gadolinium injection 

and the later scan times. Results suggest that dGEMRIC mapping in the 

horse cadaver metacarpo-/metatarsophalangeal joints can be conducted after 

chilling and freezing of the limbs with minimal effect on the T1 relaxation times 

and mapping. 
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7.2 INTRODUCTION 

 

Lameness in horses is the primary cause of poor performance and 

wastage1-3 and costs the horse industry in North America an estimated $1 

billion in 1998.4 The fetlock (metacarpo/metatarsophalangeal) joint is the most 

commonly affected by trauma and degeneration,5 most of which results in 

osteoarthritis,6 affecting both the lateral and medial condyles of 

metacarpus3/metatarsus3 (Mc3/Mt3).7, 8    

Osteoarthritis is defined as degeneration of articular cartilage and is 

characterized by matrix fibrillation, the appearance of fissures and ulceration 

and full-thickness loss of the cartilage.9  Confirmation of osteoarthritis in the 

metacarpo/metatarsophalangeal joints in the horse, is by means of clinical 

evaluation, perineural or intra-articular nerve blocks and relevant 

combinations of radiography, ultrasonography, computed tomography, 

scintigraphy and magnetic resonance imaging (MRI), if available. Many of 

these modalities are, however, only useful after the degenerative process has 

become advanced.10   

Magnetic resonance imaging has been previously established as a 

method for visualizing early articular cartilage pathology in human studies.11,12 

In delayed gadolinium-enhanced MRI of cartilage (dGEMRIC), negatively 

charged Gd-DTPA2- is injected either intra-articularly or intravenously. The 

contrast agent penetrates hyaline cartilage and distributes in an inverse 

relationship to the proteoglycan content of the cartilage. When the 

proteoglycan concentration is decreased as result of cartilage degradation, as 

seen in osteoarthritis, the gadolinium uptake is increased as result of the 

relative decrease in negative charge of the proteoglycan-depleted cartilage. 

This dGEMRIC technique has been described as an excellent indicator of 

early degenerative cartilaginous changes and has been found to correlate 

with mechanical properties of cartilage such as cartilage stiffness.13,14 

Parametric mapping of cartilage can be accomplished by post-processing  

dGEMRIC images and creating relaxation time colour maps. These maps 

provide a visual representation of relaxation times within specific cartilage 

locations.  
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The use of dGEMRIC has been reported once in a group of ponies, 

where it was used to test effects of administered bone morphogenic protein in 

experimentally-created femoral condyle lesions.15 The feasibility of using 

dGEMRIC in the metacarpo/metatarsophalangeal joint in normal 

Thoroughbred horses has been reported, with significant decrease in T1 

relaxation time occurring 60-120 minutes post intra-articular administration of 

Gd-DTPA.2-  16  The technique has also been validated by determining that the 

cartilage thickness of the distal Mc3/Mt3 measured by means of dGEMRIC 

images and histopathological slides did not differ.17 

Delayed gadolinium enhanced MRI of cartilage is not feasible in the 

current low field standing MRI units for horses due to their limited imaging 

resolution. However, for higher field magnets general anaesthesia is required 

for horses to be scanned in recumbency. 

Magnetic resonance imaging research of the distal limb of the average 

size horse can often only be performed using dismembered cadaver limbs, 

since relatively few institutions have MRI facilities to accommodate an 

average size live horse, and costs, logistics and possible general anaesthetic 

risks for a live horse are factors that often preclude examinations of this kind. 

Since scan time is often limited, limbs may require chilling or freezing to be 

examined more conveniently at a later date. It is therefore important to 

establish whether dGEMRIC results are significantly affected by these 

cryopreservation techniques.  

There is much research being conducted on the effect of chilling and/or 

freezing in cartilage; particularly in bovine nasal cartilage,18 and bovine or 

porcine articular cartilage,19,20 much of which has utilized micro MRI. Chilling 

and freezing has also been investigated in horses21-23 particularly of the distal 

limb with different MRI sequences. These reports were mostly subjective 

evaluation of images pre- and post-chilling or freezing. One report evaluated 

distal limbs that were scanned within 12 hours after death and then at 1, 2, 7 

and 14 days post 4ºC refrigeration using turbo spin echo (TSE) T1, TSE T2, 

short tau inversion recovery (STIR) and double echo steady state 

sequences.22 Signal to noise ratio was utilized as a quantitative evaluation 

technique with a significant decrease seen in the bone marrow in the TSE T2 

and double-echo steady state sequences. In another study by the same 
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authors, equine distal limbs underwent repeated freeze-thaw cycles and other 

limbs that were only frozen once but allowed to return to scanning 

temperature in different ambient temperature areas.23 Their subjective 

findings were that overall image quality was unchanged except for the hoof 

capsule, but that there were significant differences in some of the sequences 

(T1-weighted, turbo spin-echo proton density-weighted) and tissues when 

evaluated quantitatively. Neither of these reports described the effect of 

chilling or freezing on the articular cartilage. 

To the authors’ knowledge, the effect of chilling and freezing on 

dGEMRIC in the horse metacarpo/metatarsophalangeal joints has not been 

reported. The purpose of the study was to establish whether 48 hour chilling 

or freezing and thawing of the limbs has a significant effect on T1 relaxation 

time in dGEMRIC of the distal Mc3/Mt3 articular cartilage. The hypothesis 

tested was that there is no significant difference in T1 relaxation values of the 

distal Mc3/Mt3 cartilage between control, chilled and frozen limbs. 

 

 

7.3 MATERIALS AND METHODS 

 

This project was approved by the institutional Animal Use and Care 

Committee and all horses were treated according to South African Veterinary 

Council ethical standards.  

Six Thoroughbred horses (GrA (control), which were the same horses 

wherein the feasibility of dGEMRIC in the horse metacarpophalangeal joint 

was first reported16) were prospectively recruited from a local welfare unit for 

horses. Study inclusion criteria were as follows: age 3-6 years, any gender, no 

signs of lameness and no history of recent corticosteroid or proteoglycan 

treatments. Horses meeting inclusion criteria underwent a clinical examination 

to confirm absence of lameness. Immediately following the examination, 

horses were shot intra-cranially and all four limbs were removed at the middle 

portions of the Mc3/Mt3 diaphyses. Limbs were kept cool and transported to 

an MRI facility. Another six horses (GrB) were treated identically, except that 

a randomly selected forelimb and hind limb of each horse was kept for 48 

hours at a household fridge temperature of 5º (GrBchill) and the other two 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



110 

 

limbs frozen (GrBfrozen) from 60 to 90 days at a household freezer 

temperature of -20º. After these two time periods, the limbs of GrBfrozen were 

thawed and both GrBfrozen and GrBchill limbs were allowed to return to room 

temperature. 

A vitamin E oil capsule was taped to the lateral aspect of each 

metacarpo/metatarsophalangeal joint and each limb was positioned with the 

dorsum facing downward and the toe facing into the gantry. A clinical 1.5 T 

MRI scanner (Avanto, Siemens Healthcare. Erlangen, Germany) was used 

with a 12-channel head and neck receive-only coil was used. The forelimbs 

were first scanned in random order followed by the hind limbs also in random 

order. All limbs were scanned at room temperature (20°C).  For each joint, T1 

weighted images were acquired in the sagittal plane (TR 557 ms, time to echo 

(TE) 23 ms, field of view (FOV) 100x100 mm, matrix 256x256, slice thickness 

3 mm, receiver band-width 130 Hz/pix). Seventeen slices were acquired with 

the central slice positioned in the middle of the distal Mc3/Mt3 sagittal ridge. 

(Fig.7.1 A).  

For each lateral and medial midcondylar slice, pre-contrast T1 relaxation 

time was measured using single slice inversion recovery spin echo sequences 

(TR 3000 ms, TE 13 ms, six TIs between 100 and 2800 ms, FOV 140x140 

mm, matrix 256x256 mm, slice thickness 3 mm, receiver band-width 130 

Hz/pix). Subsequently, joint fluid was aspirated from each joint and Gd-

DTPA2- (Magnevist®, gadopentetate dimeglumine, Bayer Health Care 

Pharmaceuticals) was injected using a dose of 0.05 ml in 5 ml saline (0.025 

mmol/joint). Joints were manually flexed at one flexion per second for 5 

minutes. Using the same mid-condylar slice locations as those used for the 

pre-contrast scans, T1 relaxation time measurements were repeated at 30, 

60, 120, and 180 minutes post-injection as previously reported.16 Following 

the MRI examinations, joints were evaluated using radiography and computed 

tomography.  Joints with gross abnormalities were excluded from further 

analyses.  

Five sites were analysed for each mid-condylar slice and each scan.   

Site 1 was defined using a 25° dorsal angle from a point in the center of the 

rotation of the joint; Site 2 was defined as the distal aspect of a line drawn 

down the axis of the diaphysis of Mc3/Mt3 and corresponding to the 
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transverse ridge.  Site 3 was defined using a 35° palmar/plantar angle from a 

point in the center of the rotation of the joint. The ROIs for sites 1-3 were 

drawn 3 degrees dorsal to and 3 degrees palmar/plantar to sites 1-3. Sites 4 

and 5 were where the cartilage was clearly seen at the most palmar/planter 

and dorsal locations where Mc3 and Mt3 cartilage could be clearly 

distinguished from adjacent first phalanx cartilage (Fig.7.1 B).  Often site 3 

was partially or totally included within site 4.  

Following imaging, each Mc3 and Mt3 bone was dissected away from 

the rest of the limb and the distal condylar cartilage surface was evaluated 

macroscopically before and after 3-5 minute staining with India ink (Parker 

Quink Ink, Post Net Suite #283, Private Bag X1005, Claremont, 7735, South 

Africa). All cartilage and synovial tissues were examined, and gross 

abnormalities recorded.  The cartilage was also graded using the Neundorf 

grading system.24 Only joints with Grade 1 cartilage were used for further 

analyses.   Grade 1 was defined using the following criteria: no gross 

abnormalities, minimal loss of reflectance, minimal cartilage hypertrophy at 

the joint margins, minimal partial thickness wear lines, minimal thinning of 

cartilage, minimal thickening of cartilage, and no enlarged synovial fossae. 

Mid-portions of the medial and lateral condyles of Mc3 and Mt3 were 

sectioned into 3-5 mm thick slices in a sagittal plane. The samples were fixed 

and decalcified in an 8% nitric acid made up in 10% buffered formalin 

solution. Sites 1, 2 and 3 were identified using a sagittal template of the 

corresponding lateral and medial condyles (Fig.7.1B). Each cut block was 

processed and stained using standard hematoxylin and eosin. The cartilage at 

sites 1-3 for each mid-condylar slice was evaluated for pathology using a 

modification of an Osteoarthritis Research Society International (OARSI) 

microscopic cartilage grading system.24  Only cartilage with a grade less than 

2 was used for further analyses.25 

 

7.3.1 dGEMRIC  Data Analysis 

Full-thickness regions of interest (ROIs) were placed on sites 1-3 by one 

of the authors (AC).  Each ROI extended 3°on either side of the template 

lines.  Each ROI was manually positioned between the cartilage bone 

interface and the articular surface at site 3. The ROIs for sites 1 and 2 were 
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positioned adjacent to the bone-cartilage interface of phalanx 1 since the 

cartilage surface could not be positively identified in most of the limbs at these 

sites. Larger regions of interest were segmented at sites 4 and 5 from the 

bone-cartilage interface to the articular surface of Mc3/Mt3 which was clearly 

visible at these sites (Fig.7.1 B). Regions of interest of the entire cartilage for 

each specimen were also segmented (Fig.7.1 C). T1 maps were created by 

fitting the respective data into mono-exponential relaxation equations using an 

in-house MATLAB application (MATLAB, MathWorks Inc., Natick, MA, USA). 

Mean values for each ROI were calculated. 

 

 

Figure 7.1 (A) Transverse MRI image of a distal Mt3 with a 17 line template with the 
central slice 9 placed sagitally over the distal sagittal ridge, slice 1 positioned on the 
lateral and slice 17 positioned on the medial epicondyle cortices. Note the 
hyperintense vitamin E oil capsule on the lateral epicondylar surface. (B) Parasagittal 
mid-condylar MRI image of a distal Mt3 with representation of the translucent template 
illustrating concentric circles placed “best-of-fit” over the Mt3 condyle with a line 
transecting midline of Mc3/Mt3 diaphysis/distal metaphysis. Regions of interest sites 
are outlined in black. Sites 1-3 are identified. Site 4 is where cartilage is clearly 
defined at the edges of the plantar articulation and Site 5 is where cartilage is clearly 
defined at edges of dorsal articulations. (C) Parasagittal mid-condylar MRI image of a 
distal Mc3 illustrating the segmentation of the entire distal Mc3 cartilage including the 
proximal phalanx cartilage where the 2 surfaces cannot be distinguished. The region 
of interest is outlined in black. 

 

 

7.3.2 Statistical analysis 

All statistical tests were selected and performed by Mrs J Jordaan, data 

analyst, Department of Statistics, University of Pretoria. Since the sample 

sizes are small, non-parametric tests - which are more robust - were 

conducted. Unfortunately, small sample sizes result in low power for statistical 
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tests, hence we reported exact p-values where possible. The Kruskall-Wallis 

test, which is analogous to an ANOVA,  (SPSS. Version 20, 2012, IBM, New 

Orchard Road, Armonk, New York 10504) was conducted, where the data of 

the pooled limbs of the three different independent groups, respectively, were 

compared across the three groups per site and per relaxation time. The same 

was done for the combined five sites and the full cartilage ROIs. In the case of 

significant differences, Mann-Whitney U tests were performed post hoc to 

determine which relaxation times differed. Non-parametric Friedman tests 

were used to compare T1 relaxation times for pooled limbs across the five 

time periods for each of the three groups. For comparisons with significant 

differences from these tests, Wilcoxon signed rank tests were performed post 

hoc. The level of significance, α, was specified at 0.05. The evaluator was not 

blinded to the group.  

 

7.4 RESULTS 

 

For GrA, twenty of the 24 limbs met the inclusion criteria and four limbs 

were excluded, two for OA, one for synovitis, and one for an osseous cyst-like 

lesion. For GrB, thirteen limbs met the inclusion criteria and eleven limbs were 

excluded, for excessive cartilage wearlines, osteochondritis dissecans 

lesions, and palmar/plantar osteoarthritis, resulting in GrBchill with 8 limbs 

and GrBfrozen with 5 limbs. The presence of osteoarthritis could only be 

detected after the macroscopic and microscopic grading, hence the disparate 

numbers in the two B groups.  Figures 7.2 and 7.3 demonstrate a 

representative set of dGEMRIC color maps for groups A, Bchill and Bfrozen 

for the entire segmented cartilage and at each of the 5 sites, respectively. 

 Using the current measurement setup the cartilage of distal Mc3/Mt3 at 

sites 1 and 2 could not be differentiated from the cartilage of the adjacent P1, 

therefore the ROIs drawn there were a combination of the two adjacent 

cartilages and the thin layer of fluid between them, as reported previously.16,17 
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Figure 7.2 Comparative representative dGEMRIC maps of the mid condyles (either 
forelimb or hind limb), illustrating the colour-coded relaxation times (in ms) for each 
of the regions of interest for full cartilage segmentation for GrA (control), GrBchill and 
GrBfrozen. Note the colour inhomogeneity of the pre gadolinium images, likely a.r.o 
the combined distal Mc3/Mt3-proximal phalanx at sites 1 and 2, resulting in partial 
volume averaging of the synovial fluid between the cartilages. 
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Figure 7.3 Comparative representative dGEMRIC maps of the mid condyles (either 
forelimb or hind limb), illustrating the colour-coded relaxation times (in ms) for each 
of the regions of interest for Sites 1-5 cartilage segmentation for GrA (control), 
GrBchill and GrBfrozen. Note the colour inhomogeneity of the pre gadolinium 
images, likely a.r.o the combined distal Mc3/Mt3-proximal phalanx at sites 1 and 2, 
resulting in partial volume averaging of the synovial fluid between the cartilages. 
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One can visually appreciate the substantial difference caused by the 

intra-articular injection of Gd-DTPA2- between the pre-gadolinium (relatively 

high initial T1 relaxation time) and post gadolinium time periods (lower T1 

relaxation time. Both the pre-gadolinium series had an inhomogenous 

appearance. 

Tables 7.1 and 7.2 summarize relaxation times measured at each time 

interval for all 5 cartilage sites and the combined five sites, and full cartilage, 

respectively, and the results of the Kruskall-Wallis and Mann-Whitney U tests.  

There was no difference in the T1 relaxation time between the groups at any 

of the scanning times for the full cartilage or the sum of the sites, and only a 

difference between the groups at site 2 pre-gadolinium and at site 3 at 30 

minutes post gadolinium injection. 
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TABLE 7.1. Kruskall-Wallis and Relevant Mann-Whitney U Tests for Independent 
Variables Showing Mean and Standard Deviation of T1 Relaxation Time of GrA, GrBchill 
and GrBfrozen of Distal Mc3/Mt3 (in ms) at Sites 3-5 and Combined with the Proximal 
Phalanx at Sites 1-2.  
 

 Site 1 Site 2 Site 3 S4 S5 

Time 

(min) 

 T1 rel 

  time 

 (ms) 

K-W T1 rel 

time 

(ms) 

K-W M-W T1 rel 

Time 

 (ms) 

K-W M-W T1 rel 

time  

(ms) 

K-W T1 rel 

Time 

 (ms) 

K-W 

Pre- c 1012.1 

±233.9 

0.14 

(33) 

855.0 

±154.6 

0.03 

(33) 

c vs ch 

0.26 

1370.7 

±264.8 

0.79 

(33) 

 1474.1 

±111.7 

0.6 

(33) 

990.5 

±265.9 

0.24 

(33) 

 ch  903.2 

±277.7 

 785.2 

±106.0 

 c vs fr 

0.04 

1453.0 

±205.5 

  1450.3 

±145.6 

 1076.0 

±304.6 

 

 fr 1148.9 

±195.4 

 1078.3 

±252.8 

 ch vs fr 

0.011 

1367.5 

±93.0 

  1429.3 

±74.8 

 1248.9 

±368.9 

 

30 c 701.3 

±143.7 

0.31  

(32) 

667.9 

±191.7 

0.72 

(32) 

 682.7 

± 44 

0.03 

(32) 

c vs ch 

0.004 

662.1 

±72.6 

0.10 

(32) 

685.9 

±179.8 

0.25 

(32) 

 ch  708.3 

±32.3 

 717.2 

±34.1 

  641.3 

±18.2 

 c vs fr 

1.00 

635.1 

±21.5 

 694.2 

±17.7 

 

 fr 656. 5 

±111.3 

 718.8 

±144.0 

  648.7 

±108.7 

 ch vs fr 

0.22 

649. 5 

±75.6 

 688.4 

±119.5 

 

60 c 674.3 

±156.8 

0.54 

(33) 

668.7 

±209.1 

0.86 

(33) 

 673.6 

±115.2 

0.1 

(33) 

 667.4 

±140.3 

0.15 

(33) 

642.3 

±191.8 

0.07 

(33) 

 ch  709.8 

±34.2 

 748.1 

±47.9 

  662.2 

±27 

  660.0 

±24.3 

 689.5 

±13.4 

 

 fr 743.3 

±52.1 

 758.1 

±44.6 

  721.2 

±55.2 

  697.6 

±50.8 

 745.4 

±45.9 

 

120 c 670.6 

±201.4 

0.79 

(31) 

668.0 

±205.2 

0.88 

(31) 

 652.3 

±144.5 

0.11 

(31) 

 661.3 

±147.8 

0.06 

(31) 

646.3 

±210.0 

0.97 

(31) 

 ch  728.8 

±29.3 

 731.9 

±34.5 

  675.2 

±29.6 

  670.1 

±24.5 

 730.1 

±29.5 

 

 fr 735.7 

±38.4 

 732.3 

±78.8 

  722.4 

±33.3 

  716.2 

±35.4 

 719.8 

±97.0 

 

180 c 700.7 

±199.9 

0.52 

(32) 

725.8 

±230.0 

0.38 

(33) 

 685.6 

±213.9 

0.24 

(33) 

 683.0 

± 209.0 

0.2 

(33) 

630.7 

±213.3 

0.56 

(33) 

 ch  740.1 

±28.8 

 743.6 

±32.8 

  695.2 

±34.1 

  694.4 

±28.5 

 730.6 

±24.6 

 

 fr 733.6 

±85.2 

 692.2 

±137.4 

  741.7 

±44.5 

  741.9 

±45.6 

 684.1 

±126.4 

 

 

 
Footnote : T1 rel time,  T1 relaxation time ; c, control ; ch, chilled ; fr, frozen ; min, 
minutes; ms, milliseconds; KW, Kruskall-Wallis test; M-W, Mann-Whitney U Test; 
underlined  P-values, significant difference (P<0.05). 
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TABLE 7.2. Kruskall-Wallis Tests for Independent Variables Showing Mean and 
Standard Deviation of T1 Relaxation Time of GrA, GrBchill and GrBfrozen of Distal 
Mc3/Mt3 in ms at Sites1-5 Combined and Full Cartilage.  
 

  Sites 1-5 Full cartilage 

Time 

(min) 

 T1 rel time (ms) K-W T1 rel time (ms) K-W 

Pr-Gd c 1140.5±129.1 0.178 1027.0 ± 121.6 0.244 

 ch  1133.5±157.1  1029.8 ± 93.1 

 fr 1254.6±108.0  1105.3 ± 95.7 

30 c 680.0±100.1 0.217 675.9 ± 137.7 0.332 

 ch  679.2±15.0  687.7 ± 7.3 

 fr 672.4±107.9  677.4 ± 103.9 

60 c 665.3±139.8 0.152 664.5 ± 140.5 0.796 

 ch  693.9±22.7  700.5 ± 11.1 

 fr 733.1±41.8  660.5 ± 113.6 

120 c 660.0±167.7 0.482 642.6 ± 165.8 0.729 

 ch  707.2±24.8  716.9 ± 17.3 

 fr 725.3±36.4  707.9 ± 58.2 

180 c 689.6±208.9 0.880 662.9 ± 203.1 0.543 

 ch  720.8±26.2  730.8 ± 14.5 

 fr 718.7±41.7  691.3 ± 70.0 

 
Footnote : T1 rel time, T1 relaxation time ; c, control ; ch, chilled ; fr, frozen ; min, 
minutes; ms, milliseconds; KW, Kruskall-Wallis test; *, significant difference (P<0.05). 
 
 
 

Figures 7.4 and 7.5 illustrate graphic representations of Tables 7.1 and 7.2. 

They illustrate the marked decrease in T1 relaxation time after gadolinium 

administration as has been previously reported.16   Table 7.3 shows the 

results of Friedman and Wilcoxon signed rank tests for repeated measures of 

the full cartilage measurements of the T1 relaxation time of GrA, GrBchill and 

GrBfrozen of Distal Mc3/Mt3. All the groups showed significant decrease in T1 

relaxation time between pre-gadolinium injection and the later scan times and 

only differences between the later scan times for GrBchill. Figure 7.5 

illustrates Table 7.3’s contents graphically.  
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Figure 7.4 Mean of T1 relaxation times of GrA (control), GrBchill and GrBfrozen sites 
1-5, and sites 1-5 combined of the cartilage of distal Mc3/Mt3. For standard 
deviations see Tables 7.1 and 7.2. 
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Figure 7.5 Mean of T1 relaxation times of the full cartilage of distal Mc3/Mt3 of GrA 
(control), GrBchill and GrBfrozen. For standard deviations see Table 7.3.  
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TABLE 7.3. Friedman and Wilcoxon Signed Rank Tests for Repeated Measures of the Full 
Cartilage Measurements Showing Mean and Standard Deviation of T1 Relaxation Time of GrA, 
GrBchill and GrBfrozen of Distal Mc3/Mt3 (in ms).   
 

   FT W- 
SRT 

W- 
SRT 

W-SRT W-SRT W- 
SRT 

W- 
SRT 

W- 
SRT 

W- 
SRT 

W- 
SRT 

W- 
SRT 

Time 
(min) 

 T1 
relax 
time 
 (ms) 

 Pre-Gd 
vs 
30 
min 

Pre-Gd 
vs 
60 
min 

Pre-Gd 
 vs  
120 
min 

Pre-Gd 
vs 

180 
min 

30 
Vs 
60 
min 

30 
vs 

120 
min 

30 
Vs 
180 
min 

60 
Vs 
120 
min 

60 
vs 

180 
min 

120 
vs 

180 
min 

Pr- 
Gd 

c 1027.0  
± 121.6 

<0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 0.640 0.284 0.623 0.86
5 

0.891          0.891 0.865 

 c 676.0  
± 137.7 

           

60 c 664.5  
± 140.5 

           

120 c 642.6  
± 165.8 

           

180 c 662.9  
± 203.1 

           

Pr- 
Gd 

ch 1030.0  
± 93.1 

<0.0001* 0.008* 0.008* 0.008* 0.008* 0.016* 0.008 0.008 0.016* 0.008* 0.008* 

30 ch 687.7  
± 7.3 

           

60 ch 700.5  
± 140.5 

           

120 ch 716.9  
± 17.3 

           

180 ch 730.8  
± 14.5 

           

Pr- 
Gd 

fr 1105.3  
± 95.7 

0.009* 0.063 0.063 0.063 0.063 1 1 1 0.31   0.313 

30 fr 677.4  
± 103.9 

           

60 fr 660.5  
± 113.6 

           

120 fr 707.9  
± 58.2 

           

180 fr 691.3  
± 70.0 

           

 

 
Footnote : c, control ; ch, chilled ; fr, frozen ; min, minutes; ms, milliseconds; FT, Friedman test; 
W-SRT, Wilcoxon Signed Rank test; *, significant difference (P<0.05).  
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7.5    DISCUSSION 

 

The most important findings in this study were that the T1 relaxation 

pattern of distal Mc3/Mt3 cartilage after intra-articular injection of Gd-DTPA2- 

that has been chilled or frozen decreases in a similar fashion over 3 hours to 

that of control specimens. There is also no difference in the T1 relaxation 

times among the control, chilled and frozen cartilage, except at site 2 prior to 

Gd-DTPA2- injection between the frozen and the chilled and control, and at 

site 3 at 30 minutes post Gd-DTPA2- injection between chilled and control 

limbs. 

We chose three to six-year-old Thoroughbred horses for our study 

because horses in this age group are used for active flat-racing and are most 

likely to have some degree of mild osteoarthritis in their metacarpo/metatarso-

phalangeal joints and this group would most benefit from the knowledge 

gleaned from this work. The modified Neundorf and OARSI scoring systems 

used a set of parameters that was easy to evaluate and should be repeatable 

within and among observers for future studies.24,25  We excluded limbs from 

our study if gross abnormalities were present, or if there was minimal 

macroscopic (Grade 1) or microscopic (<Grade 2) cartilage damage at sites 

1-3 of the condyles.  

Since the cartilage of distal Mc3/Mt3 at sites 1 and 2 could not be 

differentiated from the cartilage of the adjacent P1, the ROIs drawn there 

were a combination of the two adjacent cartilages and the thin layer of fluid 

between them.16,17 The distal Mc3 and Mt3 cartilage is approximately 1 mm 

thick (0.90±0.17 mm),26 resulting in the resolution of the MR images being on 

the limit of the measurement setup used. MR measurement of horse carpal 

articular cartilage using a 1.5T machine has been reported with significant 

correlations found between MRI and histological measurements.27  

The inhomogenous appearance of pre-contrast T1 was initially contrary 

to expectation. This is likely as result of the combined distal Mc3/Mt3 and 

proximal phalanx evaluation where some synovial fluid will inevitably be within 

the ROI, resulting in partial volume averaging. The thin cartilage also results 

in the segmentation of the ROI not always being precisely on the borders of 

the cartilage, thereby either including more or less of the synovium at each 
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area segemented. Even though the thickness of the fluid layer is so thin 

compared to the voxel size, its totally different relaxation properties would 

dominate in that voxel with red indicating synovial fluid inside the ROI. T1 

relaxation time has been reported to correlate well with water content.28 

Even though the numbers of the chilled and frozen specimens are lower 

than those of the control specimens, there appears to be minimal difference in 

the pattern of T1 relaxation seen among the 3 groups. The pattern of T1 

relaxation time of the chilled and frozen specimens is similar to that seen in a 

previous report of fresh cadaver specimens (where only GrA T1 relaxation 

times were investigated.16  The only difference found between the sites were 

at site 2 on the pre-gadolinium series where the control and chilled specimens 

differed from the frozen, which may be explained by the co-segmentation of 

the distal Mc3/Mt3 and proximal phalanx cartilage, again likely as result of 

partial volume averaging, and at site 3 where the control differed from the 

chilled cartilage. The differences found in the chilled group between the 30, 

60, 120 mins vs all later times, is interesting and currently cannot be 

explained by the researchers. On visual inspection of the graphs, however, 

this difference does not appear remarkable.  

Excluding the differences at the 2 sites, it is encouraging that minimal 

differences in T1 relaxation times are present in the remaining sites, the 

combined sites 1-5 and for the full cartilage, leading us to conclude that if 

limbs are to be stored using chilling or freezing prior to MRI T1 mapping, the 

resultant T1 maps and relaxation times are credible.  

Cryopreservation of cartilage in humans is done for research and 

allografts29 to preserve the specimen for the former until an optimal time for 

the MRI scan, and until transplantation for the latter. For research purposes it 

is done either by refrigeration or freezing, for allografting currently by 

refrigeration.  

Freezing of cartilage can have marked effect on its tissue structure and 

composition,30,31 after freezing and thawing, partially caused by enzymatic 

degradation may be involved32 e.g. metalloproteinases destroying collagen,33 

stromolysin degradation of the core and link proteins in aggrecan,34 and the 

polysaccharide components of aggrecan by hyaluronidase, chondroitinase 
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and other glycosidases.35 The mechanical destruction that occurs by the 

expansion of water turning to ice is likely also involved. 

Freeze-drying of cartilage decreases its water content, affecting T1 

relaxation times, which have been shown to be linearly dependent on the 

solid-to-water ratio and inversely to the water content, but also dependent on 

the amount of free and loosely-bound water and percentage of GAG 

content.20 In the current study no attempt was made to determine the 

difference in water content of the cartilage between the control and GrB 

specimens.  Dessication may have had an effect on the results, but it appears 

minimally so, judging from the few differences among the specimens.  

The greatest limitation to this study was the low numbers of specimens, 

in the cryopreserved groups and particularly that of the frozen specimens, 

leading to a low power of the statistical tests. The more robust non-parametric 

techniques used, resulted in some significant differences indicating that the 

results are valid. Other limitations include the relatively poor spatial resolution 

of the thin distal Mc3/Mt3 cartilage, which could be improved with the use of a 

dedicated surface coil, higher magnet field strength and a decreased FOV. 

The fact that the temperature of the limbs was not measured prior to scanning 

may have affected the results since they were not allowed to acclimatize to 

room temperature for at least 24 hours prior to scanning for logistical reasons, 

and it is well recognised that temperature of the sample affects T1 relaxation 

time;36,37 however since samples were treated relatively similarly in this study 

it is unlikely to have had a significant effect on the results.The use of traction 

to separate the two cartilage surface can also be considered to improve 

visibility of articular surfaces.38 In spite of these limitations, the results show 

that T1 relaxation times of the distal Mc3/Mt3 full cartilage after intra-articular 

injection of Gd-DTPA2- differ minimally after chilling or freezing, implying 

specimens can be preserved until a later date and results after scanning will 

likely be reliable. The T1 relaxation pattern of distal Mc3/Mt3 cartilage that has 

been chilled or frozen decreases in a similar fashion over 3 hours to that of 

control specimens. Future research should address whether a difference in T1 

post- Gd-DTPA2- will occur due to the presence of osteoarthritis. 

Delayed gadolinium enhanced MRI of the horse distal Mc3/Mt3 is 

feasible after chilling and freezing of the specimens and follows a similar 
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pattern of decreased T1 relaxation time as fresh specimens. The chilled and 

frozen cartilage T1 relaxation times differ little from fresh specimens, except at 

the transverse ridge, between frozen and control and chilled limbs, and at a 

site immediately palmar/plantar to the transverse ridge between chilled and 

frozen limbs.  
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CHAPTER 8 

 

GENERAL DISCUSSION 

 

The specific research hypotheses as pertaining to the distal cadaver 

Thoroughbred horse Mc3/Mt3 (where Mc3/Mt3 is not adjacent to P1): 

 

Could not disprove H0 : 

1. dGEMRIC mapping measurement parameters result in the same 

cartilage thickness as histomorphometric (gold standard) parameters. 

2. T2 mapping measurement parameters result in the same cartilage 

thickness as histomorphometric (gold standard) parameters. 

3. dGEMRIC mapping of 5 ROIs of the cartilage can be performed.      

4. dGEMRIC mapping of the entire cartilage can be performed. 

Could not prove H0: 

      5. The optimal time of scanning cartilage for dGEMRIC mapping after 

intra- articular injection of Gd-DTPA2- is 30 minutes. 

Could not disprove H0: 

6. T2 mapping of 5 ROIs of the cartilage can be performed.  

7. T2 mapping of the entire cartilage can be performed.  

8. Chilling/freezing does not affect T2 mapping of 5 ROIs of the cartilage. 

9. Chilling/freezing does not affect T2 mapping of the entire cartilage. 

10. Chilling/freezing does not affect dGEMRIC mapping of 5 ROIs of the 

cartilage.  

11. Chilling/freezing does not affect dGEMRIC mapping of the entire 

cartilage. 

 

Delayed gadolinium enhanced magnetic resonance imaging of cartilage 

(dGEMRIC) and T2 mapping can be performed in the distal Mc3/Mt3 of the 

horse cadaver limb and the results have been discussed in depth in the 

specific preceding chapters. However, as in all research, aspects have been 

identified that need to be addressed to further evaluate the use of these 

techniques in vitro as well as in vivo.  
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To determine whether the cartilage that was visualised with the 

dGEMRIC and T2 mapping segmentations was in fact representative of the 

true distal Mc3/Mt3 cartilage, an initial study was done to determine whether 

cartilage thicknesses measured by the mapping techniques and 

histomorphometric measurements were similar. It was found to be so, 

although the MRI measurement parameters were not optimized for use in very 

thin (only 1 mm thick) cartilage being less than two pixel widths, resulting in a 

relatively crude approximation of cartilage thickness. When equine carpus 

cartilage was evaluated, MRI measurements did not differ significantly from 

histological measurements, but the cartilage was approximately 1.4 mm thick. 

1 Distal Mc3/Mt3 cartilage measurements were also reported with good 

precision and moderate correlation of cartilage thickness between MRI 

measurements (using a three-dimensional spoiled gradient-recalled echo with 

fat saturation), but it was found that the ability of MRI to detect full thickness 

cartilage erosions was only moderate although the specificity was high. 2 Early 

work done on the comparison between MRI and histological measurements in 

human cartilage states the reliability of cartilage thickness measurements 

depends on the absolute thickness of the cartilage layer, and that the 

correlation of cartilage less than 2 mm thick is only 0.73. Therefore MRI 

measurements are more accurate in cartilage thicker than 2 mm, implying that 

measurements of 1 mm thick cartilage of the distal Mc3/Mt3 with the 

measurement techniques used may not be totally accurate. 3  

The used imaging resolution also results in volume averaging, which 

additionally results in less reliable consistent relaxation times and in turn less 

reliable mapping. 

Another point to consider is that tissue shrinkage occurs with histological 

fixation which could have affected the measurements, although buffering was 

performed which decreases this shrinkage effect. 4, 5 At sites 1 and 2 where 

articular surface to Haversian canal cartilage thickness (BC) measurement 

was the least reliable, the histological measurement was larger than the MRI 

measurements (P = 0.031), but at site 3 where cartilage was relatively well 

visualized, histological and MRI measurements were similar (0.1 mm absolute 

difference (P = 0.69). This further enforces the significance of resolution as a 

limitation in the present study. 
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Within these limitations, however, using MRI and histology the cartilage 

was measured to be approximately 1 mm thick in the current study and the 

previously reported study. 2 Therefore it is assumed that the mapping 

techniques did in fact reflect the distal Mc3/Mt3 cartilage where it did not 

overlap with the proximal phalanx cartilage. This overlapping occurred at the 

most distal aspect of the Mc3/Mt3. Similar overlapping occurs in human joints 

such as the coxofemoral joint. Adapted mapping techniques purposefully 

segmenting the combined adjacent cartilages have been reported with 

success in humans 6 and could be implemented in the horse where this 

occurs, particularly where the cartilage is as thin as it is in the distal Mc3/Mt3.  

Once the cartilage visibility was established, the dGEMRIC mapping 

technique was investigated, firstly determining that T1 relaxation time 

decreased similarly to that in humans (both in vitro and in vivo) although the 

initial relaxation time (approximately 1500 ms) was higher than human 

cartilage. The second fact that was determined, was that the lowest relaxation 

time (approximately 650 ms) occurred between 60 and 120 minutes post 

intra-articular injection of Gd-DTPA2- giving a one hour time period in which 

the procedure could reliably be performed. The relaxation time tended to 

increase slightly from just prior to 180 minutes post-injection indicating that a 

“washout” was taking place. It is likely that this washout would be accelerated 

in the live animal due to the presence of a blood supply and joint motion.  

An interesting finding was the differences in T1 relaxation among most 

of the five sites prior to Gd-DTPA2- administration, which could be due to the 

inherent differences in the cartilages, dorsally, distally and palmarly/plantarly, 

the combined segmentation of distal Mc3/Mt3 at sites 1 and 2, or a reflection 

of the poor spatial resolution. However, as the Gd-DTPA2- diffused into the 

cartilage the difference between the sites decreased and become insignificant 

at 60 minutes post-injection, likely as result of the relatively high concentration 

of diffused Gd-DTPA2- causing a relative equilibration within the cartilage 

resulting in similar relaxation times of the different areas.  

The 12 minutes taken to perform one full dGEMRIC sequence, i.e. six 

different inversion recovery sequences, is a relatively long time if a horse is 

under general anaesthesia and four limbs need to be evaluated, probably 

resulting in a 60 minute scan time including repositioning of the horse. This 
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could be a limiting factor; a standing high field magnet would be ideal for 

solving this problem in future, but relatively low resolution, movement 

artefacts and longer scan time in the current low field standing magnets may  

preclude the use of  dGEMRIC in these units. This needs to be investigated. 

The T2 mapping resulted in good quality images, with the same cartilage 

overlapping limitations. There was marked pixel loss in the sloping 

palmar/plantar and less so dorsal condyles, due to the magic angle effect. 

This could be improved with higher field magnets, which are currently not 

readily available. Repositioning of the limb within the magnetic field to 

optimize the angle for visualizing certain parts of the cartilage should be 

considered. Control T2 relaxation times ranged from 50-143 ms. This 

generally higher T2 relaxation time, in comparison to humans, may be as 

result of higher water content, lower collagen concentration, and differing 

mechanical properties of the horse cartilage in comparison to that of normal 

human cartilage. On chilling and freezing of the cartilage and allowing thawing 

and returning to room temperature, few significant differences were seen. 

Those that were seen were at one site where the adjacent cartilages 

overlapped. No differences were seen where the full cartilage was mapped 

and compared. Another limitation of this study was the fact that limbs’ 

temperatures were not determined at the time of scanning which may have 

affected the results somewhat, 7 albeit all limbs were treated in a similar 

fashion minimizing the risk that temperature differences would have had an 

impact on results. 

The study comparing the dGEMRIC control, chilled and frozen limbs 

resulted in minimal differences between the groups at particular sites at 

particular time periods post Gd-DTPA2- injection and none where the 

combined cartilage or full cartilages were segmented. There were, as 

expected, significant decreases in T1 relaxation time between pre- Gd-DTPA2- 

and all post gadolinium times for the control, chilled and frozen limbs full 

cartilage segmentations, but additionally differences among all the post 

gadolinium times for the chilled limbs. This was an unexpected finding and 

has as yet to be explained. Possible reasons could include differences in limb 

temperature at the time of scanning, inherent differences in the specific joints 
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(although unlikely due to the stringent inclusion criteria) and the low number of 

limbs used.  

The common limitation for all parts of this study was the relatively low 

number of limbs utilized, which relates to the decision making of cost-

effectiveness between tissue sampling and power of experiments. This was 

particularly evident in the chilled and frozen limbs. I feel quite confident that 

the number of limbs studied gives sufficient evidence that both mapping 

techniques are reliable in the cadaver distal Mc3/Mt3 in fresh, chilled and 

frozen specimens, given the limitation of the spatial resolution.  

Statistical analysis on this low number of limbs, necessitated the use of 

non-parametric tests, with the Friedman test for repeated dependent variables 

utilized in the comparisons of T1 relaxation times before and after Gd-DTPA2- 

injection. If differences were found, these were than tested using the Wilcoxon 

signed rank tests. For independent variables, such as the different sites, non-

parametric tests such as the Kruskal-Wallis test (analogous to the analysis of 

variance) was used, and in the case of significance, Mann-Whitney U tests 

were performed to see which parameters differed from one another. Since 

significant differences were found using these relatively insensitive tests, the 

non-parametric tests were deemed as acceptable and reliable tests. If more 

limbs had been available for testing, parametric tests would have been 

utilized.  

Due to logistical, time and costing reasons, unblinded tests were not 

performed, although this would have ensured non-bias in the evaluation of the 

data. Neither intra-observer nor inter-observer validations of the 

measurements were performed in the dGEMRIC or T2 mapping relaxation 

studies. This was not deemed necessary since the technique has been well-

proven in human studies to have very good inter- and intra-observer 

repeatability, and there was no reason to believe this would not be valid in 

equine cartilage. 8-10 However, since the distal Mc3/Mt3 cartilage is so much 

thinner than the cartilage measured in the human studies, this may need to be 

addressed if results are not consistent in future studies.  

To particularly improve the poor spatial resolution factors it would be 

useful to repeat these studies using higher field magnets, thinner slices, and 
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increased fields of view, but also to evaluate equine joints with thicker 

cartilage.  

The findings in the current study lay the foundation for evaluation of the 

technique in the live horse, and once reference values are established, to 

compare the results of the cadaver and live horse normal limbs with those of 

horses with osteoarthritis. Dividing the osteoarthritic limbs into different 

classes of severity would be useful in determining a trend in progression of 

cartilage damage. It would also be interesting to correlate the severity of 

clinical signs and joint pain to the amount of cartilage damage identified by the 

mapping techniques. Correlation of the cartilage mapping findings in 

osteoarthritis with the condition of the underlying subchondral bone and 

trabeculae would also add information as to the interaction between cartilage 

and subchondral bone in the pathogenesis of osteoarthritis 

Ultimately this information will be invaluable in early diagnosis of 

osteoarthritis in the fetlock, providing guidance as to appropriate therapy and 

monitoring progression of the disease as well as response to therapy. 
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CHAPTER 9 

 

CONCLUSIONS 

 

The results of this study provide information on the technique of dGEMRIC 

and T2 mapping in the distal metacarpus3/metatarsus3 cartilage of the normal 

Thoroughbred horse cadaver. Values reported can serve as reference for 

further studies utilizing MRI to identify early cartilage matrix changes in horse 

lameness. Limitations of the used technique were identified. The main 

inferences from this study confirmed that: 

 

1.  Inversion recovery sequences utilizing STIR fat signal suppression are 

accurate techniques, within the limitations of spatial resolution, for 

measuring distal Mc3/Mt3 cartilage thickness at locations where the 

cartilage is not in direct contact with that of the proximal phalanx. 

2. Proton density weighted sequences are accurate techniques, within the 

limitations of spatial resolution, for measuring distal Mc3/Mt3 cartilage 

thickness at locations where the cartilage is not in direct contact with that 

of the proximal phalanx. 

3. dGEMRIC, using intra-articular Gd-DTPA2- is a feasible technique for 

measuring and mapping changes in T1 relaxation times of the distal 

Mc3/Mt3 where the cartilage is not in direct contact with that of the 

proximal phalanx.  

4. The optimal time of scanning the distal Mc3/Mt3 cartilage for dGEMRIC 

after intra-articular injection of Gd-DTPA2- is 60-120 minutes. 

5. T2 mapping in the horse cadaver distal Mc3/Mt3 where the proximal 

phalanx cartilage is not immediately adjacent, can be conducted after 

chilling and freezing of the limbs with minimal effect on T2 relaxation time 

and mapping images except where the magic angle effect predominates. 

6. dGEMRIC mapping in the horse cadaver distal Mc3/Mt3 where the 

proximal phalanx cartilage is not immediately adjacent, can be conducted 
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after chilling and freezing of the limbs with minimal effect on T1 relaxation 

time and dGEMRIC mapping images. 

 

Further studies that should be conducted include evaluation of: 

1. distal  Mc3/Mt3 cartilage using higher field magnets 

2. other equine joints with thicker cartilage 

3. intravenous vs intra-articular administration of Gd-DTPA2-    

4. dGEMRIC and T2 mapping in live horses 

5. the effect of exercise on dGEMRIC and T2 mapping in live horses 

6. dGEMRIC and T2 mapping on horse metacarpo/metatarsophalangeal 

joints with differing degrees of osteoarthritis and lameness in order to 

relate cartilage degeneration to symptoms, pain and the condition of the 

overlying subchondral bone and trabeculae. 
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APPENDICES- published/submitted articles 

 

 

 

 

Article 1 

 

 

 

 

Validation of delayed gadolinium-enhanced magnetic 

resonance imaging of cartilage and T2 mapping for 

quantifying distal metacarpus/metatarsus cartilage thickness 

in Thoroughbred racehorses 

 

Publication attached (Vet Radiol Ultrasound 2013;54:139-

148) 
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Article 2 Feasibility for mapping cartilage T1-relaxation times in the 

distal metacarpus3/metatarsus3 of Thoroughbred 

racehorses using delayed gadolinium enhanced magnetic 

resonance imaging of cartilage (dGEMRIC): normal cadaver 

study. 

 

Publication attached (Vet Radiol Ultrasound 

2013;DOI:10.111/vru.12030) 
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Article 3 

 

 

 

 

The effect of chilling and freezing on T2- mapping in the 

normal Thoroughbred horse cadaver distal 

metacarpus3/metatarsus3 cartilage. 

 

(Submitted) 
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The effect of chilling and freezing on dGEMRIC mapping in 
the normal Thoroughbred horse cadaver distal 
metacarpus3/metatarsus3 cartilage 
 

(Submitted) 
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