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Musculoskeletal injuries are responsible for a high 
rate of racehorse attrition.1 Even with the best 

outcomes, musculoskeletal injuries in racing Thor-
oughbreds result in loss of income, lower field num-
bers, and fewer career starts, while in the worst cir-
cumstances they result in loss of use or loss of life 
for the horse and life-altering or -ending injuries to 
the jockey.2 The word “catastrophic” is often used in  
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describing these events, as they are so sudden and 
the outcome is so dire at multiple levels when they 
do occur. It has been widely reported that the major-
ity of these horses have preexisting pathology be-
fore the catastrophic event.3–5 The common miscon-
ception that catastrophic injuries occur as a result of 
“stepping in a hole” or “taking a bad step” is not sup-
ported by pathological findings and has been consis-
tently disproven. The California Postmortem Study 
identified common and consistent lesion character-
istics and locations specific to individual bones.6 The 
consistency of the lesions’ configurations and loca-
tions supports the theory that the forces that cause 
these injuries are similar among the population and 
not the result of an isolated event.6 Furthermore, the 

OBJECTIVE
To describe the process whereby the screening of racing Thoroughbreds with accelerometer-based inertial mea-
surement unit (IMU) sensors followed by clinical evaluation and advanced imaging identified potentially catastroph-
ic musculoskeletal injuries in 3 horses.

ANIMALS
3 Thoroughbred racehorses.

CLINICAL PRESENTATION
All cases demonstrated an abnormal stride pattern either during racing (cases 1 and 2) or while breezing (case 3) 
and were identified as being at very high risk of catastrophic musculoskeletal injury by an algorithm derived from 
IMU sensor files from > 20,000 horses’ race starts. Veterinary examination and 18F-sodium fluoride (18F-NaF) posi-
tron emission tomography were performed within 10 days of the respective race or breeze in each of the cases.

RESULTS
The intensity and location of the 18F-NaF uptake in the condyles of the third metacarpal bone in cases 1 and 2 identi-
fied them as at potential increased risk of condylar fracture. The pattern and intensity of the 18F-NaF uptake in case 3 
indicated that the third carpal bone was likely responsible for the horse’s lameness, with an impending slab fracture 
subsequently identified on radiographs. Following periods of convalescence, cases 1 and 2 returned to racing and 
were identified by the sensor system as no longer being at high risk of catastrophic musculoskeletal injury. Case 3 
returned to training but has yet to return to racing.

CLINICAL RELEVANCE
When worn by Thoroughbreds while racing or breezing, these IMU sensors can identify horses at high risk of cata-
strophic musculoskeletal injury, allowing for veterinary intervention and the potential avoidance of such injuries.
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identification of preexisting pathologies in the forms 
of periosteal new bone formation at fracture sites, 
osteonecrosis, and stress fractures supports the con-
clusion that catastrophic injuries are the result of an 
ongoing acute or chronic disease process.4,6,7

The dilemma that exists is that these preexist-
ing pathologies and disease processes often do not 
seem to be clinically apparent. This results in horses 
being deemed sound and fit to race by trainers and 
veterinarians alike. These horses continue to train 
and race until they suffer a career- or life-ending in-
jury. At the time of the creation of the Jockey Club’s 
Equine Injury Database in 2009, the incidence of 
race-day–related fatalities was 2.0 for every 1,000 
starts. This figure had decreased to 1.25 for every 
1,000 starts in 2022.8 While this number includes 
nonmusculoskeletal sudden death fatalities, it does 
not account for fatalities in training, and mandated 
reporting of fatalities is not implemented across all 
American racing jurisdictions. The reduction in fa-
talities since the birth of the Equine Injury Database 
is largely owed to an increase in prerace veterinary 
oversight, tighter racing regulations surrounding 
medication usage, and modifications in training re-
gimes and track surfaces.9

While improvements have been made, there is 
no denying that horse racing’s social license to op-
erate has come under renewed pressure because 
of these catastrophic injuries.10 This, along with the 
well-supported evidence that the processes lead-
ing to catastrophic injuries are often developing for 
months prior to the terminal event, beseeches the 
Thoroughbred racing industry to seek and imple-
ment a method to identify these at-risk horses be-
fore they suffer a catastrophic injury.

Nowadays, human athletes are fitted with bio-
metric sensors that record their biodata while they 
perform across a multitude of disciplines. However, 
the same is not true for equine athletes and there 
has been a lag within Thoroughbred racing in the 
application of available technologies involving wear-
able biometric sensors. Recently, a preliminary re-
port11 has been published that documents the use 
of biometric sensors during races to identify horses 
at risk of serious musculoskeletal injury. These are 
accelerometer-based inertial measurement unit 
(IMU) sensors that continuously record the locomo-
tory movements of horses at racing speed at a high 
frequency (> 2,000 data points/s; StrideSAFE). From 
the records collected from > 20,000 races, an algo-
rithm has been developed to analyze the movements 
of the limbs and torso of racing Thoroughbreds. 
These sensors, which are carried in a pocket located 
in the saddle cloth behind the saddle, identify horses 
at greatest risk of suffering a musculoskeletal injury 
if they continue to train and race.11 The use of these 
sensors has expanded in recent years, and from April 
29 through July 3, 2023, they were worn by every 
horse racing at Churchill Downs and Ellis Park race-
tracks in Kentucky and by a select group of horses 
in training at those tracks. A number of horses were 
identified as being at high risk for future catastroph-
ic injury, and several were presented for additional 

evaluation. This is a report of 3 such cases placed in 
the highest risk category following races or breezes 
at Churchill Downs.

Methods
The sensors used were developed by Stride-

MASTER. They utilized integrated Global Positioning 
System (GPS) technology with an accelerometer-
based IMU system to record the velocities, changes 
in rates of motion of individual limbs, and position 
in space of horse movements in 3 dimensions while 
the horses raced or breezed.11 The IMU consisted 
of 3 commercially available micromachined micro-
electromechanical system accelerometers with a 
maximum of 16 G in each dimension at a sampling 
rate of 800 Hz, for a combined total of 2,400 G force 
measurements/s. Filters were designed to suppress 
noise and allow the critical features of dorsoventral, 
longitudinal, and mediolateral movement dynamics 
to pass to the algorithms characterizing the motion 
and strides for risk assessment.

Each individual horse’s data were plotted against 
time to produce a file that represented its stride pat-
tern. A risk factor regression algorithm was derived 
with commercially available modeling software 
(MATLAB; The Mathworks Inc). The predicted risk 
factor was determined by comparing an individual 
horse’s stride pattern to an established ideal pat-
tern drawn from the stride files of 37 graded stakes–
winning horses. These served as a baseline against 
which the strides of all other horses were compared 
(Figure 1). The stride patterns of the graded stakes 
winners were selected as representing the ideal be-
cause, on the basis of retrospective scrutiny of thou-
sands of horses of all abilities, the strides of graded 
stakes winners demonstrated the least variation 
from stride to stride, thereby giving the model the 
greatest degree of uniformity.

Stride patterns were characterized by extracting 
a set of signal features related to acceleration, jerk, 
velocity, track position, and timing dynamics from 
the 3 dimensions of the horses’ movements. These 
features were extracted from calibrated and normal-
ized stride patterns and applied to a quadratic re-
gression algorithm model. The model was derived by 
use of a machine learning algorithm from a training 
set of horses each with a known number of SDs from 
the ideal and for which a risk factor had subsequent-
ly been generated by considering the percentage 
of horses in this SD category that suffered a cata-
strophic injury. The algorithm was trained to predict 
risk category on the basis of the extent to which 
the stride pattern deviated from the ideal stride in 
the direction of characteristics previously observed 
in horses that had suffered catastrophic musculo-
skeletal injuries. The likelihood of a horse suffering 
such an injury was calculated for each risk factor via 
a retrospective analysis of the percentage of horses 
in each category that had suffered a fatal or career-
ending musculoskeletal injury. These percentages 
were compared to those associated with the results 
for the lowest risk category that was risk factor = 1.
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Risk status was categorized as 1 through 5. Using 
the ideal stride as the mean, risk factor = 1 was as-
signed to horses that produced a stride pattern that 
was ≤ 2 SDs from the mean. Horses with a risk factor 
= 2 produced a stride pattern that was in the range 
of > 2 to 3 SDs from the mean and, on the basis of 
catastrophic injury data from a population of 6,618 
race starts in the database, were 18 times more likely 
to suffer a fatal or career-ending injury than horses in 
the lowest risk category. Those given a risk factor = 
3 produced a stride that was between > 3 and 4 SDs 
from the ideal mean and were 86 times more likely 
to suffer a fatal or career-ending injury than horses 
in the risk factor = 1 category. Risk factor = 4 horses 
produced a stride pattern that ranged from > 4 to 5 
SDs from the mean and were 313 times more likely 
to suffer a fatal or career-ending injury than horses 
in the lowest risk category, and risk factor = 5 horses 
produced a stride pattern that was > 5 SDs from the 
mean (Figure 1) and were 950 times more likely to 
suffer a fatal or career-ending injury than horses with 
a risk factor = 1. The incidence of risk category 1 as-
sessments in this database of 6,618 starts was 70%, 
category 2 was 16.5%, category 3 was 7%, category 4 
was 3%, and category 5 was 3.5%.

In the 66-day assessment period, stride pat-
tern files were collected from 1,567 race starts. One 
hundred thirty-five horses were assessed as having 
a risk factor = 5. Six of them suffered catastrophic 
breakdowns while wearing the sensors for the first 

time. Efforts were made to contact the trainers of all 
the other horses to discuss their risk category and to 
follow-up with them regarding the horse’s postrace 
soundness. Forty-two trainers who were responsible 
for 93 (69%) of the risk factor = 5 horses were suc-
cessfully reached by phone and/or text. Prior to con-
tacting these trainers, the horses’ races and breezes 
were reviewed and their stride patterns were stud-
ied by a team of 3 veterinarians trained in interpret-
ing the sensor data (DMS, MH, DHL). The resultant 
conclusions and associated recommendations were 
communicated to the horses’ trainers. However, most 
details of any subsequent veterinary interventions, 
management changes, or injury events were lost to 
follow-up, although 38 horses had either delayed (> 
80 days) or nonreturn to racing for unknown reasons 
11 months later. The trainers of 7 of the horses kept 
in close contact with 2 of the authors (DMS, DHL) 
with respect to the status of their horses. The find-
ings from the subsequent clinical evaluations of 3 of 
these horses are described in this case series.

Results
Case 1

A 3-year-old colt making its eighth lifetime start 
was categorized as a risk factor = 3 following the first 
race in which data on its stride were collected by the 
IMU sensors. The horse raced again 37 days later, with 

Figure 1—Graphical representa-
tion of an ideal single stride of a 
racing Thoroughbred (A; risk fac-
tor = 1) and that of a horse at very 
high risk of suffering a future cata-
strophic musculoskeletal injury (B; 
risk factor = 5, case 2) based on the 
algorithmic interpretation of data 
collected by use of an inertial mea-
surement unit sensor system worn 
while the horse was racing. Each 
of the strides shown is actually a 
computer-generated composite of 
20 consecutive strides, as there is 
usually some minor variation from 
stride to stride in all horses. The 
sensor system measured locomo-
tory accelerations and decelera-
tions in 3 planes, each of which is 
represented by a different line on 
the figure. The stride begins when 
the first hind limb strikes the ground 
and ends when the same limb again 
contacts the ground. For dorsoven-
tral movements, deflections above 
the x-axis reflect upward motions. 
With respect to longitudinal move-
ments, downward deflections re-
flect limbs pushing off the surface, 
while upward deflections indicate 
braking forces on the limbs. Up-
ward deflections in the mediolateral 
plane reflect movements to the left, 
and downward deflections indicate 
movements to the right.
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2 timed breezes in this intervening period. The second 
set of racing data obtained for this horse assigned a 
risk factor = 5, indicating deterioration of the stride 
pattern from that recorded in the previous race. The 
stride pattern produced in the second race showed 
increased mediolateral acceleration and movement 
to the left and less to the right during the front limb 
phase of the stride. This indicated that the horse was 
spending less time with its right front quadrant on 
the ground than with the left front quadrant. This was 
consistent with the stride pattern of the first race, al-
beit of greater magnitude in the latter race. The race 
footage was reviewed, and the trainer was contacted 
to discuss the sensor findings. The trainer and their 
veterinarian were concerned with the horse’s comfort 
on postrace examination. After a radiograph identi-
fied an area of slight radiolucency in the right fetlock, 
the horse underwent a standing positron emission 
tomography (PET) scan 10 days following the sec-
ond race. All 4 fetlocks and both carpi and tarsi were 
imaged with 18F-sodium fluoride (18F-NaF). These 
images were interpreted by a board-certified radi-
ologist. The most pertinent findings were that there 
was marked focal increased 18F-NaF uptake at the 
axial aspect of the lateral palmar condyle of the right 
front fetlock, with palmar proximal extension as well 
as moderate regional dorsodistal increased 18F-NaF 
uptake in the dorsal supracondylar area of the third 
metacarpal bone (MC3; Figure 2). This uptake was 
indicative of remodeling at the axial aspect of the lat-
eral palmar condyle, potentially involving the lateral 
parasagittal groove along with hyperextension stress 
remodeling of the fetlock. On the basis of the loca-
tion, shape, and intensity of the uptake, this lesion 
was considered to be at risk of progressing to a lat-
eral metacarpal condylar fracture. Three to 6 months’ 
rest was recommended along with potential struc-
tural imaging to determine whether surgery was in-
dicated. Following these recommendations, the horse 
was taken out of training. Structural imaging was not 
obtained. The horse resumed breezing 139 days later 

and has since returned to racing. At the time of writ-
ing, the horse had raced once and had been assigned 
a risk factor = 2.

Case 2
A 3-year-old colt making its ninth lifetime start 

was assigned a risk factor = 5 during the first race in 
which it carried the sensor system. The colt had worn 
the sensor system while breezing 3 days prior to this 
race and at that time produced an irregular stride pat-
tern similar to that produced while racing. The stride 
pattern indicated that the left front quadrant was the 
area of greatest concern (Figure 1). The race footage 
was reviewed, and the horse’s trainer was contacted to 
discuss the findings. Although the trainer’s veterinar-
ian examined the horse and determined it to be sub-
jectively sound, they and the trainer elected to per-
form a standing PET scan, including all 4 fetlocks and 
both carpi and tarsi. The procedure was performed 5 
days following the race. The images were interpreted 
by a board-certified radiologist, with the pertinent 
findings involving both front fetlocks. The left front 
fetlock showed a focal, marked increase in 18F-NaF 
uptake within the palmaromedial subchondral bone 
of distal MC3, at the axial aspect of the condyle. The 
uptake’s greatest dimension was in a proximal-distal 
direction. There was minimal increased 18F-NaF up-
take within the palmarolateral subchondral bone of 
distal MC3 and mild, focal increased 18F-NaF uptake 
at the dorsal aspect of the supracondylar region of 
distal MC3. Within the right front fetlock, there was 
local, moderate to marked increased 18F-NaF uptake 
within the palmar subchondral bone of the medial and 
lateral condyles of distal MC3. There was a focal, mild 
increase in 18F-NaF uptake at the dorsal apical aspect 
of the lateral proximal sesamoid bone and multifocal 
moderate increased 18F-NaF uptake along the dorsal 
supracondylar region of distal MC3, along with focal, 
mild increased 18F-NaF uptake within the dorsal cor-
tex of distal MC3, approximately 2.5 cm proximal to 
the supracondylar site of uptake. The most significant 

Figure 2—Multiplanar reformatted images, lateral view (A), transverse view (B), and dorsal view (C), of 18F-sodium 
fluoride (18F-NaF) positron emission tomography (PET) data of the right front fetlock of case 1. Lateral is to the left of 
the images. Marked increased 18F-NaF uptake was identified in the axial aspect of the lateral palmar condyle (long ar-
rows) and moderate 18F-NaF uptake in the dorsodistal supracondylar area of the third metacarpal bone (short arrow).
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of these findings was the increased uptake in the left 
front medial palmar condyle of MC3 (Figure 3). The 
high 18F-NaF uptake combined with the axial loca-
tion, proximal-distal extension, and asymmetry with 
the right front fetlock suggested maladaptive stress 
remodeling with an increased risk for medial metacar-
pal condylar fracture. No training for 60 to 90 days 
with a repeat of the PET scan at 60 days was recom-
mended to reassess rehabilitation before resuming 
training. The horse was removed from training and 
rehabilitated with paddock turnout and a slow return 
to exercise. A follow-up PET scan was not obtained. 
The horse resumed breezing 132 days after the race 
from which it was assigned a risk factor = 5. It subse-
quently raced twice and was assigned a risk factor = 
1 both times.

Case 3
A 4-year-old intact male wore the sensor system 

when breezing on 3 consecutive occasions. It pro-

duced an abnormal loading pattern, with increased 
mediolateral acceleration to the left during the front 
limb phase of this stride, indicating that it was over-
loading its left front quadrant. The stride pattern de-
teriorated over successive breezes, becoming consis-
tent with that of a risk factor = 5. The trainer and their 
veterinarian were informed of the findings. The trainer 
disclosed that the horse had returned to training 2 
months earlier following a 6-month lay-up, which was 
implemented as conservative management of a non-
displaced sagittal slab fracture of the radial facet of 
the right third carpal bone. The trainer’s veterinarian 
examined the horse and found it to have a score of 
2/5 on the right front limb according to the American 
Association of Equine Practitioners Lameness Scale. 
Eight days after its latest breeze, the horse under-
went a standing PET scan to further investigate the 
lameness. All 4 fetlocks and both carpi were imaged. 
The most significant findings were those of the right 
carpus and left front fetlock (Figure 4). The left front 

Figure 3—Multiplanar reformatted images, lateral view (A), transverse view (B), and dorsal view (C), of 18F-NaF PET data 
of the left front fetlock of case 2. Lateral is to the right of the images. Marked 18F-NaF was identified within the palma-
romedial subchondral bone of the distal third metacarpal bone at the axial aspect of the medial condyle (long arrows).

Figure 4—Multiplanar reformatted images, lateral view (A), transverse view (B), and dorsal view (C), of 18F-NaF PET 
data of the right carpus of case 3. Lateral is to the left of the images. Moderate regional increased 18F-NaF uptake was 
seen through the compact subchondral bone of the medial-proximal third carpal bone (long arrows).
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fetlock showed moderate focal increased 18F-NaF 
uptake at the axial aspect of the lateral palmar meta-
carpal condyle and minimal focal increased uptake at 
the center of the medial palmar metacarpal condyle. 
There was also minimal focal increased uptake at the 
dorsoaxial aspect of the left medial sesamoid bone 
along with moderate regional increased uptake at 
dorsomedial MC3 in the supracondylar area. Mild focal 
increased uptake at dorsal central MC3 in the supra-
condylar area was noted in the right front fetlock. The 
right carpus had moderate regional increased uptake 
through the compact subchondral bone of the medi-
al-proximal third carpal bone. The remodeling of the 
right third carpal bone was determined to be the most 
significant finding and the probable explanation for 
the lameness. An asymmetric uptake pattern in the 
front fetlocks was considered to be related to the right 
front lameness of carpal origin, with minimal changes 
in the right front fetlock and more remodeling of the 
left front fetlock likely due to increased loading of the 
latter in the face of the right carpal lesion. Further 
supporting this was the uptake pattern in the left front 
fetlock, which deviated from the more typical pattern 
of medial uptake of 18F-NaF being greater than lat-
eral uptake.12,13 Following the PET scan results, radio-
graphs were obtained of both carpi and front fetlocks. 
The right third carpal bone showed marked sclerosis 
with a lucent region indicative of an impending slab 
fracture along with subchondral bone remodeling of 
both front distal MC3s. The horse was given time off 
from training with regular paddock turnout and a slow 
return to exercise. It resumed breezing 156 days later 
but has yet to return to racing.

Discussion
The spectacle of a galloping horse suddenly 

falling to the ground after suffering a catastrophic 
musculoskeletal injury is calamitous to witness. Such 
injuries have been a tragic part of many high-speed 
equine competitive events since time in memoriam, 
and identifying horses at greatest risk of incurring 
such injuries has been a clinical conundrum that has 
resisted resolution for just as long, despite the fact 
that about 93% of these horses have preexisting sub-
clinical pathologies at the site of the ultimate inju-
ry.14 These lesions are seemingly subclinical because 
the horses harboring them appear to be sound at the 
walk and the trot. Were they not, they would not be 
in the race in which they suffer a catastrophic mus-
culoskeletal injury. However, it is apparent that the 
sensations and forces experienced by the limbs of a 
horse galloping at stride frequencies of up to 150/
min are very different from those associated with 
walking and trotting.15 When racing, each limb is in 
contact with the ground for < 100 milliseconds and 
is accelerating and decelerating so fast that it evades 
visual detection.

It is important to differentiate between the 
function of GPS-based devices and accelerometers. 
Global Positioning System–based devices determine 
a horse’s instantaneous location and, when it is mov-
ing from one point to another, calculate the distance 

between the 2 points and the time it took the horse 
to go from the first to the second point, and express 
these measurements as the horse’s speed. The ac-
curacy of these measurements can vary greatly. For 
example, the GPS in the sensor used in the described 
cases is accurate to within 10 cm, while the accu-
racy of that in a smartphone is about 5 m. By con-
trast, the accelerometer-based IMU sensors worn by 
the horses featured in the described series of cases 
are determining the rates of change in momentum 
per unit change in time (ie, acceleration or decelera-
tion) in the dorsoventral, longitudinal, and mediolat-
eral planes as indirect measurements of the forces 
(F) being experienced, in accordance with Newton’s 
second law of motion (F = ma, where m = the mass 
being accelerated and a = acceleration or decelera-
tion). By virtue of the high frequency of their mea-
surements, these IMUs are the first that have been 
demonstrated to effectively record the forces and 
vibrations to which a horse’s body is being subjected 
during a gallop at maximum speed.

The frequencies at which these sensors can re-
cord movements in the dorsoventral, longitudinal, 
and mediolateral planes and the resultant algorithm 
that is applied to these recordings have been central 
to the ability of this sensor system to detect motions 
that are far from what is ideal for racehorses at these 
speeds and are at increased risk of sustaining a cata-
strophic injury. The degree to which this risk factor 
is elevated has been categorized at levels that range 
from 2 to 5, with the risk increasing as the number in-
creases when compared to the minimal risk factor = 1. 
Thus, this accelerometer-based IMU sensor system is 
not a diagnostic instrument. Rather, it serves as a risk 
assessment tool with which to screen horses during 
races and breezing and to assign them to 1 of 5 risk 
factor categories. This includes identifying those most 
at risk of suffering a catastrophic injury should they 
continue to train and race. As demonstrated by the 
3 cases described herein, it still requires a thorough 
veterinary clinical evaluation to diagnose the problem 
or problems afflicting the horse. Use of advanced im-
aging and other technologies may be essential parts 
of the actual diagnostic process given that many of 
these cases appear sound to the naked eye.

While every effort was made to notify the train-
ers of horses assigned a risk factor = 5 regarding the 
heightened catastrophic injury risk of their horses 
and to communicate recommendations regarding 
the need for a follow-up veterinary diagnostic evalu-
ation, we are unsure of how successful these efforts 
were. Some phone calls were not returned, and many 
of the horses that raced at Churchill Downs and  
Ellis Park during the sensor data–collection period 
did not train at these tracks. For unknown reasons 
(and there are many possibilities), 38 of these horses 
had not returned to racing 11 months later.

Identifying “false positives” and “false nega-
tives” is a metric that is often calculated when evalu-
ating the sensitivity and specificity of a diagnostic 
test. However, calculating such a number is irrelevant 
in relation to the use of this IMU sensor system for 
several reasons. First, the assessment of the IMU 
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stride pattern by the algorithm does not constitute 
a diagnostic test. It is a risk assessment tool. The 
algorithm assesses the level of risk of catastrophic 
breakdown on the basis of the recorded stride pat-
tern and assigns each horse to 1 of 5 risk factor cat-
egories. Every horse is at some degree of risk every 
time it races or breezes. The level of risk is very low 
for the approximately 70% of horses with a risk fac-
tor = 1, but it is not zero. The risk factor for the re-
maining approximately 30% of horses varied from 18 
(risk factor = 2) to 950 (risk factor = 5) times higher 
than that for risk factor = 1 horses. It is important 
to keep in mind that, at the current stage in the de-
velopment of the sensor system and its associated 
algorithm, the risk assessment factor is based on the 
population of horses, race starts, and injuries in the 
database and may not exactly reflect the level of risk 
to an individual horse. As the use of the IMU sensor 
system increases, it is hoped that the number of files 
for individual horses will also grow and eventually 
enable the level risk of catastrophic injury to be more 
individualized to a given horse. The algorithm in use 
is regularly updated as data from more horse starts 
and injuries are added. As such, the algorithm is a 
dynamic instrument and, as the database increases, 
it can be expected that there will be some change in 
the likelihood of catastrophic injury associated with 
each risk category. It is anticipated that with further 
data the algorithms will be more capable of pinpoint-
ing those horses at greatest risk.

The primary aim of using this sensor system is 
to eventually prompt an appropriate clinical evalu-
ation that leads to an intervention that prevents the 
occurrence of a catastrophic injury in 100% of the 
most at-risk horses (risk factor = 5). While there 
were no regulations mandating advanced diagnostic 
imaging for horses with a risk factor = 5, several of 
these horses’ trainers with whom contact was made 
eventually sought advanced diagnostic evaluations 
including PET scans. In all but the 3 cases described 
herein, those horses had continued to breeze and 
sometimes race without wearing sensors after their 
trainers were informed of concerns regarding their 
risk for catastrophic injury. In all cases of horses with 
a risk factor = 5 that were presented for PET scans, 
the images revealed areas of increased uptake of  
18F-NaF that were compatible with increased risk of 
such injuries. We elected to report on the 3 cases 
that were evaluated within 10 days of being assigned 
a risk factor = 5 because they had not been breezed 
subsequent to that race, whereas in the other cases, 
the possibility that there had been additional dam-
age to 1 or more limbs could not be ruled out.

In this case series, the data collected using these 
sensors, coupled with assessment of the horse’s risk 
factor by the algorithm, provided an unprecedented 
objective depiction of the forces of locomotion pro-
duced by individual horses at racing speed. In these 
3 clinical cases, the IMU sensor system measured 
these forces in 3 directions—dorsoventral, mediolat-
eral, and longitudinal—collecting 800 data points/s 
in each direction for a total of 2,400 points/s. The 
format in which data were displayed allowed us to 

observe variations in motion forces in each limb and 
phase of the stride. Marked deviations from the norm 
in the mediolateral plane gave us the potential to 
identify the quadrant that was at the greatest risk 
of injury, thereby providing vital information to the 
horses’ veterinarians and trainers and guiding them 
in their clinical evaluation of the horse.

Prerace examination of Thoroughbreds includes 
watching the horse in motion while trotting in hand in 
a straight line on a firm, level surface. The same is typ-
ical for the majority of equine soundness evaluations, 
be they carried out by a trainer or their veterinarian. 
The trot is a 2-beat symmetric gait consisting of a di-
agonal sequence of the 2 contralateral pairs of fore- 
and hind limbs. During the trot, the head and pelvis 
move up and down at equivalent amplitudes twice per 
stride. The ground contact time of each limb at the 
trot is similar.16 Depending on the phase of the stride 
in which discomfort is felt by a horse, it may easily ad-
just its movement to increase propulsion from a sound 
limb and decrease shock absorption in a painful limb. 
The result is an asymmetric vertical head and pelvic 
movement.15 This asymmetry, depending on its mag-
nitude, can be observed visually or measured objec-
tively with the use of inertial sensors.17 The trot differs 
significantly from the gallop, which is an asymmetric 
4-beat gait. In the gallop, the forelimbs land asyn-
chronously and are followed by an airborne phase.13 
The horses also change lead legs. During the airborne 
phase, the hind limbs draw forward, tuck under the 
horse, and then land individually in close succession, 
in the same sequence as the corresponding forelimbs. 
As each limb has its own function and ground contact 
time, when pain is felt in a limb at the gallop, the gait 
adjustments made by the horse to alleviate discom-
fort are not as readily apparent as with the asymme-
tries seen at the trot.

Not every horse that exhibits discomfort and 
deviations from the ideal stride at a racing gallop 
will exhibit lameness at a trot. Due to its viscoelastic 
properties, the response of bone to load depends on 
the rate of application of the load.18 The bending and 
torsional loads exerted on the distal limb are greater 
during high-speed work, and discomfort felt when the 
bone is under these conditions at a gallop might not 
be elicited during the trot.18 This can pose a problem 
for the veterinarian examining the horse. The poten-
tial for the IMU sensor system to suggest the quadrant 
or quadrants at risk offers the veterinarian an area to 
focus on when examining a horse that has been iden-
tified as being at high risk for catastrophic injury when 
galloping but is subjectively sound at a trot. In doing 
so, it may facilitate the identification of an area for di-
agnostic imaging and reaching a diagnosis. It should 
be noted that improving the ability of the sensors’ al-
gorithm to better identify the quadrant or quadrants 
at greatest risk of catastrophic injury requires addi-
tional clinical data from more risk factor = 5 horses 
to enable fine-tuning and improvement of the algo-
rithm. Furthermore, increasing the number of planes 
in which data are recorded could enhance the sensi-
tivity of the sensor system with respect to assessing a 
horse’s at-risk status.
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The horses in this case series each underwent 
advanced imaging in the form of an 18F-NaF PET 
scan within 10 days of being assigned a risk factor 
= 5. No further fast exercise was undertaken in this 
period, thereby maximizing the likelihood that the 
abnormalities identified on the PET scan were asso-
ciated with the source of the risk factor = 5 score. 
Positron emission tomography provides “functional” 
or “molecular” imaging, in that it identifies areas of 
increased bone remodeling or soft tissue metabo-
lism, often doing so before any structural changes 
are evident.12,13,19–21 Imaging these horses with the 
standing PET unit provided some advantages, such 
as not requiring them to undergo general anesthe-
sia.22 Furthermore, it facilitated imaging of multiple 
sites in a short period of time, with a complete scan of 
a fetlock taking approximately 3 minutes. The intro-
duction of an on-site standing PET unit at Churchill 
Downs in the spring of 2023 made it accessible and 
convenient for horses being trained at the racetrack 
to utilize this amenity. However, while growing, the 
availability of standing PET when compared to that 
of CT or MRI is still comparably low. At the time of 
writing, 10 standing PET units exist in the US, with 3 
in the Commonwealth of Kentucky. Structural imag-
ing utilizing MRI or CT was not performed on these 
risk factor = 5 horses. Consequently, the extent to 
which these modalities can identify pathologies on 
horses deemed to be at highest risk by the sensor 
system remains to be ascertained.

The sites and distribution of increased 18F-NaF 
uptake in the fetlocks and carpus of the 3 cases in-
dicated that they were at increased risk of condylar 
fracture or fracture of the third carpal bone, respec-
tively, had they continued to train and race. Both 
types of injuries have the potential to be career- or 
life-ending. The 3 horses had been cleared to race 
and train by both the trainers’ veterinarians and the 
regulatory veterinarians in prerace examinations, as 
overt lameness was not evident when examined at 
a trot. The sensors’ identification of these horses as 
being at the highest risk of a serious musculoskeletal 
injury resulted in these horses undergoing increased 
clinical scrutiny, consequently receiving appropriate 
periods of convalescence and avoiding severe injury. 
All 3 of the horses have returned to training and in 2 
cases returned to racing where, on the basis of re-
cordings made by the same IMU sensor system, their 
risk of injury had been greatly reduced.

Currently, several commercially available inertial 
sensor systems exist that have been specifically de-
signed to utilize objective data to identify stride asym-
metry and lameness at the trot. However, application 
of these systems on horses at the gallop has not been 
transferable.17,23–25 While these have proven to be 
useful diagnostic aids when evaluating asymmetry 
at a trot, their application as mass screening tools is 
impractical in racing Thoroughbreds. This stems from 
the labor intensity involved in their data collection and 
lack of corroboration between asymmetry at the trot 
and deviations from the ideal stride at the gallop.

While not every horse that is assigned a risk fac-
tor = 5 will suffer a fatal catastrophic injury, the gait 

irregularities detected by the sensor system indicate 
a heightened susceptibility to musculoskeletal in-
juries. These injuries can also necessitate extended 
periods of convalescence and, in certain cases, sur-
gical intervention or retirement from racing if not 
identified early in their existence.1 These occur-
rences result in additional costs, loss of earnings, 
smaller racing fields, fewer lifetime starts, shorter 
racing careers, and limited opportunities for hors-
es to pursue a second career following retirement  
from racing.26–30

The data provided by the sensors worn by hors-
es racing and breezing at Churchill Downs and Ellis 
Park Racetrack identified the 3 horses described in 
this series of cases as being at high risk of a cata-
strophic musculoskeletal injury. Clinical evaluation 
included advanced imaging that identified lesions 
indicating pathological changes that, had they con-
tinued to train and race, might have resulted in cata-
strophic injury. These are the first published cases to 
have benefited directly from the use of this acceler-
ometer-based IMU sensor system. Recent advances 
in the use of this sensor technology in airplanes 
have led to the ability to record pitch, yaw, and roll, 
which are angular measures around the vertical and 
horizontal planes. Future inclusion of these measure-
ments in the sensor system utilized in these 3 cases 
may lead to a more comprehensive description of 
the stride characteristics of racing Thoroughbreds. 
The ongoing and widespread deployment of these 
accelerometer-based IMU sensors across race tracks 
can be expected to ultimately result in further re-
finement of the interpretive algorithm and enhance-
ment of the accuracy of at-risk quadrant identifica-
tion. As it stands, these sensors currently offer the 
greatest potential for use as a risk-assessment tool 
with which to identify racing and breezing horses at 
highest risk of suffering catastrophic musculoskel-
etal injuries. As demonstrated by the series of cases 
described herein, the continued and broader use of 
this sensor system, in combination with appropriate 
follow-up veterinary intervention, can further reduce 
the incidence of catastrophic life- and career-ending 
musculoskeletal injuries in the US and worldwide.

Acknowledgments
The authors extend their gratitude to Dr. Mathieu Spriet 

for his interpretation of the positron emission tomogra-
phy scan data. The authors also thank Dr. Will Farmer and 
Churchill Downs Inc for their support and cooperation in 
this study, and the trainers, owners, and veterinarians of the 
horses presented in this report.

Disclosures
A diagnostic imaging stipend was available to veterinar-

ians who wished to utilize such technology for further exami-
nation of horses that had been identified as being at high risk 
of catastrophic musculoskeletal injury by the accelerometer-
based inertial measurement unit sensor system. Drs. Lambert, 
Holmström, and Donohue are shareholders in StrideSAFE. The 
authors have no other conflicts of interest to disclose. 

No AI-assisted technologies were used in the generation 
of this manuscript.

Brought to you by Universidade de Sao Paulo | Unauthenticated | Downloaded 12/16/24 06:14 PM UTC



1250	 JAVMA  |  SEPTEMBER 2024  |  VOL 262  |  NO. 9

Funding
Funding for this study was from grants from the Ken-

tucky Horse Racing Commission’s Equine Drug Research 
Council and the Seattle Slew Fund in the College of Veteri-
nary Medicine at Washington State University.

ORCID
K. D. Donohue  https://orcid.org/0000-0003-4423-

6296

References
1.	 Setterbo JJ, Garcia TC, Campbell IP, et al. Hoof accelera-

tions and ground reaction forces of Thoroughbred race-
horses measured on dirt, synthetic, and turf track surfac-
es. Am J Vet Res. 2009;70(10):1220–1229. doi:10.2460/
ajvr.70.10.1220

2.	 Hitchens PL, Hill AE, Stover SM. The role of catastrophic 
injury or sudden death of the horse in race-day jockey 
falls and injuries in California, 2007–2012. Equine Vet J. 
2016;48(1):50–56. doi:10.1111/evj.12392

3.	 Stover SM, Johnson BJ, Daft BM, et al. An association be-
tween complete and incomplete stress fractures of the 
humerus in racehorses. Equine Vet J. 1992;24(4):260–
263. doi:10.1111/j.2042-3306.1992.tb02831.x

4.	 O’Sullivan CB, Lumsden JM. Stress fractures of the tibia 
and humerus in Thoroughbred racehorses: 99 cases 
(1992–2000). J Am Vet Med Assoc. 2003;222(4):491–498. 
doi:10.2460/javma.2003.222.491

5.	 Stover SM. The epidemiology of thoroughbred racehorse 
injuries. Clin Tech Equine Pract. 2003;2(4):312–322. 
doi:10.1053/j.ctep.2004.04.003

6.	 Stover SM, Murray A. The California Postmortem Pro-
gram: leading the way. Vet Clin North Am Equine Pract. 
2008;24(1):21–36. doi:10.1016/j.cveq.2007.11.009

7.	 Gray SN, Spriet M, Garcia TC, Uzal FA, Stover SM. Preex-
isting lesions associated with complete diaphyseal frac-
tures of the third metacarpal bone in 12 Thoroughbred 
racehorses. J Vet Diagn Invest. 2017;29(4):437–441. 
doi:10.1177/1040638717704866

8.	 The Jockey Club. Accessed February 11, 2024. https://
jockeyclub.com/default.asp?section=Advocacy&area=10

9.	 Palmer SE, McDonough SP, Mohammed HO. Reduction 
of Thoroughbred racing fatalities at New York Racing As-
sociation racetracks using a multi-disciplinary mortality 
review process. J Vet Diagn Invest. 2017;29(4):465–475. 
doi:10.1177/1040638717713051

10.	 Heleski C, Stowe CJ, Fiedler J, et al. Thoroughbred race-
horse welfare through the lens of ‘social license to oper-
ate—with an emphasis on a US perspective. Sustainabil-
ity. 2020;12(5):1706. doi:10.3390/su12051706

11.	 Palmer S, Mohammed HO. Use of wearable biometric sen-
sors to identify subtle gait abnormalities in Thoroughbred 
racehorses. Proc Am Assoc Equine Pract. 2022;68:377–378.

12.	 Pye J, Spriet M, O’Brion J, Carpenter R, Blea JA, 
Dowd JP. Longitudinal monitoring of fetlock le-
sions in Thoroughbred racehorses using standing 18F- 
sodium fluoride positron emission tomography. Am J 
Vet Res. 2022;83(10):ajvr.22.03.0062. doi:10.2460/
ajvr.22.03.0062

13.	 Bergstrom TC, Spriet M, O’Brion J, Carpenter R. Positron 
emission tomography assessment of metacarpal/meta-
tarsal condylar fractures post surgical repair: prospective 
study in 14 racehorses. Vet Surg. 2024;53(1):131–142. 
doi:10.1111/vsu.14031

14.	 Stover SM. Nomenclature, classification, and documenta-
tion of catastrophic fractures and associated preexisting 

injuries in racehorses. J Vet Diagn Invest. 2017;29(4):396–
404. doi:10.1177/1040638717692846

15.	 Denoix JM. A look at lameness through the eyes of func-
tional anatomy (and biomechanics). Proc Am Assoc 
Equine Pract. 2021;67:106–113.

16.	 Biewener AA, Thomason J, Goodship A, Lanyon LE. Bone 
stress in the horse forelimb during locomotion at differ-
ent gaits: a comparison of two experimental methods. 
J Biomech. 1983;16(8):565–576. doi:10.1016/0021-
9290(83)90107-0

17.	 Maliye S, Voute L, Lund D, Marshall JF. An inertial sen-
sor-based system can objectively assess diagnostic 
anaesthesia of the equine foot. Equine Vet J Suppl. 
2013;45(45):26–30. doi:10.1111/evj.12158

18.	 Lopez MJ. Bone biology and fracture healing. In: Auer JA, 
Stick JA, Kümmerle JM, Prange T, eds. Equine Surgery. 
5th ed. Elsevier; 2019:1255–1269.

19.	 Spriet M, Arndt S, Pige C, et al. Comparison of skeletal 
scintigraphy and standing 18F-NaF positron emission to-
mography for imaging of the fetlock in 33 Thoroughbred 
racehorses. Vet Radiol Ultrasound. 2023;64(1):123–130. 
doi:10.1111/vru.13169

20.	 Spriet M, Espinosa-Mur P, Cissell DD, et al. 18F-sodium 
fluoride positron emission tomography of the racing 
Thoroughbred fetlock: validation and comparison with 
other imaging modalities in nine horses. Equine Vet J. 
2019;51(3):375–383. doi:10.1111/evj.13019

21.	 Spriet M. Positron emission tomography: a horse 
in the musculoskeletal imaging race. Am J Vet Res. 
2022;83(7):ajvr.22.03.0051. doi:10.2460/ajvr.22.03.0051

22.	 Spriet M, Edwards L, Arndt S, et al. Validation of a dedi-
cated positron emission tomography scanner for imaging 
of the distal limb of standing horses. Vet Radiol Ultra-
sound. 2022;63(4):469–477. doi:10.1111/vru.13078

23.	 Donnell JR, Frisbie DD, King MR, Goodrich LR, Haussler 
KK. Comparison of subjective lameness evaluation, 
force platforms and an inertial-sensor system to identify 
mild lameness in an equine osteoarthritis model. Vet J. 
2015;206(2):136–142. doi:10.1016/j.tvjl.2015.08.004

24.	 McCracken MJ, Kramer J, Keegan KG, et al. Compari-
son of an inertial sensor system of lameness quanti-
fication with subjective lameness evaluation. Equine 
Vet J. 2012;44(6):652–656. doi:10.1111/j.2042-
3306.2012.00571.x

25.	 Lopes MAF, Dearo ACO, Lee A, et al. An attempt to detect 
lameness in galloping horses by use of body-mounted 
inertial sensors. Am J Vet Res. 2016;77(10):1121–1131. 
doi:10.2460/ajvr.77.10.1121

26.	 Palmer S, Gomez AMM, Mohammed HO. Attrition of 
Thoroughbred and Standardbred racehorses at New York 
Racetracks due to exercise and non-exercise related fatal-
ities during the 2016–2019 racing seasons. J Equine Vet 
Sci. 2021;104:103703. doi:10.1016/j.jevs.2021.103703

27.	 Jeffcott LB, Rossdale PD, Freestone J, Frank CJ, Towers-
Clark PF. An assessment of wastage in Thoroughbred 
racing from conception to 4 years of age. Equine Vet J. 
1982;14(3):185–198. doi:10.1111/j.2042-3306.1982.
tb02389.x

28.	 Özen D, Kaya U, Özen H, Ambarcioğlu P, Ünal N, Gürcan 
İS. Investigation of factors influencing Thoroughbred 
horses’ racing career length in Turkey. J Equine Vet Sci. 
2021;107:103782. doi:10.1016/j.jevs.2021.103782

29.	 Stallones L, McManus P, McGreevy P. Sustainability and 
the Thoroughbred breeding and racing industries: an 
enhanced One Welfare perspective. Animals (Basel). 
2023;13(3):490. doi:10.3390/ani13030490

30.	 Bailey CJ, Rose RJ, Reid SWJ, Hodgson DR. Wastage 
in the Australian Thoroughbred racing industry: a sur-
vey of Sydney trainers. Aust Vet J. 1997;75(1):64–66. 
doi:10.1111/j.1751-0813.1997.tb13836.x

Brought to you by Universidade de Sao Paulo | Unauthenticated | Downloaded 12/16/24 06:14 PM UTC

https://orcid.org/0000-0003-4423-6296
https://orcid.org/0000-0003-4423-6296
https://jockeyclub.com/default.asp?section=Advocacy&area=10
https://jockeyclub.com/default.asp?section=Advocacy&area=10

