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Musculoskeletal injuries are the most frequent 
cause of wastage in race and sport horses, and 

the type and condition of the surface used for rac-
ing and training affect the occurrence and nature of 
injuries.1–7 The incidence of severe or catastrophic 
injuries in Thoroughbred racehorses that race on 
turf surfaces increases as the firmness of the surface 
increases.8–11 However, to our knowledge, the effect 
of surface firmness on the occurrence and type of 
injures in racehorses has not been investigated for 
surfaces other than turf that are used for the racing 
and training of horses. Moreover, most studies1–11 re-
garding the effect of surface on racehorse injuries 
were retrospective in nature. In fact, we are aware 
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OBJECTIVE
To evaluate the effect of track surface firmness on the development of 
musculoskeletal injuries in French Trotters during 4 months of race training.

ANIMALS
12 healthy 3-year-old French Trotters.

PROCEDURES
Horses were paired on the basis of sex and body mass. Horses within each 
pair were randomly assigned to either a hard-track or soft-track group. 
The counterclockwise training protocol was the same for both groups. Sur-
face firmness of each track was monitored throughout the training period.  
Radiography, ultrasonography, MRI, and scintigraphy were performed on all 
4 limbs of each horse before and after 2 and 4 months of training. Lesions 
were described, and lesion severity was classified with a 5-point system, 
where 0 = no lesions and 4 = severe lesion.

RESULTS
86 lesions were identified, of which 46 (53.5%) were classified as potentially 
clinically relevant (grade, ≥ 2). Of the 18 moderate and severe lesions, 15 
were identified in horses of the hard-track group, and 10 of those were in 
forelimbs. Moderate to severe tendinopathy of the superficial digital flexor 
tendon of the forelimb developed in 3 of the 6 horses of the hard-track 
group but none of the horses of the soft-track group. Metatarsal condyle 
injuries were more frequent in horses of the hard-track group than horses 
of the soft-track group. Severe lesions were identified only in left limbs.

CONCLUSIONS AND CLINICAL RELEVANCE
Results indicated that track surface firmness is a risk factor for musculoskel-
etal injuries in horses trained for harness racing. (Am J Vet Res 2017;78:xxx–
xxx)

of only 2 prospective studies that were conducted to 
investigate the effect of track surface on the remodel-
ing response of proximal sesamoid bones12 and third 
metacarpal bones13 of 2-year-old Thoroughbred race-
horses during training.

Epidemiology of exercise-related musculoskel-
etal injuries in Thoroughbred racehorses has been 
intensively studied,14–16 but only 1 study17 has been 
performed to investigate the epidemiology and inci-
dence rates of exercise-related injuries in Standard-
breds involved in harness racing. Injuries to both 
the forelimbs and hind limbs were assessed in that 
study,17 and the most frequently observed injuries 
were to the suspensory ligaments, followed by the 
SDFT. Damage to those 2 structures accounted for 
38.3% of all injuries reported.17 Unfortunately, bone 
lesions in the horses of that study17 were not evalu-
ated with MRI, and track surface was not evaluated as 
a risk factor for musculoskeletal injuries because all 
horses trained at the same racetrack.

Exercise-related musculoskeletal injuries are di-
rectly linked to the loading pattern of anatomic struc-

ABBREVIATIONS
FSE 	 Fast spin echo
GRE 	 Gradient echo
POD 	 Plantar or palmar osteochondral disease
SDFT 	 Superficial digital flexor tendon
STIR 	 Short tau inversion recovery
T1 	 T1-weighted
T2 	 T2-weighted
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tures, which is determined by the external loads ap-
plied to the limbs (ie, ground reaction forces) during 
exercise. Ground reaction forces, particularly the 
loading rate, applied to the limbs are affected by track 
surface characteristics.18–22 In a preliminary study23 
involving 1 Standardbred racehorse at training speed, 
the forces and decelerations associated with impact 
shock in both the forelimbs and hind limbs were 
positively associated with the firmness of the track 
surface (sand).

The objective of the study reported here was to 
evaluate the effect of track surface firmness on the 
development of musculoskeletal injuries in French 
Trotters during 4 months of training. The hypothesis 
was that the number and severity of musculoskeletal 
lesions in both the forelimbs and hind limbs of horses 
trained on a hard sand track would be greater than 
those of horses trained on a soft sand track.

Materials and Methods

Animals
All study procedures were reviewed and ap-

proved by the Animal Care and Ethics Committee of 
the Ecole Nationale Vétérinaire d’Alfort. The study 
was conducted during the summers of 2012 and 
2013, and the same selection and study protocols 
were used each summer. During each of the 2 sum-
mers, 6 horses owned by and maintained for research 
purposes at the Centre for Imaging and Research in 
Equine Locomotor Disorders were enrolled in the 
study. All study horses were 3-year-old French Trot-
ters that had been in race training for 6 to 10 months 
prior to evaluation for study eligibility. To be included 
in the study, horses had to have a normal conforma-
tion and be healthy as determined on the basis of re-
sults of a physical examination, be able to maintain a 
symmetric trot on a track at a minimum speed of 40 
km/h (1.5 min/km), and not have any clinically rel-
evant limb abnormalities as determined by diagnostic 
imaging, which included ultrasonographic examina-
tion of the SDFT of both forelimbs and suspensory 
ligament (scanned from the proximal insertion to the 
body and distal branches) of all 4 limbs, radiographic 
examination (dorsopalmar-plantar and lateromedial 
views) of the metacarpophalangeal and metatarso-
phalangeal (4 fetlock) joints and both tarsal (hock) 
joints, and MRI examination of all 4 fetlock joints. 
Horses with any clinically relevant abnormalities on 
physical examination or diagnostic imaging or that 
could not maintain a symmetric trot at the minimum 
speed were excluded from the study.

Immediately after study enrollment, horses were 
paired into 3 pairs on the basis of sex and body mass. 
Each pair was housed in a small paddock (15 X 20 m2) 
and allowed an approximately 3-month (median, 2.8 
months; range, 2.5 to 4 months) period without training 
prior to initiation of the study protocol. Immediately be-
fore initiation of the study protocol, each horse within 
a pair was randomly assigned by drawing lots to 1 of 
2 treatment groups (hard track or soft track [control]).

Tracks
Both sand tracks used in the study were located 

at the same private training center. The physical char-
acteristics of each track were evaluated by a private 
firma that specializes in evaluating sports and recre-
ational surfaces. The soft track was composed of a 
soft 8-cm cushion of 0/4-mm sand resting on top of 
7 cm of the same sand, which was compacted, on a 
silty-clay foundation. The hard track was composed 
of a hard 8-cm cushion of very compact stabilized 
material (0/5-mm sand with a high proportion of 
fines) resting on top of 12 cm of wind-blown sand on 
a clinker foundation. The surface of the soft track was 
regularly watered, whereas the surface of the hard 
track was never watered during the training period. 
Both tracks were maintained with a leveling bar or 
drag to minimize or avoid surface irregularities. The 
firmness of both tracks was tested approximately 2 
times/mo throughout the training period. For each 
track during each measurement session, an impact 
soil testerb (drop height, 0.45 m; weight, 2.25 kg) 
was applied 5 times to 4 systematically selected sites 
along each track, and the peak deceleration was re-
corded for each impact.

Training protocol
Horses in both treatment groups were trained by 

the same professional trainer for 4 months and were 
trained exclusively on the assigned track. Horses 
were trained 3 times/wk throughout the 4-month 
(16-week) training period, except for week 9 during 
which horses underwent midprotocol clinical and 
imaging examinations and were trained only twice. 
Horses were maintained in paddocks when they 
were not being trained. The training protocol was 
the same for both treatment groups and consisted of 
the horse in harness pulling a sulky while circling 
the assigned track in a counterclockwise direction 
at a gradually increasing speed (ie, workload or in-
tensity). Each training session consisted of a 5,000-m 
warm-up period followed by a 5,000-m work period. 
For each horse during each training session (day), the 
distance and speed prescribed by the protocol (Ap-
pendix 1) were strictly adhered to and monitored by 
use of an electronic devicec with a global positioning 
system that is commonly used in the training of race-
horses. The trainer maintained a detailed record of 
each training session for each horse, which included 
comments regarding the behavior and comfort of the 
horse, and was instructed to immediately report any 
sign of discomfort for any horse. Training was imme-
diately modified or discontinued for any horse that 
developed a clinical problem so that it could receive 
appropriate treatment.

Physical and diagnostic imaging  
examinations

Each horse underwent a physical examination, 
which included a lameness examination, and diagnos-
tic imaging at the Centre for Imaging and Research in 
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Equine Locomotor Disorders before initiation, during 
week 9, and at the completion of the 4-month training 
protocol. All physical examinations were performed 
by the same experienced equine clinician (J-MD). 
Horses were assessed for lameness at a walk and trot 
on a hard surface and treadmill and assigned a lame-
ness score by use of the 5-point scale developed by 
the American Association of Equine Practitioners.24 
Each horse’s response to 1-minute digital (forelimb) 
and global (hind limb) flexion tests was also subjec-
tively graded.

Diagnostic imaging (radiography, scintigraphy, 
ultrasonography, and MRI) of the forelimbs and hind 
limbs of each horse was performed during each ex-
amination. Depending on the modality and anatomic 
location, complementary views or sequences were 
performed when further documentation of a lesion 
was required.

Radiography
For radiographic examination, horses were se-

dated with detomidine hydrochlorided (0.01 mg/kg, 
IV) and butorphanol tartratee (5 mg, IV) and imaged 
while standing. Radiographs were obtained by use of 
a digital radiography system that included a ceiling-
mounted x-ray machinef and flat-panel detectorg with 
exposure settings of 68 to 79 kV and 5 to 12.5 mAs, de-
pending on the projection and region radiographed. 
A minimum of 22 images were acquired during each 
examination and included dorsopalmar 55° on-block 
and lateromedial projections of both forefeet; dorso-
palmar or dorsoplantar and lateromedial projections 
of all 4 fetlock joints; dorsopalmar, lateromedial, and 
flexed proximodistal projections of the third carpal 
bone; and dorsoplantar and lateromedial projections 
of both hock joints.

Scintigraphy
For scintigraphic examination, each horse was 

trotted for 15 minutes as a warm-up and then admin-
istered 99mtechnetium-decarboxypropane diphospho-
nateh (1 GBq/100kg, IV). Immediately thereafter, the 
distal portion of all 4 limbs was bandaged to prevent 
isotope contamination of the urine before the acqui-
sition of bone-phase images. Furosemidei (0.5 mg/kg, 
IV) was administered 1.5 hours after the radiotracer, 
and bone-phase images were obtained 3 hours later 
with the horse in a standing position. Immediately 
prior to image acquisition, horses were sedated with 
morphine chlorhydratej (40 mg, IV) and detomidine 
(0.01 mg/kg, IV); some horses were administered ad-
ditional doses of detomidine (1 mg, IV) as necessary 
to achieve adequate sedation for imaging.

Bone-phase images were acquired as described.25 
Eighteen images were acquired for each horse includ-
ing dorsal and lateral views of both metacarpopha-
langeal regions and carpi, solar views of the forefeet, 
lateral views of both humeri and stifle joints, and 
plantar and lateral views of both metatarsophalangeal 
regions and hock joints. Additionally, sixty 2-second 

dynamic images with a 128 X 128 matrix size were ac-
quired by use of a nuclear γ camerak equipped with a 
low-energy, high-resolution collimator. Those images 
were evaluated with a customized motion-correction 
software program developed with a commercially 
available matrix computation programl to calculate a 
static image of 120 seconds’ duration. All images had 
> 150,000 counts except the solar projections, which 
had > 50,000 counts. While each limb was imaged, 
stand-alone leaded protection was used to protect the 
other 3 limbs from γ radiation.

Ultrasonography
All ultrasonographic examinations were per-

formed by the same investigator (J-MD) with an ul-
trasound machinem and multiple transducers (7.5- to 
13-MHz linear probes, 3- to 7.5-MHz convex probes, 
and a 7.5-MHz microconvex probe), which were se-
lected on the basis of the area being scanned. Twenty 
areas were routinely imaged, including the SDFTs 
of both forelimbs; proximal third (including inser-
tion), body, and branches of the suspensory ligament 
of all 4 limbs; palmar or plantar proximal recesses 
of all 4 fetlock joints; digital tendon sheaths of all 4 
limbs; articular cartilage of the metacarpal condyle 
and distal radius of both forelimbs; and articular car-
tilage of the femoral trochlea of both hind limbs. Any 
physical deformation identified was also imaged by  
ultrasonography.

MRI
Magnetic resonance imaging was performed 

with horses in a standing position following sedation 
with detomidine (0.01 mg/kg, IV) and butorphanol 
(4 to 5 mg, IV). Some horses were administered addi-
tional doses of the sedatives (1 mg of detomidine with 
or without 1 mg of butorphanol, IV) as necessary to 
achieve adequate sedation for image acquisition.

A 0.27-T equine MRI systemn was used to acquire 
images of all 4 fetlock joints of all 12 horses and both 
forefeet of the 6 horses evaluated in 2013. The follow-
ing sequences were acquired for each fetlock joint: 
T1 GRE in the transverse and sagittal planes, STIR 
FSE in the transverse and sagittal planes, and T2 FSE 
with motion correction in the transverse plane. The 
following sequences were acquired for the forefeet 
of the 6 horses evaluated in 2013: T1 3-D GRE in the 
transverse plane, high-resolution T1 3-D GRE in the 
frontal plane, STIR FSE in the sagittal plane, T2 FSE 
in the transverse plane, and high-resolution T2 3-D 
GRE out of phase. The technical parameters used to 
acquire each image sequence were summarized (Ap-
pendix 2).

Diagnostic image assessment
Radiographic and ultrasonographic images were 

reviewed by 1 equine clinician (J-MD) who was ex-
perienced in the diagnosis of musculoskeletal lesions 
of French Trotters, and scintigraphic and MRI se-
quences were collegially reviewed by 2 experienced 
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clinicians (J-MD and FA) on a commercially available 
diagnostic image viewer.o Clinicians were unaware 
of (blind to) the treatment group (hard track or soft 
track) to which each horse was assigned during im-
age review.

A 5-point grading system was developed for 
evaluation of lesion severity during review of ultra-
sonographic (Appendix 3) and MRI (Appendix 4) 
images. In both systems, 0 = clinically normal (no le-
sions observed), 1 = discrete lesions that are not clini-
cally relevant (ie, subclinical lesions), 2 = mild lesions 
of discrete or mild clinical relevance, 3 = moderate 
lesions of mild to moderate clinical relevance, and 4 
= severe lesions of moderate to severe clinical rele-
vance. Horses with grade 1 and grade 2 musculoskel-
etal lesions continued the prescribed training pro-
tocol, whereas the training protocol for horses with 
grade 4 lesions was modified (ie, workload lessened) 
or discontinued. For horses with grade 3 lesions, the 
training protocol was or was not modified on the ba-
sis of each horse’s apparent tolerance of the training. 
For example, the training protocol for a horse with 
a grade 3 lesion that was clinically lame (eg, grade 2 
lameness24) was discontinued if the lameness did not 
improve during the warm-up period.

Statistical methods
Peak deceleration data obtained from the impact 

soil tester were used to measure the surface firmness 
of each track; the greater the peak deceleration, the 
firmer the track surface. Each track underwent a total 
of 15 test sessions during the summers of 2012 and 
2013. The data for all 4 selected sites were pooled 
for each track, and the mean peak deceleration was 
calculated on the basis of impact order during a given 
test session (1 through 5) and collectively. Thus, the 
mean for each impact-order category represented 60 
impacts (15 test sessions X 4 sites), and the mean for 
each track represented 300 impacts (15 test sessions 
X 4 sites X 5 impacts at each site).

Only musculoskeletal lesions that were first ob-
served or became more severe during the 4-month 
training protocol were included in the analyses. Rare 
grade 1 (subclinical) musculoskeletal lesions pres-
ent prior to initiation of the training protocol that 
remained stable or improved during the training pe-
riod were not considered. Data analyses were largely 
based on the grades assigned to diagnostic images 
acquired at completion of the training protocol, and 
lesions with a grade ≥ 2 (ie, clinically relevant lesions) 
were considered most likely to be associated with 
track surface firmness.

The number and grade of musculoskeletal lesions 
for each anatomic area evaluated and horse were tab-
ulated. Because the number of horses in each treat-
ment group (hard track and soft track) was small (n = 
6), the Mann-Whitney test was used to compare me-
dians between the 2 treatment groups. Comparisons 
between forelimbs and hind limbs and between left 
and right limbs were performed with a mixed linear 
regression model, with a random effect for horse to 

account for repeated measures within individual ani-
mals. All analyses were performed with a commercial 
software program,p and values of P ≤ 0.05 were con-
sidered significant.

Results
The study population consisted of 8 mares and 

4 geldings with a mean ± SD body mass of 471 ±  
49 kg. The mean peak deceleration as determined 
by the impact soil tester was significantly greater for 

Figure 1—Mean ± SD peak deceleration as determined 
by use of an impact soil tester for the surface of 2 sand 
racetracks designed to have either a soft (A) or hard (B) 
surface on which twelve 3-year-old French Trotters (6 
horses/track) underwent harness race training for 4 months 
during the summers of 2012 and 2013 to evaluate the effect of 
track surface firmness on the development of musculoskeletal 
injuries. Peak deceleration increases as the firmness of the 
tested surface increases. The firmness of both tracks was 
tested approximately 2 times/mo throughout the study 
period, which resulted in a total of 15 measurement sessions 
for each track. During each measurement session, the soil 
tester (drop height, 0.45 m; weight, 2.25 kg) was applied 5 
times to each of 4 systematically selected sites on each track, 
and the peak deceleration was recorded for each impact. 
For each track, the data for all 4 test sites were pooled, and 
the mean peak deceleration was calculated on the basis of 
impact order during the measurement session (1 through 
5) and collectively. Thus, the mean for each impact-order 
category represented 60 impacts (15 test sessions X 4 sites), 
and the mean for each track represented 300 impacts (15 test 
sessions X 4 sites X 5 impacts at each site).
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the hard track, compared with that for the soft track 
(Figure 1), which confirmed that the surface of the 
hard track was significantly firmer than the surface 
of the soft track.

Eighty-six musculoskeletal lesions were identi-
fied in the study horses. The type, number, and se-
verity of lesions within each limb for horses of each 
treatment group were summarized (Table 1). Forty-
six (53%) lesions had the potential to be clinically 
relevant (grade, ≥ 2), of which 11 (24%) and 7 (15%) 
were assigned a lesion grade of 3 (moderately severe 
lesion) and 4 (severe lesion), respectively. The mean 
number of lesions per horse by lesion grade within 
each limb was summarized (Figure 2). Overall, the 
mean number of forelimb lesions per horse (4.3) did 

not differ significantly (P = 0.10) from the mean num-
ber of hind limb lesions per horse (2.9). The mean 
number of left-limb (forelimb and hind limb) lesions 
per horse was greater than the mean number of right-
limb lesions per horse, but that difference was not 
significant for any lesion grade except grade 4; the 
mean number of grade 4 left-limb lesions per horse 
(0.6) was significantly (P = 0.01) greater than the 
mean number of grade 4 right-limb lesions per horse 
(0). The mean number of grade 3 and grade 4 lesions 
per horse for the hard-track group (2.5) was signifi-
cantly (P = 0.04) greater than that for the soft-track 
group (0.5). The mean number of grade 3 and grade 
4 forelimb lesions per horse for the hard-track group 
(1.7) was significantly (P = 0.05) greater than that for 

Table 1—Description and number of musculoskeletal lesions identified in the forelimbs and hind limbs for twelve 3-year-old French Trotters after 
a 4-month training period on a sand track with a soft (n = 6) or hard (6) surface.

	 Soft surface	 Hard surface

Limb	 Anatomic area	 Lesion description	 Grade	 Left limb	 Right limb	 Left limb	 Right limb	 Total

Forelimb	 Foot	 Abnormal MRI signals of the distal	 1	 1	 0	 1	 0	 2
		    interphalangeal joint cartilage	 2	 1	 0	 0	 0	 1
		  Bone marrow edema–type lesions observed	 2	 1	 0	 2	 4	 7
		    on MRI sequences or IRU on the distal 	 3	 0	 0	 2	 0	 2
		    phalanx or distal sesamoid bone
   			 
	 Metacarpophalangeal joint	 Bone densification or bone marrow	 1	 0	 1	 0	 2	 3
		    edema–type lesions of the third	 2	 2	 1	 2	 1	 6
		    metacarpal condyle	
		  Synovitis of the fetlock joint	 1	 1	 1	 1	 1	 4
		  Chronic synovitis	 1	 0	 0	 0	 1	 1
		  Tenosynovitis of a digital sheath	 1	 1	 0	 0	 0	 1
	 Metacarpus	 Tendinopathy of the SDFT	 1	 1	 1	 1	 0	 3
			   2	 1	 0	 0	 0	 1
			   3	 0	 0	 0	 3	 3
			   4	 0	 0	 3	 0	 3
		  Desmopathy of the suspensory ligament branches	 1	 1	 1	 1	 1	 4
			   2	 0	 0	 0	 1	 1
			   3	 0	 0	 0	 1	 1
		  Peritendonitis of the SDFT	 1	 0	 1	 1	 0	 2
	 Carpus	 IRU on the radial carpal or third carpal bone	 1	 2	 1	 0	 0	 3
		  IRU on the distal epiphysis of the radius	 2	 0	 0	 1	 0	 1
		  Remodeling of the radial carpal bone	 2	 0	 0	 0	 1	 1
		    and synovitis of the middle carpal joint	 4	 0	 0	 1	 0	 1
			 
Total forelimb lesions by grade		  1	 7	 6	 5	 5	 23
			   2	 5	 1	 5	 7	 18
			   3	 0	 0	 2	 4	 6
			   4	 0	 0	 4	 0	 4
Hind limb	 Foot	 IRU on the distal phalanx or distal sesamoid bone	 1	 0	 1	 0	 0	 1
	 Metatarsophalangeal joint	 Bone densification or bone marrow edema–type	 1	 1	 1	 0	 1	 2
		   lesions on the third metatarsal condyle	 2	 0	 0	 1	 2	 3
			   3	 1	 0	 1	 2	 4
			   4	 0	 0	 1	 0	 1
		  Bone marrow edema–type lesions on the proximal phalanx	 3	 0	 1	 0	 0	 1
			   4	 1	 0	 0	 0	 1
		  Synovitis of the fetlock joint	 1	 1	 1	 0	 1	 3
		  Tenosynovitis of a digital sheath	 1	 1	 1	 1	 1	 4
	 Metatarsus	 Tendinopathy of the SDFT	 4	 0	 0	 1	 0	 1
		  Desmopathy of the proximal insertion	 2	 0	 1	 0	 1	 2
		    of the suspensory ligament	
		  Desmopathy of the suspensory ligament branches	 1	 2	 1	 1	 1	 5
		  Exostoses on the second metatarsal bone	 1	 0	 1	 0	 0	 1
	 Other	 IRU of the central and third tarsal bones	 2	 1	 0	 0	 0	 1
		  IRU of the hock joint	 2	 1	 0	 1	 0	 2
		  IRU of the patella	 2	 0	 1	 0	 0	 1
		  IRU of the tibial condyle	 2	 0	 0	 1	 0	 1
Total hind limb lesions by grade		  1	 5	 6	 2	 4	 17
			   2	 2	 2	 3	 3	 10
			   3	 1	 1	 1	 2	 5
			   4	 1	 0	 2	 0	 3

Each lesion was assigned a grade of 1 to 4, where 1 = discrete lesion that is not clinically relevant (ie, subclinical lesion), 2 = mild lesion of discrete 
or mild clinical relevance, 3 = moderate lesion of mild to moderate clinical relevance, and 4 = severe lesion of moderate to severe clinical relevance.
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the soft-track group (0); however, the mean number 
of grade 3 and grade 4 hind limb lesions per horse did 
not differ significantly (P = 0.45) between the hard-
track (0.8) and soft-track (0.5) groups. Likewise, the 
number of grade 3 and grade 4 left-limb lesions per 
horse for the hard-track group (1.5) was significantly 
(P = 0.04) greater than that for the soft-track (0.3) 
group, but the number of grade 3 and grade 4 right-
limb lesions per horse did not differ significantly (P = 
0.11) between the hard-track (1.0) and soft-track (0.2) 
groups.

The most common types of lesions observed 
were bone alterations in the distal condyles of the 
third metacarpal or metatarsal bones (n = 21 [soft-
track group, 8; hard-track group, 13]), bone altera-
tions in the distal phalanx or distal sesamoid bones 
(10 [soft-track group, 2; hard track group, 8]), and 
tendinopathy of the SDFT (11 [soft-track group, 3; 
hard-track group, 8]). The bone alterations identi-
fied in the distal condyles of the third metacarpal and 
metatarsal bones, distal phalanx, and distal sesamoid 
bones were not evident on radiographic images and 
were detectable only on MRI or scintigraphic images. 

Bone alterations consisted of spongious bone densifi-
cation and bone marrow edema–type lesions. On MRI 
images, bone densification was characterized by fo-
cal areas of hypointense bone on T1 GRE and T2 FSE 
sequences and isointense bone on STIR sequences. 
Bone marrow edema–type lesions were character-
ized by areas of hyperintense bone on STIR MRI se-
quences and abnormally increased radiopharmaceuti-
cal uptake on scintigraphic images as described.26,27

Of the 21 bone lesions detected on the distal con-
dyles of the third metacarpal or metatarsal bones, 7, 
9, 4, and 1 were assigned lesion grades of 1, 2, 3, and 
4, respectively (Table 1). Among the 14 lesions with 
grades ≥ 2, 6 and 8 involved the distal condyles of the 
third metacarpal and third metatarsal bones, respec-
tively. Bone lesions on the distal condyles of the third 
metatarsal bones tended to be more severe (Figure 
3) than those in the third metacarpal bones (Figure 
4) in both treatment groups. In fact, the mean num-
ber of grade 3 and grade 4 lesions in the distal con-
dyle of the third metatarsal bone per horse (0.4) was 
significantly greater (P = 0.05) than the mean number 
of grade 3 and grade 4 lesions in the distal condyle 

Figure 2—Mean number of lesions per horse categorized by lesion severity in the left (A) and right (B) forelimbs and left (C) 
and right (D) hind limbs of twelve 3-year-old French Trotters after 4 months of race training on a sand track with a soft (white 
bars; n = 6 horses) or hard (black bars; 6) surface. For each horse, all 4 limbs were imaged by use of radiography, scintigraphy, 
ultrasonography, and MRI, and the severity of each lesion identified was assigned a grade of 1 to 4, where 1 = discrete lesions that 
were not clinically relevant (ie, subclinical lesions), 2 = mild lesions of discrete or mild clinical relevance, 3 = moderate lesions of 
mild to moderate clinical relevance, and 4 = severe lesions of moderate to severe clinical relevance.
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of the third metacarpal bone per horse 
(0). Also, the mean number of clini-
cally relevant (grades 2 to 4) bone le-
sions in the distal condyle of the third 
metatarsal bone per horse for the hard-
track group (1.2) was significantly (P = 
0.05) greater than that for the soft-track 
group (0.2).

Of the 10 bone lesions detected in 
the distal phalanx or distal sesamoid 
bones, 1, 7, and 2 were assigned lesion 
grades of 1, 2, and 3, respectively. All 
7 grade 2 and 2 grade 3 (Figure 5) 
lesions were detected in the forefeet, 
and all but one of those lesions were 
in horses assigned to the hard-track 
group.

Of the 11 SDFT tendinopathy le-
sions, 3, 1, 3, and 4 were assigned le-
sion grades of 1, 2, 3, and 4, respective-
ly (Table 1). All 7 grade 3 and grade 4 
lesions were identified in horses of the 
hard-track group and were localized to 
the dorsal or dorsolateral aspect of the 
SDFT (Figure 6). Moreover, all 4 grade 
4 lesions were identified in a left SDFT 
(forelimb, n = 3; hind limb, 1), whereas 
all 3 grade 3 lesions were identified in 
the SDFT of the right forelimb. Three 
of the 6 horses of the hard-track group 
developed bilateral tendinopathy of 
the SDFT. In 2 of those horses, subtle 
lesions associated with tendinopathy 
of the SDFT were detectable on diag-
nostic images at 2 months after initia-
tion of the training protocol; however, 
the horses did not develop clinical 
lameness until 3 and 3.5 months af-
ter initiation of the training protocol. 
The training program for those horses 
was modified as soon as they became 
noticeably lame, and they underwent 
alternating periods of rest and light 
jogging until the end of the scheduled 
4-month training period.

Discussion
In the present study, twelve 3-year-

old French Trotters underwent a 
4-month period of harness race train-
ing on a sand track with either a hard 
or soft surface to assess the effect of 
track firmness on the development of 
musculoskeletal injuries. The 12 hors-
es were paired on the basis of sex and 
body mass, and the horses within each 
pair were randomly assigned to either 
the hard-track or soft-track group. The 
training protocol was the same for all 
horses in terms of distance and speed. 

Figure 3—T1-weighted GRE (A, B, C, G, H, and I) and STIR FSE (D, E, F, J, K, and L) MRI 
images of the metatarsophalangeal joint of the left (A through F) and right (G through L) 
hind limbs obtained in the transverse plane at the level of the distal aspect of the third 
metatarsal bone for a 3-year-old French Trotter before (A, D, G, and J) and after 2 (B, 
E, H, and K) and 4 (C, F, I, and L) months of race training on a sand track with a hard 
surface (hard-track group), which depict the progressive development of bone marrow 
edema–type lesions and bone densification in the distal condyles of both the left and right 
third metatarsal bones. The bone marrow edema–type lesions (arrows) were character-
ized by focal areas of hypointense bone on the T1 GRE images and hyperintense bone on 
the STIR FSE images, whereas bone densification (arrowheads) was characterized by areas 
of hypointense bone on the T1 GRE images and isointense bone on the STIR FSE images. 
After 4 months of training, the lesions were classified as severe (grade 4 lesions; C and F) 
in the left hind limb and moderate (grade 3 lesions; I and L) in the right hind limb. Notice 
the bone marrow edema–type lesions developed on the dorsal aspect and bone densifica-
tion developed on the plantarolateral aspect of the distal condyle of the third metatarsal 
bone of the left hind limb (B, C, E, and F), whereas in the right hind limb, the bone marrow 
edema–type lesion developed at the sagittal aspect of the distal condyle of the third meta-
tarsal bone, and bone densification developed on the axial surface of the lateral proximal 
sesamoid bone (H, I, K, and L). In all panels, dorsal is to the top; medial is to the left in pan-
els A through F and to the right in panels G through L. See Figure 2 for remainder of key.
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Diagnostic imaging of all 4 limbs of each horse was 
performed before and after 2 and 4 months of train-
ing, and lesion severity was graded on a scale of 0 
(no lesions) to 4 (severe, clinically relevant lesion) 
for each limb. A total of 86 lesions were identified, of 
which 40 (46.5%) were classified as subclinical (grade 
1) and 46 (53.5%) were potentially clinically relevant 
(grade ≥ 2). Thirty-seven lesions were identified in 
the horses of the soft-track group, of which 24 (65%) 
were subclinical with only 2 (5%) and 1 (3%) lesions 
classified as moderate (grade 3) or severe (grade 4), 
respectively. Forty-nine lesions were identified in 
the horses of the hard-track group, of which only 16 
(33%) were subclinical with 9 (18%) and 6 (12%) le-
sions classified as moderate and severe, respectively. 
To our knowledge, the present study was the first 
controlled prospective study to identify an associa-

tion between track firmness and musculo- 
skeletal injuries in horses involved in har-
ness racing.

To our knowledge, the present study 
was also the first to collect data from 
complementary diagnostic imaging mo-
dalities (radiography, ultrasonography, 
MRI, and scintigraphy) for all study hors-
es. A main limitation of the present study 
was that some joints, such as the carpal 
and tarsal joints, were not completely as-
sessed by the use of those modalities, and 
there was a potential for some lesions to 
remain unidentified. The lesion grading 
systems used for the various imaging mo-
dalities were modified from previously 
described systems28–30 because the objec-
tive of the present study was to identify 
small and often subclinical pathological 
changes before the onset of lameness. For 
the feet, the grading system was based on 
STIR images because subtle musculoskel-
etal changes were most evident on that 
MRI sequence.

The surface firmness of both the hard 
and soft tracks was regularly monitored 
throughout the 4-month training period. 
The mean surface firmness of the hard 
track was 2.5 times that of the soft track 
overall and 3 times that of the soft track 
when only the first of the 5 impacts was 
considered. The first impact of the soil 
impact tester is closely correlated with 
the impact shock to the limbs of a horse 
trotting at 40 km/h.23 When the impact 
measurements obtained during the pres-
ent study were compared with those 
obtained for 7 other training surfaces 
for trotters by our research group (un-
published data) and described in another 
study,23 the mean peak deceleration for 
the first impact was similar to that for the 
soft-track of the present study. However, 

the hard track used in the present study is realistic. 
In fact, the trainer of the present study regularly used 
it for training horses during the winter, but judged 
it to be too dry and hard to be used in the summer 
without intense watering.

Although the training protocol used in the pres-
ent study was quite intense and had a short duration, 
it was representative of training protocols frequently 
used for young French Trotters. This protocol in-
duced grade 2 to grade -4 musculoskeletal lesions in 
the limbs of horses of both the hard-track and soft-
track groups. Even though lesions were more fre-
quently identified in the forelimbs (n = 51) than in 
the hind limbs (35), that difference was not signifi-
cant. Moreover, the proportion (35/86 [41%]) of hind 
limb lesions was fairly high and similar to the preva-
lence of hind limb lameness reported for Standard-

Figure 4—T1-weighted GRE MRI images of the metacarpophalangeal joint 
of the left forelimb obtained in the transverse plane at the level of the distal 
aspect of the third metacarpal bone for a 3-year-old French Trotter before (A) 
and after 2 (B) and 4 (C) months of race training on a sand track with a soft 
surface (soft-track group), which depict the progressive development of mild 
bone densification on the dorsomedial aspect of the distal condyle of the third 
metacarpal bone. Notice there was a heterogeneous and mild hypointense 
area characteristic of spongious bone at the dorsomedial aspect of the condyle 
before initiation of training (A) that became progressively larger and more 
evident after 2 (B) and 4 (C; grade 2 lesion [arrows]) months of training. See 
Figures 2 and 3 for remainder of key.

Figure 5—Short tau inversion recovery FSE MRI images of the second and 
third (distal) phalanges of the left forelimb obtained in the sagittal plane for 
a 3-year-old French Trotter before (A) and after 4 months (B) of race train-
ing on a sand track with a hard surface (hard-track group) that depict the 
development of a moderate (grade 3 lesion) bone marrow edema–type lesion 
(arrows; B) on the distodorsal aspect of the distal phalanx. See Figures 2 and 
3 for remainder of key.
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breds involved in harness racing.31,32 Incidentally, for 
the horses of the soft-track group, the majority (7/13 
[54%]) of grade 2 to grade 4 lesions were identified 
in the hind limbs, which might have been associated 
with an increase in the propulsive effort required to 
pull the sulky on a soft surface.q

Lesions of the distal condyles of the third meta-
tarsal bone were commonly identified in the horses 
of the hard-track group. In lame Standardbred race-
horses,31–33 the metatarsophalangeal joint is frequent-
ly identified as the source of the lameness. Details re-
garding the specific location of each musculoskeletal 
lesion were beyond the scope of the present study, 
but most of the lesions identified were considered 
characteristic of POD.27,34 In Thoroughbred racehors-
es, cumulative race exposure and training intensity 
during the preceding season are positively associated 
with severity of POD disease, which indicates the dis-
ease is caused by repetitive loading forces.35 Results 
of the present study suggested that a hard track sur-
face may also be a risk factor for the development of 
POD. Although the structure, loading, and remodel-
ling of the distal condyles of the third metacarpal and 
metatarsal bones have been extensively studied,36–38 
further analysis of biomechanical factors is necessary 
to elucidate the effect of track surface firmness on 
the pathogenesis of POD lesions. The longitudinal 
and vertical loading rates of limbs at high forces are 
greater on hard surfaces than on soft surfaces22,q and 
may be key factors in the development of musculo-

skeletal lesions in the limbs of horses in-
volved in harness racing.

In the present study, tendinopathy of 
the SDFT was diagnosed more frequently 
than desmopathy of the suspensory liga-
ment, which is contrary to results of stud-
ies17,33 involving Standardbred racehorses. 
Suspensory desmopathy is caused by cu-
mulative damage over weeks to months32 
and is positively associated with age.39 
The short duration of the training period 
combined with the young age of the hors-
es of the present study may have contrib-
uted to the high frequency of tendinopa-
thy of the SDFT relative to desmopathy of 
the suspensory ligament.

Three of the 6 horses of the hard-
track group had marked to severe bilat-
eral tendinopathy of the SDFT of the 
forelimbs, whereas none of the horses of 
the soft-track group had grade 3 or grade 
4 tendinopathy of the SDFT of the fore-
limbs. That finding supported the results 
of other studies,9,11 which indicate track 
surface firmness in conjunction with 
training or race speed is a major risk fac-
tor for tendinopathy of the SDFT. How-
ever, contrary to the results of other stud-
ies,33,40,41 all of the SDFT lesions identified 
in the present study were systematically 

located on the dorsal or dorsolateral aspect of the 
tendon. Impact shock and consecutive vibrations in-
crease with surface firmness23,42 and may have been 
particularly high at the dorsal and dorsolateral aspect 
of the SDFT for the horses of the hard-track group 
and contributed to the lesion localization.

All 9 bone marrow edema–type lesions identified 
in the feet of the horses of the present study were cat-
egorized as grade 2 or 3 lesions and were identified in 
the forefeet, of which 8 were identified in the forefeet 
of horses of the hard-track group. Most of those lesions 
were of only discrete or mild clinical relevance and 
had no consequence on the training programs for the 
affected horses. Although those lesions did not induce 
any radiographic changes, they are important findings 
because repeated stress to boney structures of the foot 
may lead to fractures of the distal phalanx.31,32

In the present study, only 1 horse developed 
marked to severe lesions (n = 2) of the radial carpal 
bone with synovitis of the middle carpal joint, de-
spite the fact that carpal lesions including fractures 
and sclerosis of the third carpal bone are some of the 
most common joint injuries reported in Standard-
bred racehorses.17,31,43 The small population, short 
duration of the training period, and strict selection 
of horses on the basis of normal limb conformation 
for the present study may have contributed to this 
difference.

The most severe lesions identified in the horses 
of the present study most commonly developed in 

Figure 6—Ultrasonographic images of the left (A, B, and C) and right (D, E, 
and F) forelimbs obtained in the transverse plane at the level of the midshaft 
region of the third metacarpal bone for a 3-year-old French Trotter before (A 
and D) and after 2 (B and E) and 4 (C and F) months of race training on a sand 
track with a hard surface (hard-track group), which depict the progressive 
development of bilateral tendinopathy of the SDFT. No evidence of tendi-
nopathy was present in either forelimb before initiation of training. In the left 
forelimb, severe tendinopathy (grade 4 lesion; arrowheads) was present after 
4 months of training (C). In the right forelimb, mild tendinopathy (grade 2 le-
sion; arrowhead) was present after 2 months of training (E), which progressed 
to moderate tendinopathy (grade 3 lesion; arrowheads) after 4 months of 
training (F). The SDFT of both limbs had evidence of peritendinous swelling 
(*) after 4 months of training; it was moderate in the right forelimb (F) and 
severe in the left forelimb (C). In all panels, palmar is to the top. See Figure 2 
for remainder of key.Gall
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the left limbs, which were the limbs on the inside 
of the turns during race training. That finding, par-
ticularly in regards to the incidence of SDFT lesions, 
concurs with descriptions of musculoskeletal lesions 
in Thoroughbred and Arabian racehorses44–46 and 
suggested that race training should be conducted in 
a clockwise as well as counterclockwise direction 
around the track.

Two of the 6 horses of the hard-track group that 
developed bilateral tendinopathy of the forelimb SDFT 
became clinically lame, and the training program for 
those 2 horses had to be modified (decrease in inten-
sity), which likely resulted in underestimation of the 
number and severity of lesions detected in that treat-
ment group. Despite that underestimation, the horses 
of the hard-track group developed a greater number 
and more severe limb lesions than did the horses of the 
soft-track group, which supported our hypothesis that 
the number and severity of musculoskeletal lesions in 
both the forelimbs and hind limbs of horses trained 
on the hard sand track would be greater than those of 
horses trained on the soft sand track.

Results of the present study indicated that horses 
involved in harness racing and trained on a track with 
a hard surface developed a greater number of lesions 
and lesions of greater severity than did similar horses 
trained on a track with a soft surface. This confirmed 
that track surface firmness is a risk factor for muscu-
loskeletal injuries in horses trained for harness racing.
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Appendix 1
Outline of the 4-month (16-week) training protocol used in a study to evaluate the effect of track surface 
firmness on the development of musculoskeletal injuries in twelve 3-year-old French Trotters.

Week	 Distance and speed for each training session

1 to 2	 10,000 m at 25 km/h.
3 to 5	 5,000 m at 25 km/h and 5,000 m at 30 km/h.
6 to 9	 5,000 m at 25 km/h and 5,000 m at 35 km/h.
10 to 11	 5,000 m at 25 km/h and 5,000 m at 37.5 km/h.
12 to 13	 5,000 m at 25 km/h and 5,000 m at 40 km/h.
14 to 16	 5,000 m at 25 km/h followed by two 2,000-m segments at 35–40 km/h. Within 	
	   each of those 2 segments, 200 m were ran at a maximal speed (ie, between 
	   40 and 45 km/h).

 Six horses were evaluated during the summer of 2012 and the remaining 6 horses were evaluated during 
the summer of 2013. Horses were paired on the basis of sex and body mass. Within each pair, horses were ran-
domly assigned to 1 of 2 treatment groups (ie, were trained on a sand track with either a hard or soft surface). 
Horses in both treatment groups were trained by the same professional trainer for 4 months and were trained 
exclusively on the assigned track. Horses were trained 3 times/wk throughout the training period, except for 
week 9 during which horses underwent midprotocol clinical and imaging examinations and were trained only 
twice. Horses were maintained in paddocks when they were not being trained. Each training session except 
for those during weeks 14 to 16 consisted of a 5,000-m warm-up period followed by a 5,000-m work period 
as outlined.
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Appendix 2

Technical parameters used for the various MRI sequences obtained for each metacarpophalangeal and metatarsophalangeal (fetlock) 
joint and both forefeet of the horses in Appendix 1.
Anatomic	 MRI		  Repetition	 Echo time	 Inversion	 Flip	 Slice	 Space between     	Matrix	 Field of	
region 	 sequence	 Plane	 time (ms)	  (ms)	 time (ms)	 angle (°)	 thickness (mm)	 slices (mm)	 (pixels)	 view (mm)

Fetlock joint	 T1 GRE	 Transverse and sagittal	 50	 8	 —	 55	 5	 6	 256 X 256	 160
	 STIR FSE	 Transverse and sagittal	 2,000	 22	 95	 90	 5	 6	 256 X 256	 170
	 T2 FSE MI	 Transverse	 1,544	 88	 —	 90	 5	 6	 256 X 256	 170
Forefoot	 T1 3-D GRE HR	 Frontal	 24	 8	 —	 40	 2.5	 —	 512 X 512	 170
	 T1 3-D GRE	 Transverse	 23	 7	 —	 40	 4	 —	 256 X 256	 170
	 T2 FSE	 Transverse	 1,681	 88	 —	 90	 5	 6	 256 X 256	 170
	 T2*oW 3-D GRE HR	 Frontal	 33	 13	 —	 26	 2.5	 —	 512 X 512	 170
	 STIR FSE	 Sagittal	 3,220	 27	 95	 90	 5	 6	 256 X 256	 170

All horses underwent MRI examination before initiation, during week 9, and at the completion of the 4-month training protocol. The forefeet 
were scanned only for the 6 horses evaluated in 2013. The inversion time for the STIR FSE sequence varied depending on the horse and conditions 
of examination (preset value of the inversion time in the system = 95 milliseconds), and the optimal inversion time was set by use of the STIR TEST 
sequence acquired just prior to the STIR FSE sequence. 

— = Not applicable. T1 3-D GRE HR = High-resolution T1 3-D GRE. T2 FSE MI = T2 FSE with motion correction. T2*oW 3-D GRE HR = 
High-resolution T2 3-D GRE out of phase. 

Appendix 3
Grading system used to evaluate severity of musculoskeletal lesions observed on ultrasonographic 
images of the horses of Appendix 1.

Grade	 Definition

0	 No lesions observed (clinically normal).
1	 Discrete focal hypoechoic lesion.
2	 Mild hypoechoic to anechoic lesion that involves < 10% of the cross-	
	   sectional area of a tendon and extends < 2 cm in a proximodistal manner.
3	 Moderate hypoechoic to anechoic lesion that involves < 30% of the cross-	
	   sectional area of a tendon and extends 2 to 6 cm in a proximodistal 	
	   manner.
4	 Severe, mostly anechoic lesion that involves ≥ 30% of the cross-sectional 	
	   area of a tendon and extends > 6 cm in a proximodistal manner.

	 Definition

	 Distal condyles of the third metacarpal or metatarsal bones and PSBs	 Distal phalanx

Grade	 T1 sequences	 STIR sequences	 STIR sequences

0	 No lesions observed.	 No lesions observed.	 No lesions observed.

1	 Focal or mild decrease in SI adjacent to subchondral bone, 	 No lesions observed.	 Focal or mild increase in SI along
	   more prominent focal lines of low SI consistent		    the dorsal margin (parietal surface).		
 	   with focally increased trabeculare bone density.

2	 Limited zone of mild decrease in SI that affects < 25% 	 Focal zone or mild increase in SI.	 Increase in SI on the dorsal margin 		
  	   of the metacarpal or metatarsal condyle, or mild decrease in SI			  to the dorsal aspect of the semilunar sinus.
	   of the trabecular bone of the PSBs.

3	 Decrease in SI that affects between 25% and 50% of the metacarpal 	 Local zone of increased SI that 
	   or metatarsal condyle, or moderate decrease in SI	   affects < 25% of the metacarpal.		 Increase in SI that extends from the body
	   of the trabecular bone of the PSBs.	   or metaytarsal condyle, or moderate	    of the distal phalanx up to the semilunar line.	
		    increase in SI of the PSBs.	
4	 Wide zones of markedly decreased SI that affects > 50% of the metacarpal 	 Wide zones of increased SI that 	 Marked increase in SI that extends in a palmar
	   or metatarsal condyle, or a severe decrease in SI of the trabecular bone 	   affects ≥ 25% of the metacarpal or	   direction from the dorsal margin of the
	   of the PSBs.	   metatarsal condyle or severe increase 	   phalanx to the semilunar line.
		    of the PSBs.

PSB = Proximal sesamoid bone. SI = Signal intensity.

Appendix 4
Grading system used to evaluate severity of musculoskeletal lesions observed on MRI sequences of the horses of Appendix 1.
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