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Simple Summary: Data collected from training sessions has the potential to better understand how
well racehorses will perform on race-days. To date, no research has explored whether speed during
and heart rate recovery after fast exercise could predict a horse winning a race. This theory was tested
by analysing information from fitness trackers worn by 485 racehorses during training sessions in
Australia by looking at factors like the horse’s speed and heart rate recovery after exercise. The study
found that certain factors, like being a colt or a ‘stayer’, were good indicators of future success on the
racetrack. However, heart rate recovery and speed at the start or throughout the final 600 m during
training were not as powerful as race predictors. Nevertheless, combining physiological data with
other less tangible factors will help professionals identify which horses are more likely to perform
at their best in races, aiding decision-making and potentially reducing race-day poor performance.
Ultimately, this could lead to more successful outcomes for the horses, trainers and owners.

Abstract: In-training racehorse physiological data can be leveraged to further explore race-day
performance prediction. To date, no large retrospective, observational study has analysed whether
in-training speed and heart rate recovery can predict racehorse success. Speed (categorised as ‘slow’
to ‘fast” according to the time taken to cover the last 600 m from a virtual finish line) and heart rate
recovery (from gallop to 1 min after exercise) of flat racehorses (n = 485) of varying age, sex and
type according to distance (e.g., sprinter, miler and stayer) were obtained using a fitness tracker
from a single racing yard in Australia. Race-pace training sessions on turf comprised ‘fast gallop’
(n = 3418 sessions) or ‘jumpout’ (n = 1419). A posteriori racing information (n = 3810 races) for all
485 racehorses was extracted and combined with training data. Race performance was categorised
as win/not-win or podium or not, each analysed by logistic regression. Colts (p < 0.001), stayers
(p < 0.001) and being relatively fast over the last 600 m of a benchmark test in training (p < 0.008) were
all predictive of race performance. Heart rate recovery after exercise (p = 0.21) and speed recorded at
600 m of a 1 km benchmark test in training (p = 0.94) were not predictive. In-training physiological
data analytics used along with subjective experience may help trainers identify promising horses and
improve decision-making.

Keywords: horse; exercise; training; heart rate; speed

1. Introduction

The value of any racehorse is highly influenced by how many races it wins. Race-day
performance is complex and involves multiple variables; horses compete over different
distances (1000 to 2400 m), at different ages (often starting at two years of age), on different
surfaces (dirt, turf or synthetic), track layouts (circular versus open) and in varying weather
conditions (dry, fast tracks versus wet and heavy tracks). Any trainer’s short- or long-
term decision-making for a given racehorse will be influenced by performance in training,
performance in early races and other external factors such as the racehorse owners [1].
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Across the equine racing world, trainers share the common objective of developing
racehorses to perform well across their racing careers. Nevertheless, the trainer’s approach
to race-day preparation remains a subjective and singular practice. Some may only rely on
experience, while others also incorporate data-driven technology. In Australia, racehorse
training typically comprises routine canters (<13.3 m/s), gallops (13.3-14.3 m/s) and pre-
trial gallops (>13.3 m/s), coupled to alternative methods, including mechanical walkers,
treadmills and swimming [2]. Barrier trials or ‘jumpouts’ simulate race-day experiences
by allowing horses to race at top speed against each other. These sessions are therefore of
great interest to the trainer in terms of horse readiness-to-race and accumulated fitness. In
a prior study performed in Victoria, Australia, the total distance covered during training
was correlated with a higher win rate and with the number of wins and places per start
achieved in the previous season. Moreover, training at gallop speeds of 13.3-14.3 m/s
over distances of 5000-12,500 m also correlated with a higher rate of career placements per
start [3]. Slower-speed gallops (<13.3-14.3 m/s) ranging between 5000 m and 12,500 m also
correlated with a higher rate of career placements per start, with similar results observed
by other authors [4]. Higher cumulative high-speed (gallop and race) distances and having
raced in the previous 30 days correlated with an increased likelihood of horses winning
a race [5]. Furthermore, incorporation of periods of rest (‘spells” in Australia) is common
practice and also associated with greater prizemoney per start acquired in the previous race
season [3]. Several studies explored correlations between race performance (i.e., measured
by Timeform ratings, placements, wins, prizemoney earned, etc.) and lactate concentration
(e.g., VLa4 or V4 and post-exercise lactate concentration) [6], heart rate (e.g., HR during
exercise tests, V200) [7] and size [8], haematocrit, uric acid [9] and blood gases [10].

Wearable technologies have now facilitated the measurement of such parameters
in the field [11-13]. Combining on-horse telemetry to measure heart rate, with global
positioning satellite (GPS) data for information on speed and distance suggested that
heart rate recovery (i.e., heart rate at one minute after strenuous work) could be used as
a predictor of fitness or readiness to race, and perhaps race performance (i.e., finishing
in the top three, the “‘podium’) [14]. Elite racehorses reach peak speed by predominantly
increasing stride length rather than stride frequency [15]. Over the last 200 m of any race,
horses that can maintain stride length and/or frequency tend to achieve a better finishing
position [16]. Many of these studies, however, were conducted on relatively small datasets.
Investigating a large population of elite athletes, such as racehorses, could provide unique
insights into the relationship between physiological variables observed in training and
performance on race-day. To date, no study has related race performance over multiple
seasons with combined information on stride acceleration and cardiovascular fitness in
race-pace training sessions.

Hence, in the present study, a retrospective, observational study was conducted using
a fitness tracking device to study peak stride (length and frequency), speed (last 200 and
600 m) and heart rate (peak and recovery) in racing. Thoroughbreds are categorised
according to their subsequent racing result (win or lose). By categorising racehorses based
on speed (slow, medium and fast), we investigated if variations in recovery parameters
during training sessions before races could predict race performance within each speed
category. The primary hypothesis of this study is that cardiovascular fitness (rate of recovery
of heart rate) and/or stride acceleration (the average time in seconds over consecutive
200 m from a standing start) during race-pace workouts (hard gallop or jumpout sessions
only) may predict racing performance (win versus not win). Secondary hypotheses were
that relatively high daily temperature and /or humidity may significantly blunt racehorse
recovery of heart rate and confound prediction of race performance.

2. Materials and Methods
2.1. Databases

This retrospective, observational study used two large datasets pertaining to the same
cohort of racehorses as follows:
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(1) Training sessions: collected by means of a fitness tracker (the ‘Equimetre’™, Arioneo
Ltd., Paris, France) from a single racing yard (Ciaron Maher Racing) in Victoria,
Australia.

(2) Race results from the same cohort: available upon subscription in Australia, with race
data recorded and downloaded from http://www.racing.com (accessed on 16 January
2023).

2.2. Horses

The study population represented a convenience sample and included 485 Thorough-
bred racehorses that were recruited from the same racing yard in Australia. The horses
were aged between 2 and 10 years at the start of training. For n = 10 horses, age was
not recorded. The sex of the horse was coded as male (colts/stallions; n = 108), female
(fillies/mares; n = 229) and gelding (n = 148). The sex of the horse was randomly checked
online at http://www.racing.com (accessed on 3 April 2023). The trainers regarded all
horses as race fit; that is, horses that were actively in training to sustain their fitness levels
and competing in races during the study period. Inclusion criteria were horses in train-
ing recorded during fast gallop, jumpout’ and ‘barrier trial” sessions on turf only. For
prediction of race performance, a horse must have had >1 training session, conducted
less than 60 days before any race, with available data for race success. Exclusion criteria
were sessions at ‘slow’ intensities (slow/medium/hard canter) and any race data that were
available for an individual horse but that preceded any available training data.

2.3. Equipment

Horses wore their regular tack and were exercised by a randomly assigned work rider,
who varied according to individual training sessions. A tracking device (the ‘Equimetre™’,
Arioneo, Ltd., Paris, France) was fitted to the girth prior to training by persons accustomed
to using the device, as previously described [17]. The device recorded locomotory parame-
ters (peak stride length and frequency) along with speed (by GNSS) and cardiovascular
parameters (HR and HR recovery at 1 min after exercise), as previously described in de-
tail [11,15]. Prior to this study, trainers had previously integrated the use of such trackers
into the training regimes for each horse.

2.4. Training Data

The trainer determined the nature of each individual training session, directing the
work rider as appropriate. The Equimetre™ (Arioneo Ltd., France) was not systematically
placed on each horse for every individual training session, but rather for specific sessions.
Data for all recorded training sessions was downloaded to an MS Excel sheet. Data included:
GNSS (GPS + Glonass + Galileo) satellite data giving information on speed (i.e., time taken
to cover 200 m in seconds) measured for each 200 m segment (at 200, 400, 600, 800, 1000 and
1200 m) on a turf racetrack. Based on the GPS coordinates of the device, a virtual timed trial
of 1000 m towards a known and virtual finish line at 0 m was generated for each race-pace
session, of which jockeys were aware. Consequently, a timed trial with timings recorded at
each 200 m segment (i.e., one furlong) and then quintiles of the first and third 200 m speeds
(slow, slow-medium, medium, medium-fast and fast) were manually formed to categorise
horses accordingly. Speed from the third 200 m mark, at 600 m into any effort, which is
often where horses reach peak speed, was then taken and used to categorise horses as being
relatively ‘fast” or ‘slow’ over the final three 200 m sections to a virtual finish line at 0 m.

All training data were collected between 18 January 2021 and 14 January 2023 and
comprised a total of 4837 training sessions (hard gallop n = 3418 sessions and jumpout
n = 1419 sessions). Horses would train all year-round throughout the racing season, during
which environmental temperatures and humidity can vary considerably. The full dataset
comprised n = 485 racehorses completing n = 6 (1-38) training sessions, median (first-third
interquartile range [IQR]). Race-pace efforts in training were categorised sequentially by
date from 1 to 25, with only n = 14 horses completing 25+ training sessions. Therefore,
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these sessions were grouped into a 25+ category. The mean interval between training
sessions using an Equimetre was 29 & 49 days (mean £ S.D.). Days in training were also
recorded for each horse and was 119 (78-168) days (median, IQR). Any horses completing
only a single training session prior to a given race (n = 11 of 485) were removed only from
the combined (training and racing) dataset for prediction of race performance (n = 474
racehorses, n = 3418 fast gallop training sessions). From the exact date of training, together
with the exact race date, the number of days prior to each race plus the interval in days
between races was calculated and included in the dataset for each individual horse.

Prior to any fast training session, horses would be ‘warmed up’ over 0.5-1.5 k of
mixed trot/canter. The Equimetre directly recorded aspects of each horse’s cardiovascular
responses to exercise, such as heart rate (HR), locomotion and distance. Considered
parameters include the following:

- Heart rate (HR), measured every second.

- Average HR during the gallop, averaged across the time-period of the fast gallop.

- Peak heart rate (HRpeak), the highest recorded HR for that session.

- Heart rate recovery (HRR), difference between the average HR during the gallop and
the HR at 1 min after exercise.

- Early, mid and late-phase HRR, as for the above HRR, but the difference was measured
at 2 min (early), 3 min (mid) and 4 to 15 min after gallop exercise (late-phase).

- Speed, measured in kilometres per hour. Recorded continuously using GPS.

- Peak stride length (metres). Recorded continuously.

- Peak stride frequency (strides per second). Recorded continuously.

- deltaHR, absolute value in beats per min for HR gallop minus HR at 1-5 min recovery.

- Environmental temperature and humidity were obtained at the start of training from
the nearest weather station, using the median of the latitude and longitude recorded.

The final datasets were checked for artefacts and corrected accordingly in MS Excel.

2.5. Racing Data

The same cohort of racehorses (n = 485) participated in a total of 3810 races. In this
study, race class was recorded as follows: Group 1 (n = 93 of 3810 races, 2.44%), Group 2
(n = 73 races, 1.92%), Group 3 (n = 143 races, 3.75%) and Listed (n = 182 races, 4.77%),
whereas all other races were manually labelled as Uncategorised (n = 3289 races, 86.3%).
Race distance was known from http://www.racing.com (accessed on 18 January 2023)
and was classified as a ‘Sprint’ race < 1600 m (n = 2246 races, 77%), ‘Miler race’
1601-2500 m (n = 521 races, 18%) or ‘Stayer’ race’ > 2501 m (n = 138 races, 5%), as previously
described [15]. From the finish position, where available (n = 54 had no finish position
recorded), the proportion win (n = 608 occurrences) or lose (n = 3148 occurrences) could
be calculated. Races conducted on synthetic tracks were excluded from this study. Races
occurred between 19 January 2021 and 17 January 2023, for which racetrack conditions
were known for each individual race.

2.6. Data Analysis

Analysis of training data: Any normally distributed descriptive data are presented as
the mean (£1 standard deviation [SD]). Data distribution was checked either by standard
tests (e.g., the Shapiro-Wilk test) or by checking residuals post-analysis. If necessary, the
data were log-transformed (log10) prior to analysis. For some analyses, where assumptions
for analysis of variance (ANOVA) could not be met due to occasional missing data (e.g.,
artefacts removed or no data present), linear mixed models (restricted maximum likelihood;
REML) were used, with the main effect of interest fitted as a fixed effect and HorselD
fitted as a random effect. For analyses of sequential speed or stride in the same horse over
repeated 200 m segments, a repeated-measures ANOVA or REML with time fitted as a
fixed effect was used. To account for multiple training sessions by the same horse, each
training session was coded (1-25) by date, and analyses blocked by HorselD.
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Analysis of racing data: For any aspect of performance in training (e.g., speed or heart
rate recovery), the two datasets were combined according to the individual horse, including
all instances of gallop training with each race result. Any training data were excluded if the
date was >60 days before any race. To determine if training data predicted race success,
race performance was categorised binomially as win or not, as previously described [15].
Model fit and significant variables included as fixed effects were assessed using backwards
stepwise regression; that is, they were included if univariable analysis suggested impor-
tance in the model (p < 0.10). Using this method, the final logistic regression model was
built, including racehorse age, sex, track condition, and race class as fixed effects with win
(yes/no) as the outcome. The training variable of interest was always fitted last in any
model. All data were analysed using Genstat v23 (VSNi Ltd., Rothamsted, Harpenden,
UK). Statistical significance was accepted at p < 0.05.

3. Results
3.1. Descriptive Characteristics of the Racehorse Training Dataset

Hard gallop and jumpout sessions were ‘race-pace” and speed (~60 km/h), correspond-
ing to previously reported benchmark data (i.e., 10-12 s /200 m or furlong; [11,15]). Heart
rate was at its peak (~200-210 bpm), and peak stride length and frequency were similar to
previously reported race efforts [15,18]. The main work distance was less in jumpout versus
gallop, with all other descriptive measures indicative of racehorses working at maximum
capacity (Table 1).

Table 1. Descriptive characteristics of the racehorse training dataset.

Training Type Hard Gallop Jumpout
Main work distance (metres) 2027 + 390 1500 + 254
Max speed (kph) 62.7 3.0 64.3 2.3

Best 200 m (s) 11.6 £ 0.6 113+ 0.4

Best 600 m (s) 36.6 +1.9 349+ 1.6

Time last 600-400 m (s) 13.1+0.8 120+ 1.1
Time last 400-200 m (s) 121+ 0.8 119+ 14
Time last 200-0 m (s) 11.8 £ 0.9 122+1.8
Peak stride frequency (strides/s) 239+0.9 2.42 4 0.09
Peak stride length (metres) 7.35 + 0.32 7.46 + 0.29
Peak heart rate exercise (bpm) 212 £ 19 211 +£17

Values are mean = standard deviation for continuous data recorded by ‘Equimetre’ (n = 485 different racehorses).
A total of n = 4837 different training sessions were recorded and analysed to only include n = 3418 gallop and
n = 1419 jumpout sessions for standardisation purposes. All exercise sessions occurred on turf tracks with varying
ground conditions. Data were available throughout the year. Time last ‘metres” was calculated from a virtual
finish line based on GPS coordinates and refers to the average time in seconds over consecutive 200 m (i.e., one
furlong). ‘Best 200 m, 600" are the fastest times recorded over those distances for any session for each individual
horse. All data are described and not statistically analysed.

3.2. Racehorse Heart Rate and Recovery during Training

Heart rate measures analysed across the entire population increased, from trot through
canter to hard gallop, peaking at ~210 bpm then falling rapidly over the first 5 min after
exercise (Figure 1). Such a profile allowed identification of the period of greatest heart
rate recovery for each horse and each session—essentially the difference in heart rate
during gallop or at peak to the first minute after exercise (Figure 1). Since the difference in
HR with age of horse reduced from gallop to peak, that is, all horses peaked at a similar
HR, and no observable or significant difference was noted with age of horse (from 2 to
10 years of age), the fall in HR to 1 min after the average achieved during the gallop was
considered indicative of the rate of heart rate recovery (HRR). Thereafter, HR decreased
linearly to 5 min before declining at a consistent but much reduced rate to ~100 bpm at
15 min post-exercise.
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Figure 1. Racehorse heart rate and recovery during hard gallop training according to age. Individual
data points are heart rate at varying paces during and after hard gallop training (shown on the x-axis
for all horses). Values were recorded by a fitted ‘Equimetre” on each racehorse (n = 485 different
racehorses, n = 4837 different training sessions). Data are predicted means (standard error of the
mean, too small to be seen) for each racehorse (adjusted for multiple sessions by the same racehorse),
analysed by REML with time as a fixed effect. The age and sex of the horse were included in the
statistical model. HorselD and track conditions were included as random effects in the model. Data
were analysed using Genstat v23 (VSNi Ltd., Rothampsted, UK). For clarity, the inset graph is the
same data but only includes extremes of age.

As a proof of the principle of heart rate measurement in racehorses being indicative
of the intensity of the workout, it was clear that while the average during gallop nor the
peak were different, the rate of recovery to 1, 2, and 3 min after exercise were reduced after
jumpout versus gallop (effect size ~20 bpm at 1 min, Figure 2). Thereafter, values were
similar at 5 min but were again higher (albeit non-significantly at 15 and 30 min). Hence,
the phases of HRR could be categorised as early, mid and late (Figure 2). The early phase
of recovery corresponded to mean differences (gallop versus jumpout) of ~23 bpm at 1 min.
The ‘mid-phase’ (first to third minute) corresponded to a mean difference of ~21 bpm at
2 min and ~4 bpm at 3 min (Figure 3). The ‘late phase” of HRR was designated as the
change in HR from 3-15 min post-exercise, when recovery was gradual and slow. At this
stage, no overall differences were noted between training intensities.

Over the duration of the training period, average temperature but not humidity
varied throughout the year from minus 1-3 °C up to >28 °C (Figure 4). With all training
efforts conducted early in the morning (at the time the environmental readings were
taken), we could interrogate whether HR recovery or other indices of racehorse health
and wellbeing were affected by environmental conditions. Temperature was divided into
quintiles from relatively "hot’ (>18 °C; 934 sessions at this temperature) to relatively ‘cold’
(<5 °C; 954 sessions). Humidity was divided into quintiles from relatively high (high-
humidity, >95%; ‘wet’) to low (low-humidity, <67%; ‘dry’). In addition, we restricted the
dataset to gallop, excluding ‘jumpout’ as the distribution of gallop training sessions was
more even throughout the training calendar. When accounting for differences in racehorse
age, sex, days-in-training and number of training sessions completed (all were added as
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either fixed effects or co-variates), horse HR fell more steeply after exercise during hotter
temperatures, although the effect size was biologically small. For example, at 2 min after
exercise, HRR was 124 in hot versus 128 bpm in cold effect size ~4 4= 2 bpm (Figure 5A).
No difference was observed with the variation in humidity (Figure 5B).
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Figure 2. Racehorse heart rate and recovery during training according to exercise group. The data
are the predicted mean (*standard error of the mean, too small to be visible) of heart rate for all
racehorses (n = 485 different racehorses) in training recorded at gallop (n = 3418 sessions) or jumpout
(n = 1419 sessions). Predicted means were calculated from continuous heart rate data recorded for
each horse at every minute following exercise, with training type (hard gallop versus jumpout) as a
fixed effect in a repeated measures design (time as a fixed effect). HorseID and track conditions were
included as random effects in the model.
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Figure 3. Phases of heart rate recovery during training according to exercise intensity. The data
are the predicted mean (+standard error of the mean, too small to be visible) of heart rate for all
racehorses (n = 485 different racehorses) in training recorded at gallop (n = 3418 sessions) or jumpout
(n = 1419 sessions). Predicted means were calculated from continuous heart rate data recorded for
each horse at every minute following exercise, with training type (hard gallop versus jumpout) as the
fixed effect in a repeated measures design (time as the fixed effect). HorselD and track conditions
were included as random effects in the model. Early, mid and late-phase HRR were categorised to
allow potential prediction of race outcomes according to phases of HRR in a logistic regression model.
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Figure 4. Temperature and humidity according to training month throughout the study period. Data
are mean =+ standard deviation for observations recorded during every different training session
(n = 4837 sessions) as transmitted from the nearest weather station in Victoria, Australia, according to
month for the years 2021-2022. In Melbourne, Australia designated ‘Winter” months with less racing
are June, July and August while ‘Summer” months are December, January and February.
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Figure 5. Racehorse heart rate recovery according to environmental conditions during a hard gallop
workout: (A) temperature and (B) humidity. The data are the predicted mean (+standard error of
the mean, too small to be visible) of heart rate for all racehorses (n = 485 different racehorses) in
training recorded every minute following gallop exercise (n = 3418 sessions). Extremes of temperature
were determined from local daily measurements and categorised into quintiles (i.e., first versus fifth
quintile of temperature, ‘cold versus hot’) or humidity (i.e., first versus fifth quintile of humidity, ‘dry
versus wet’). Each horse had multiple training sessions and was thus included as a random effect in
the model. Age, sex, number of training sessions, and days in training were included as potential
confounding factors, and means were plotted after adjusting for these effects.

3.3. Racehorse Speed during Training

Racehorse speed was categorised to allow for potential prediction of race success, and
at the third 200 m section of the timed trial, when speed is highest, the difference in stride
length of ~0.17 m was evident between quintiles (from relatively slow, ~38.2 km/h, to
relatively fast, ~41.6 km/h) (Table 2).
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Table 2. Stride length and frequency at 600 m stratified by quintiles of speed. Values are mean + 1 SD
for continuous data recorded by the Equimetre in Australia (n = 485 different racehorses, n = 1419
different gallop sessions). The speed category (slow, medium-slow, fast, medium-fast and fast) was
determined based on quintiles of the time taken to cover a furlong at 400-600 m for every individual
horse, with a virtual finish line at 1000 m. Data were available throughout the year. Data were
analysed by restricted maximal likelihood (REML) for the main effect of the speed category, the
individual racehorse as a random effect and after adjusting for significant co-variates (track condition
and training session). P ¢ 4 Values within a row with differing superscripts are significantly different
at p < 0.05, with Bonferroni correction for multiple testing.

Training Type Slow Med-Slow Medium Med-Fast Fast p-Value
Peak s“('ﬁf length 7.25 + 0.02 2 7.30 4+ 0.02 b 7.38 +£0.02°¢ 7.34 + 0.02 be 7.42 +0.02¢ <0.001
Peak stride frequency
: 2.37 +0.01 2.37 +0.01 2.38 + 0.01 2.37 +0.01 2.37 +0.01 0.16
(stride/s)
Gallop speed (km/h) 382+ 48742 392 + 441" 395 +4.41P 405+ 4.12°¢ 41.6 + 4.07 4 <0.001

Time to cover 200m (secs)

quintiles of speed (first 200m)

The time taken to cover successive furlongs from 1000 m away from and to a virtual
finish line at 0 m (i.e., five successive 200 m segments) was then compared according to
speed classified at the first 200 m (Figure 6A) or third 200 m (i.e., 600 m; Figure 6B). The
differences between fast and slow sessions (and thus racehorses) were significantly more
marked during the first 200 m (1000 m away from the virtual finish line), with ‘slow” horses
taking longer to cover a furlong (i.e., ~18.5 s) than faster horses (i.e., ~12.8 s). Thus, in order
for speed-in-training to potentially predict whether a given racehorse was more likely to
win or come in the top three in a race, the classification of speed at 600 m was used as being
more reflective of that training effort. After 600 m, the time taken to cover a furlong was
comparable between groups up to reaching the virtual finish line.

B  quintiles of speed (third 200m)
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Figure 6. Time to cover sequential 200 m segments to a virtual finish line during gallop workouts:
(A) racehorses categorised according to speed at first 200 m (‘slow’ to ‘fast’) and then applied to
all other times for that horse versus (B) racehorses categorised according to speed at third 200 m
(‘slow” to ‘fast’) and then applied to all other times for that horse. The data are the predicted mean
(fstandard error of the mean, too small to be visible) of time to cover sequential 200 m segments
for all racehorses (n = 485 different racehorses) recorded at gallop (n = 3418 sessions). The x-axis
describes successive 200 m segments from 1000 m away to a virtual finish line at 0 m.
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3.4. Racehorse Recovery and Speed according to the ‘Quality” of the Racehorse for the Prediction of
Race-Day Performance

Since race participation and results were known, we then retrospectively fitted cat-
egories of racehorse into those that had ever participated in a Group race versus those
that had never (‘yes’ or ‘no’, EVER group raced or not; Figure 7) and applied this to the
training dataset. Horses that had previously participated in a Group race recovered faster
than horses that had not. The greatest differences between groups were observed in the
first 1-2 min, where a difference of ~5.5 and 6.7 bpm were recorded, respectively (Figure 7).
Thereafter, the fall in heart rate was similar between groups. Similarly, racehorse speed
was faster amongst racehorses that had participated in Group races, with the greatest
differences being observed at the start of the exercise (e.g., the time taken to cover the first
200 m was ~14.8 s versus ~15.5 s (Figure 8).

(=]
00=
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» - Ptimexgroup,=<0.001
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©
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2 o
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O
]
©
| S8
5
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0 =
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| | | | | | | | 1 T .
O NDY DY %O R
4 Time (mins)
O

Figure 7. Recovery of racehorse heart rate at, and immediately after, a hard gallop workout, cat-
egorised by participation in a group race in their racing career. The data are the predicted mean
(tstandard error of the mean) for heart rate for all racehorses in training recorded from all gallop
sessions. Predicted means were calculated from continuous heart rate data at every minute following
exercise with a measured datapoint within range (e.g., artefacts removed). The categorisation of
group race participation (yes versus no) was determined from known race data for each individual
horse and included Listed, Group 1, 2 and 3 races. Data were analysed by REML in a repeat measures
design, with HorseID as a random effect. Age, sex, number of races, days in training and track condi-
tions were included as co-variates. Numbers at each min are the average effect size for the difference
in HRR. bpm, beats per minute. From a total of n = 4837 training sessions and n = 474 racehorses,
n = 244 sessions were completed by a total of n = 20 different horses that had EVER competed in a

group race.
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Figure 8. Speed (time to cover a sequential 200 m) during a hard gallop workout according to
participation in a group race for each horse in their career. The data are the predicted mean =+ standard
error of the mean as recorded by ‘Equimetre’. Successive times to cover 200 m from 1000 m to a
virtual finish line at 0 m are presented. Participation in a group race at all in their racing career was
categorised as ‘yes’ versus ‘no” and included as a fixed effect in a repeated measures REML analysis.
Age, sex, number of races and track condition were included as co-variates in the model. From a total
of n = 4837 training sessions and n = 474 racehorses, n = 244 sessions were completed by a total of
n = 20 different horses that had EVER competed in a group race.

3.5. Racehorse Recovery and Speed for the Prediction of Race-Day Performance

Locomotory and cardiovascular data recorded during training combined with race
outcomes were then used to explore whether any aspect significantly predicted the chance
of horses winning a race, regardless of race quality (Group, Listed or Unclassified). Colts
were more likely to win compared to mares and geldings; similarly, for our dataset, while
stayers were a smaller proportion of the total horses, they had a greater chance of winning
races (Figure 9). Interestingly, the finish speed (i.e., the average speed over the last 600 m or
final three consecutive furlongs) was significantly greater in those horses that won relative
to those that lost. However, speed measured only at the 600 m marker was not significantly
different (Figure 9). Equally, for horses with a faster heart rate recovery in the early phase
to 1 min post-exercise, a greater chance of winning was also noted (Figure 9). Nevertheless,
since a few horses tended to win a lot and others not at all, when data were adjusted
to account for individual variation in potential to win, colts and stayers remained more
likely to win races, but aspects of training data, with the exception of finishing speed, were
much less significant. The change in HRR showed no predictive effect on winning races
(Figure 10).
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Figure 9. Can training data predict the chance of winning any race. Data are odds ratios £ 95% CI for
predicting winning a race from training data. Odds ratios were obtained by integrating known race
outcome data from Racing.com (Victoria, Australia; n = 474 different racehorses, n = 3810 different
races) with training data (only fast gallop and jumpout on turf) for the same horses before and
during two race seasons (n = 3418 different training sessions). Data were analysed with race outcome
(e.g., win) as the variable of interest, fitting sex of horse (filly as referent category), racehorse profile
(sprinter as referent category), finish speed (slow as referent category), heart rate recovery (slow as
referent category) and speed at the 600 m mark (slow as referent category) as other factors of interest.
Statistics for main effects are indicated on the right side of the graph with the associated Wald statistic.
Statistical significance was accepted at p < 0.05.
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Figure 10. Predicting the percentage chance of race wins on training data. Data are predicted mean
log odds (as a percentage) + SEM for winning a race from training data. Data obtained by integrat-
ing known race outcome data from Racing.com (Victoria, Australia; n = 474 different racehorses,
n = 3810 different races) with training data (only fast gallop and jumpout on turf) for the same horses
before and during two race seasons (n = 3418 different training sessions). Data were analysed with
race outcome (e.g., win) as the variable of interest, fitting sex of horse (filly as referent category),
racehorse profile (sprinter as referent category), finish speed (slow as referent category), heart rate
recovery (slow as referent category) and speed at the 600 m mark (slow as referent category) as other
factors of interest. Since the same horse completed multiple training sessions and multiple races,
HorselD was fitted as a random effect using Generalised Linear Mixed Models (GzLMM; Genstat
v23, Rothampsted, UK). Statistics for main effects are indicated on the right side of the graph with
the associated Wald statistic. Statistical significance was accepted at p < 0.05.

4. Discussion

This study has directly, and objectively analysed in-training racehorse speed and heart
rate recovery for the prediction of race-day performance (categorised as winning versus not
winning). The speed of heart rate recovery to one minute after a high-speed training session
did predict race performance, but the effect was markedly reduced when the variation
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between different horses was accounted for. In addition, heart rate recovery appeared to
be greater during relatively hot, but not relatively dry, weather conditions. Racehorses
that were categorised as being relatively ‘fast” from 600 to 1000 m of a timed race-effort in
training relative to those categorised as relatively slow were also more likely to have won a
race. Again, the effect diminished but nevertheless remained when variability by horse was
accounted for. This study provides evidence to partially support our primary hypothesis;
training data can be used to predict which racehorses will a) go on to participate in a
group race and b) be relatively more successful. Nevertheless, the absolute difference in
practice is small (~4-6 beats/min; ~1-1.5 s/furlong), such that monitoring may not be of
practicable use. Hence, we suggest that aptitude for superior performance is variable for
each individual racehorse, relying on unique physiological factors. Furthermore, race-day
performance prediction can be equally influenced by intrinsic aspects such as the sex of
the horse (colts have a greater chance of winning) and their particular aptitude for race
distance (stayers were also more likely to win).

4.1. Descriptive Characteristics of the Racehorse Training Dataset

As racehorses initiate their training, milestones are commonly established by trainers
to plan their progression towards racing [19]. The first milestone typically involves the
registration of a horse with a specific trainer. A trainer is required to officially inform his
relevant racing authority or governing body (such as Racing Victoria) that a horse has
initiated training in his stable. The second milestone consists of entering a horse in an
official trial or jumpout’. In Australia, it is mandatory for any horse to run in a qualifying
trial before being entered in a race. The number of completed jumpouts by any individual
horse prior to a race varies from one trainer to another. Some trainers only opt for one
jumpout and consequently consider the first race as a ‘fitness test’. In the present study,
jumpouts occurred approximately 10 days before a race. Racing is perceived as the ultimate
training milestone.

With the advancement of field technologies such as portable fitness trackers, the
ability to evaluate racehorse speed, stride and heart rate in an environment similar to
official race meetings has become increasingly feasible and reproducible [15,17,19]. When
routinely observing horses exercise live on the track, it is still common practice for trainers
to manually time the fastest workouts by means of a stopwatch. Usually, they will measure
the time taken in seconds for a given horse to cover a furlong (s/f). In Australia, speeds
of fast gallop were surveyed among 66 trainers established in Victoria. Results outlined
timings of 11-14 s/f and speeds of 47.9-65.5 km/h during high-intensity workouts [2].
These values were consistent with those reported in the present study and are comparable
to what has been recorded during race-day performance [20]. Although the race distance
was greater (i.e., long distance or ‘staying’ races), peak stride length and frequency in the
current study training data were similar to those identified by colleagues [21], that is, 7.42 m
stride length and 2.34 strides/s, respectively. Peak heart rate did not further increase with
training intensity, as previously observed by us and others [22], and was similar in both
types of race-pace efforts (jumpout versus hard gallop).

4.2. Racehorse Heart Rate and Recovery during Training

As horses progress in their training programme, so does their cardiovascular fitness.
Cardiovascular fitness refers to the ability of an individual to rapidly recover or drop its
HR from peak to baseline after an intense effort. Heart rate measures are known to vary
from one horse to another as they rely on unique aerobic capacity influenced by breed,
age or training [23]. At sub-maximal exercise intensities, HR has been suggested to be a
reliable indicator of fitness and/or performance in Thoroughbreds [24,25]. However, in
flat racehorses running at top speeds, heart rates peak at ~200 bpm [26], which we have
previously shown to occur as early as hard canter, where speed is only at approximately
75% maximum for each horse, and thus, to an extent, the increase in heart rate and/or peak,
is unlikely to be predictive of performance [15,19].
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To date, there are a few studies that have used the rate of recovery of heart rate or
HRR to define equine fitness [6], as opposed to a considerable body of evidence in human
athletes [27,28]. Racehorse HRR is proportionate to the intensity of the workout [11] and
was reflected in the current study: after a jumpout, a simulated race effort against other
horses, HRR was blunted, and heart rate took much longer to reach resting values when
compared to those that had completed a hard gallop session. It is also conceivable that
other factors that could be different during a jumpout session as opposed to a hard gallop
at home, such as excitement, anticipation, a novel environment or a greater number of other
horses to gallop against, could have contributed to the delay in heart rate recovery. While
the age of the horse was accounted for in statistical models, older horses could be more
familiar with the jumpout routine and environment, thus less affected by the excitement
of interval exercise than the younger horses [29]. Overall, heart rate recovered most in
the first minute after exercise. Interestingly, the post 1 min HRR measure is a common
indicator used in human performance and is applied in many athletic sports [27,30,31]. The
post 1 min HRR parameter was integrated into a recent study that analysed HRR for the
prediction of performance in a cohort of 20 National Hunt racehorses [14].

Marked variations in average temperature were observed throughout the study period,
but not humidity. It is widely assumed that aspects of environmental heat and humidity
may influence cardiorespiratory responses to exercise and recovery in horses. Indeed, since
the World Equestrian Games in Stockholm (1990) and the Olympic Games in Barcelona
(1992), heat stress in horses has received significant media attention, along with a surge in
studies investigating how to preserve equestrian competitions in challenging environmental
conditions [32-37]. A recent study by [38] evidenced that training for 14 days in a heated
indoor arena contributed to the reduction of thermal strain on elite sport horses, facilitating
competing in hot weather. Thus, high-level horses can acclimatise to heat while remaining
in training, a crucial factor for their participation in events such as the Olympics.

Another study evaluated a small cohort of five Thoroughbreds exercised on a treadmill
and exposed to varying environmental conditions [39]. In this study, heart rate during and
after exercise was significantly higher in a hot and humid controlled setting compared to
cooler and less humid conditions [39]. However, the study was performed in a controlled
laboratory setting, which may not reflect responses in the field. Indeed, when heat and
humidity were categorised into quintiles, we found either the opposite or no effect at
all: improved recovery of heart rate in hotter conditions with no effect of humidity. The
explanation may lie in the fact that the majority of the cohort participating in our study were
Australian-bred horses (approximately 75% of the horses), not imported from overseas,
and therefore perhaps more ‘acclimated” to the vagaries of the environment in Melbourne.
Perhaps the trainer subconsciously instructed riders to not ride as hard in particularly hot
conditions, although analyses of speeds and other data between groups suggest this not to
be the case. In the colder winter months, horses may not be as fit as they are coming into
the spring racing season, when temperatures begin to rise. Relative to data from treadmill
workouts [39], perhaps the evaporative and conductive effect of air rushing past the horse
outdoors allows for greater temperature regulation. Finally, the observed trend could be
influenced by a majority of lower class horses racing in winter versus the higher quality
horses that are more likely to race in hotter periods of the year when the group and listed
races are organised.

4.3. Racehorse Speed during Training

Whether a human sprinter, a marathoner or a racehorse speed is the driving force
behind athletic performance. Speed, acceleration rate and the ability to hold maximum
speed over a certain distance are highly sought after performance characteristics. All play
a part in building efficient racehorse locomotion acquired through the implementation of
suitable training programmes [40,41]. Speed is the combination of stride frequency and
length [11,42]. All play a part in building efficient racehorse locomotion acquired through
the implementation of suitable training programmes [40,41]. Speed is the combination
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of stride frequency and length [11,42]. Horses are known to reach peak speeds, first by
increasing their stride frequency up to the pace of a gallop, then by increasing their stride
length [15]. Our results converge on this principle, as stride length was significantly
different between racehorses categorised according to speed at a timed marker. It is likely
that the large variation in speed according to the categorised racehorse (i.e., fast or slow at
the 600 m mark) in the first 200 m reflects the difference in how quickly a jockey gets the
horse up to speed for the instructed session (by the trainer). For example, a horse doing a
middle- or long-distance workout will not be going as fast into the first 200 or last 400 m
compared to a ‘sprinter’. Depending on the workout, they may only start to increase speeds
>200 m into the workout (i.e., 800 m away from the finish line). It is therefore assumed
that the classification of speed at 600 m was more pertinent to comparing groups up to
the virtual finish line. While different types of track and within types, different surface
conditions are known to influence racehorse speed, for example, racehorses are faster on
firmer ground [43], in this study, the majority of sessions were conducted on ‘good or
good-to-firm” ground, and track condition was included as a potential confounding factor.

4.4. Racehorse Heart Rate Recovery and Speed for the Prediction of Race-Day Performance

The Australian racing industry is relatively homogeneous (i.e., comprising a vast
majority of sprinters), facilitating the extraction of annual racing data for the purpose of
large observational studies such as the present study. A few previously published studies
have involved hundreds of racehorses and thousands of races to explore any association
between physiology in training (speed and HRR) and racing outcomes. A first approach
consisted of comparing HRR and speed between groups of horses categorised according to
previous participation in a group race or not. Horses that had participated in a Group race
recovered better and ran faster than the horses with no subsequent Group race experience.
This suggests that these physiological data could potentially be used to determine which
horses are more likely to at least participate in high-class races. While age was an important
factor included in our analyses, there is no doubt that the Australian racing programme
offers more substantial incentives to race younger horses (2- and 3-year-olds) in higher
class races. It is relatively easier for young Thoroughbreds to qualify for such ‘black-type’
races, for example, inclusion criteria may at times only require the two-year-old to win a
relatively standard-class race beforehand.

Thus, a second approach was to integrate all racehorse characteristics, including
physiological data alluded to above (speed and heart rate recovery) and inherent data
on the horse itself (age, sex and days in training), to identify whether any parameter
may predict a greater chance of winning a race. Overall, stayers appeared to have a
greater chance of winning relative to other categories of racehorse (sprinters and milers),
as previously published [15]. This is not surprising considering that stayers were older
(4-5 years of age), thus possibly more mature or of better ‘quality” (premium or elite horses
imported from Europe) and experienced at races or were better placed in more suitable
races by the trainer. Colts were also more likely to win, as opposed to fillies, mares or
geldings. More (1999) drew similar conclusions: performing horses were more likely to
be male, have started as a 2-year-old, and have acquired more starts in the preceding
12 months [44].

Clearly, having greater ability to go faster—speed—is known to favour superior race-
horse performance [45]. In this study, after accounting for individual racehorse variability,
finish speed, more than HRR, demonstrated a trend towards greater race success. This
aligns with a treadmill study that conducted exercise testing in flat racehorses, where
lactate—a product of muscle metabolism—as opposed to post-exercise HR positively cor-
related with Timeform rating [6]. However, other studies, albeit in National Hunt horses
(i.e., having to also jump fences), also found that HRR to 1 min after exercise was a tangible
predictor of subsequent race position, such as finishing in the top three [14].

Aspects of genetics [46] and nutrition [47] also contribute to racehorse success on the
track but were not addressed in this study. Furthermore, the influence of the trainer has
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also been reported to be significantly associated with racing performance [48]. We could
not account for the trainer’s entry strategy for each individual horse. Relying on official
racing databases may not fully adjust for the health or sub-clinical injury status of the
horses. Additionally, the racing dataset did not provide information on the number of
horses participating in the race, which could have skewed the data. Another limitation
could have been related to the success criteria established for race performance, which
could equally influence the results. For example, certain aspects of training were predictive
of race performance when classified as ‘win’ or not, but not when classified as ‘podium’
(i.e., finishing in the top three). We also acknowledge that other previously established race
success criteria relate to total earnings [49], Timeform rating [50], handicap value [51] or
racing time [52]. Furthermore, the effect of the number of races previously raced by each
horse was not taken into account when assessing the prediction of a win or not. Because
of the limited number of Equimetre fitness trackers used by the training yard, not all data
were recorded, and only faster work was captured. It should also be noted that the study is
a convenience sample of racehorses that have used an ‘Equimetre’ intermittently, but in a
repeatable fashion in training. The study is retrospective and observational. One test of our
data would be to conduct the same study using a larger database to confirm or contradict
the minimal effect sizes across the different speeds and in those racehorses, either winning
races or not. Alternatively, another prospective test of the data could involve establishing
benchmarks of speed and heart rate data according to racehorse age in previously identified
winning horses. Lastly, as horseracing regulations continue to evolve, these may, in the
near or distant future, allow for the authorisation of tracking devices during races. This
perspective would allow researchers to further explore racehorse performance, health and
safety. Nevertheless, any training metrics that could help predict racehorse performance
are likely only to be best achieved through greater standardisation of tests conducted in
training; specifically, by conducting standardised exercise tests with consistent jockeys,
maintaining a set order, training at consistent times of day, over set distances and potentially
at varying speeds, could any metric in training likely accurately predict performance.

5. Conclusions

In conclusion, this study demonstrates that in-training racehorse physiological data
contributes, to some extent, to performance prediction in racehorses. Of all aspects tested,
there was a slight indication that the finish speed was predictive of race performance. It can
therefore be deduced that winning a race is about a multitude of aspects. Considering speed
and recovery data, along with other aspects (i.e., genetics, preferred ground and distance,
psychological state of the horse, training programmes and the jockey-horse partnership),
may help trainers identify early signals of top performers or whether to rest horses and
ultimately build a legacy of promising horses. Such a hybrid approach using data along
with experience may contribute to a better selection of horses in suitable races and improve
overall health and welfare on the track.

Author Contributions: Conceptualisation, D.S.G.; methodology, D.S.G.; software, C.S. and D.S.G.;
validation, G.D.; formal analysis, C.S. and D.S.G.; investigation, C.S. and D.S.G.; resources, G.D.; data
curation, G.D.; writing—original draft preparation, C.S. and D.S.G.; writing—review and editing,
CS., D.S.G, EVEE.-W. and G.D.; visualisation, D.S.G.; supervision, D.S.G.; project administration,
D.S.G.; funding acquisition, C.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Review Board (or Ethics Committee) of the University of Nottingham (protocol code 3270
201029). Ethical review and approval were waived for this study. As this study is retrospective and
observational, no experimental protocols were conducted that required ethical oversight.



Animals 2024, 14, 1342 18 of 20

Informed Consent Statement: Arioneo works with racehorse trainers who collect data from individ-
ual horses (anonymised for analysis) that are owned by private individuals. No personal information
was collected for any individual.

Data Availability Statement: All data were collected by Arioneo Ltd. The race results are publicly
available (http://www.racing.com; accessed on 18 January 2023), while the training data were
previously collected as part of routine recording by the racing yard, which shared the data with
the external company (Arioneo Ltd.) that manufactures the data logging device (the “‘Equimetre’).
Anonymised training data are available at http:/ /www.arioneo.com.

Acknowledgments: The authors would also like to thank the trainers and sports performance
analysts at Ciaron Maher Racing for sharing their data, insights, and knowledge on the training
of their racehorses. This study would not have been possible without their participation. All
authors would particularly like to express their appreciation to Joshua Kadlec-Cavanagh and Katrina
Anderson. No direct funding was granted for this study, but Charlotte Schrurs received part-funding
towards her fees from the University of Nottingham, Arioneo Ltd., and the Royal Belgian Benevolent
Society.

Conflicts of Interest: Charlotte Schrurs is self-funding her Ph.D. All data were collected by Arioneo
Ltd. David S. Gardner is funded by the School of Veterinary Medicine and Science, University of
Nottingham. Guillaume Dubois is an employee of Arioneo Ltd. and contributed to the design
of this study but had no influence on the reporting of the results as presented. Emmanuelle Van
Erck-Westergren is an equine sports medicine specialist and consultant for Arioneo Ltd.

References

1.  Wylie, C.; Newton, J. A systematic literature search to identify performance measure outcomes used in clinical studies of
racehorses. Equine Vet. J. 2018, 50, 304-311. [CrossRef] [PubMed]

2. Morrice-West, A.; Hitchens, P.; Walmsley, E.; Stevenson, M.; Whitton, R. Training practices, speed and distances undertaken by
Thoroughbred racehorsess in Victoria, Australia. Equine Vet. J. 2020, 52, 273-280. [CrossRef] [PubMed]

3. Morrice-West, A.V.; Hitchens, P.L.; Walmsley, E.A.; Wong, A.S.; Whitton, R.C. Association of Thoroughbred Racehorse Workloads
and Rest Practices with Trainer Success. Animals 2021, 11, 3130. [CrossRef]

4. Berkman, C.; Teixeira, L.G.; Pereira, M.C.; Sampaio, R.d.C.d.L.; Bernardi, N.S.; Lacerda, ]J.C.d.; Queiroz, A.d.; Ferraz, G.d.C.
Distance exercised during submaximal training on race winnings for Thoroughbred racehorses. Ciéncia Rural 2015, 45, 1268-1273.
[CrossRef]

5. Verheyen, K.L.; Price, ].S.; Wood, ].L. Exercise during training is associated with racing performance in Thoroughbreds. Vet. J.
2009, 181, 43-47. [CrossRef]

6. Evans, D.; Harris, R.; Snow, D. Correlation of racing performance with blood lactate and heart rate after exercise in Thoroughbred
horses. Equine Vet. ]. 1993, 25, 441-445. [CrossRef] [PubMed]

7. Lindner, A. Relationships between racing times of Standardbreds and v4 and v200. J. Anim. Sci. 2010, 88, 950-954. [CrossRef]
[PubMed]

8.  Young, L.; Wood, J. Effect of age and training on Thoroughbred valvular competence. In Proceedings of the 19th Annual
Veterinary Medical Forum, Denver, CO, USA, 24 May 2001; Volume 347, p. 348.

9. Evans, D.; Priddle, T.; Davie, A. Plasma lactate and uric acid responses to racing in pacing Standardbreds and relationships with
performance. Equine Vet. J. 2002, 34, 131-134. [CrossRef]

10. Harkins, J.; Beadle, R.; Kamerling, S. The correlation of running ability and physiological variables in Thoroughbred racehorses.
Equine Vet. J. 1993, 25, 53-60. [CrossRef]

11.  Schrurs, C.; Dubois, G.; Patarin, F.; Cobb, M.; Gardner, D.; Van Erck-Westergren, E. Cardiovascular and locomotory parameters
during training in Thoroughbred racehorses: A multi-national study. Comp. Exerc. Physiol. 2022, 18, 185-199. [CrossRef]

12.  Williams, J.; Kenworthy, K.; Jones, T.; Marlin, D.; Tabor, G. The role of heart rate monitoring to assess workload during
maintenance interval training in National Hunt racehorses. J. Vet. Behav. 2019, 30, 54—60. [CrossRef]

13.  Kingston, J.; Soppet, G.; Rogers, C.; Firth, E. Use of a global positioning and heart rate monitoring system to assess training load
in a group of thoroughbred racehorses. Equine Vet. ]. 2006, 38, 106-109. [CrossRef] [PubMed]

14.  Wilson, G.; McGowan, C. Recovery heart rates as a predictor of race position in race-fit National Hunt racehorses. Comp. Exerc.
Physiol. 2019, 15, 307-312. [CrossRef]

15.  Schrurs, C.; Blott, S.; Dubois, G.; Van Erck-Westergren, E.; Gardner, D.S. Locomotory Profiles in Thoroughbreds: Peak Stride
Length and Frequency in Training and Association with Race Outcomes. Animals 2022, 12, 3269. [CrossRef] [PubMed]

16. Morrice-West, A.V.; Hitchens, P.L.; Walmsley, E.A.; Stevenson, M.A.; Wong, A.S.; Whitton, R.C. Variation in GPS and accelerometer
recorded velocity and stride parameters of galloping Thoroughbred horses. Equine Vet. |. 2021, 53, 1063-1074. [CrossRef] [PubMed]

17.  Ter Woort, E; Dubois, G.; Didier, M.; Van Erck-Westergren, E. Validation of an equine fitness tracker: Heart rate and heart rate

variability. Comp. Exerc. Physiol. 2021, 17, 189-198. [CrossRef]


http://www.racing.com
http://www.arioneo.com
https://doi.org/10.1111/evj.12757
https://www.ncbi.nlm.nih.gov/pubmed/28884864
https://doi.org/10.1111/evj.13156
https://www.ncbi.nlm.nih.gov/pubmed/31386764
https://doi.org/10.3390/ani11113130
https://doi.org/10.1590/0103-8478cr20140403
https://doi.org/10.1016/j.tvjl.2009.03.008
https://doi.org/10.1111/j.2042-3306.1993.tb02987.x
https://www.ncbi.nlm.nih.gov/pubmed/8223377
https://doi.org/10.2527/jas.2009-2241
https://www.ncbi.nlm.nih.gov/pubmed/19933440
https://doi.org/10.1111/j.2042-3306.2002.tb05405.x
https://doi.org/10.1111/j.2042-3306.1993.tb02902.x
https://doi.org/10.3920/CEP210037
https://doi.org/10.1016/j.jveb.2018.12.003
https://doi.org/10.1111/j.2042-3306.2006.tb05523.x
https://www.ncbi.nlm.nih.gov/pubmed/17402402
https://doi.org/10.3920/CEP180053
https://doi.org/10.3390/ani12233269
https://www.ncbi.nlm.nih.gov/pubmed/36496790
https://doi.org/10.1111/evj.13370
https://www.ncbi.nlm.nih.gov/pubmed/33098592
https://doi.org/10.3920/cep200028

Animals 2024, 14, 1342 19 of 20

18.

19.

20.
21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.
46.

47.
48.

Schrurs, C.; Dubois, G.; van Erck-Westergren, E.; Gardner, D.S. Does sex of the jockey influence racehorse physiology and
performance. PLoS ONE 2022, 17, e0273310. [CrossRef] [PubMed]

Tanner, J.; Rogers, C.; Firth, E. The relationship of training milestones with racing success in a population of Standardbred horses
in New Zealand. N. Z. Vet. ]. 2011, 59, 323-327. [CrossRef] [PubMed]

Takahashi, T. The effect of age on the racing speed of Thoroughbred racehorses. |. Equine Sci. 2015, 26, 43-48. [CrossRef]
Takahashi, Y.; Takahashi, T.; Mukai, K.; Ohmura, H. Effects of fatigue on stride parameters in thoroughbred racehorses during
races. J. Equine Vet. Sci. 2021, 101, 103447. [CrossRef]

Ferrari, M.; Pfau, T.; Wilson, A.; Weller, R. The effect of training on stride parameters in a cohort of National Hunt racing
Thoroughbreds: A preliminary study. Equine Vet. J. 2009, 41, 493-497. [CrossRef] [PubMed]

Couroucé-Malblanc, A.; Hodgson, D.R. Clinical exercise testing. In The Athletic Horse; Elsevier: Amsterdam, The Netherlands,
2014; pp. 366-378.

Gramkow, H.; Evans, D. Correlation of race earnings with velocity at maximal heart rate during a field exercise test in thorough-
bred racehorses. Equine Vet. ]. 2006, 38, 118-122. [CrossRef] [PubMed]

Evans, D. Physiology of equine performance and associated tests of function. Equine Vet. . 2007, 39, 373-383. [CrossRef] [PubMed]
Krzywanek, H.; Wittke, G.; Bayer, A.; Borman, P. The heart rates of Thoroughbred horses during a race. Equine Vet. ]. 1970, 2,
115-117. [CrossRef]

Daanen, H.A.; Lamberts, R.P; Kallen, V.L.; Jin, A.; Van Meeteren, N.L. A systematic review on heart-rate recovery to monitor
changes in training status in athletes. Int. |. Sports Physiol. Perform. 2012, 7, 251-260. [CrossRef] [PubMed]

Rabbani, A.; Kargarfard, M.; Twist, C. Fitness monitoring in elite soccer players: Group vs. individual analyses. J. Strength Cond.
Res. 2020, 34, 3250-3257. [CrossRef]

Hodgson, D. Training the thoroughbred racehorse. In The Athletic Horse; Elsevier: Amsterdam, The Netherlands, 2014; pp.
302-304.

Blomgqvist, C.G.; Saltin, B. Cardiovascular adaptations to physical training. Annu. Rev. Physiol. 1983, 45, 169-189. [CrossRef]
[PubMed]

Hagberg, J.; Hickson, R.; Ehsani, A.; Holloszy, J. Faster adjustment to and recovery from submaximal exercise in the trained state.
J. Appl. Physiol. 1980, 48, 218-224. [CrossRef]

Jeffcott, L.; Kohn, C.W. Contributions of equine exercise physiology research to the success of the 1996 Equestrian Olympic
Games: A review. Equine Vet. J. 1999, 31, 347-355. [CrossRef]

Marlin, D.; Scott, C.; Schroter, R.; Mills, P.; Harris, R.; HARRIS, P.A.; Orme, C.; Roberts, C.; MARR, C.M.; DYSON, S.J. Physiological
responses in nonheat acclimated horses performing treadmill exercise in cool (20 °C/40% RH), hot dry (30 °C/40% RH) and hot
humid (30 °C/80% RH) conditions. Equine Vet. ]. 1996, 28, 70-84. [CrossRef]

Marlin, D.; HARRIS, P.A.; Schroter, R.; Harris, R.; Roberts, C.; Scott, C.; Orme, C.; Dunnett, M.; DYSON, S.].; Barrelet, E.
Physiological, metabolic and biochemical responses of horses competing in the speed and endurance phase of a CCI**** 3-day-
event. Equine Vet. ]. 1995, 27, 37-46. [CrossRef]

Kohn, C.W.; Hinchcliff, K.; McCutcheon, L.; Geor, R.; Foreman, J.; Allen, A.; White, S.L.; Maykuth, P.L.; Williamson, L.H.
Physiological responses of horses competing at a modified 1 Star 3-day-event. Equine Vet. ]. 1995, 27, 97-104. [CrossRef] [PubMed]
McCutcheon, L.; Geor, R.; Hare, M.].; Ecker, G.L.; Lindinger, M. Sweating rate and sweat composition during exercise and
recovery in ambient heat and humidity. Equine Vet. J. 1995, 27, 153-157. [CrossRef] [PubMed]

Lindinger, M.; Geor, R.; ECKER, G.L.; McCutcheon, L. Plasma volume and ions during exercise in cool, dry; hot, dry; and hot,
humid conditions. Equine Vet. ]. 1995, 27, 133-139. [CrossRef]

Munsters, C.; Siegers, E.; Sloet van Oldruitenborgh-Oosterbaan, M. Effect of a 14-Day Period of Heat Acclimation on Horses
Using Heated Indoor Arenas in Preparation for Tokyo Olympic Games. Animals 2024, 14, 546. [CrossRef]

Geor, R.; McCutcheon, L.; Ecker, G.L.; Lindinger, M. Thermal and cardiorespiratory responses of horses to submaximal exercise
under hot and humid conditions. Equine Vet. J. 1995, 27, 125-132. [CrossRef] [PubMed]

Bloomfield, J.; Polman, R.; O’'Donoghue, P.; McNaughton, L. Effective speed and agility conditioning methodology for random
intermittent dynamic type sports. J. Strength Cond. Res. 2007, 21, 1093-1100.

Witte, T.; Hirst, C.; Wilson, A. Effect of speed on stride parameters in racehorses at gallop in field conditions. J. Exp. Biol. 2006,
209, 4389-4397. [CrossRef]

Clayton, H.M. Horse species symposium: Biomechanics of the exercising horse. J. Anim. Sci. 2016, 94, 4076-4086. [CrossRef]
Maeda, Y.; Tomioka, M.; Hanada, M.; Oikawa, M.-a. Influence of track surface condition on racing times of Thoroughbred
racehorses in flat races. J. Equine Vet. Sci. 2012, 32, 689-695. [CrossRef]

More, S. A longitudinal study of racing Thoroughbreds: Performance during the first years of racing. Aust. Vet. J. 1999, 77,
105-112. [CrossRef] [PubMed]

Kay, J.; Vamplew, W. Encyclopedia of British Horse Racing; Routledge: Abingdon, UK, 2012.

Gaffney, B.; Cunningham, E. Estimation of genetic trend in racing performance of thoroughbred horses. Nature 1988, 332, 722-724.
[CrossRef] [PubMed]

Hintz, H.F. Nutrition and equine performance. |. Nutr. 1994, 124, 27235-2729S. [PubMed]

Ely, E.; Price, J.; Smith, R.; Wood, J.; Verheyen, K. The effect of exercise regimens on racing performance in National Hunt
racehorses. Equine Vet. ]. 2010, 42, 624-629. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.pone.0273310
https://www.ncbi.nlm.nih.gov/pubmed/36044425
https://doi.org/10.1080/00480169.2011.617029
https://www.ncbi.nlm.nih.gov/pubmed/22040339
https://doi.org/10.1294/jes.26.43
https://doi.org/10.1016/j.jevs.2021.103447
https://doi.org/10.2746/042516409X374591
https://www.ncbi.nlm.nih.gov/pubmed/19642411
https://doi.org/10.1111/j.2042-3306.2006.tb05526.x
https://www.ncbi.nlm.nih.gov/pubmed/17402405
https://doi.org/10.2746/042516407X206418
https://www.ncbi.nlm.nih.gov/pubmed/17722733
https://doi.org/10.1111/j.2042-3306.1970.tb04170.x
https://doi.org/10.1123/ijspp.7.3.251
https://www.ncbi.nlm.nih.gov/pubmed/22357753
https://doi.org/10.1519/JSC.0000000000002700
https://doi.org/10.1146/annurev.ph.45.030183.001125
https://www.ncbi.nlm.nih.gov/pubmed/6221687
https://doi.org/10.1152/jappl.1980.48.2.218
https://doi.org/10.1111/j.2042-3306.1999.tb05247.x
https://doi.org/10.1111/j.2042-3306.1996.tb05034.x
https://doi.org/10.1111/j.2042-3306.1995.tb05006.x
https://doi.org/10.1111/j.2042-3306.1995.tb05014.x
https://www.ncbi.nlm.nih.gov/pubmed/8933091
https://doi.org/10.1111/j.2042-3306.1995.tb05022.x
https://www.ncbi.nlm.nih.gov/pubmed/8933099
https://doi.org/10.1111/j.2042-3306.1995.tb05019.x
https://doi.org/10.3390/ani14040546
https://doi.org/10.1111/j.2042-3306.1995.tb05018.x
https://www.ncbi.nlm.nih.gov/pubmed/8933095
https://doi.org/10.1242/jeb.02518
https://doi.org/10.2527/jas.2015-9990
https://doi.org/10.1016/j.jevs.2012.02.012
https://doi.org/10.1111/j.1751-0813.1999.tb11678.x
https://www.ncbi.nlm.nih.gov/pubmed/10078358
https://doi.org/10.1038/332722a0
https://www.ncbi.nlm.nih.gov/pubmed/3357536
https://www.ncbi.nlm.nih.gov/pubmed/7996280
https://doi.org/10.1111/j.2042-3306.2010.00257.x
https://www.ncbi.nlm.nih.gov/pubmed/21059071

Animals 2024, 14, 1342 20 of 20

49.

50.

51.
52.

Ricard, A.; Bruns, E.; Cunningham, E. Genetics of performance traits. In The Genetics of the Horse; Cab International: Egham, UK,
2000; pp. 411-438.

O’Ferrall, G.M.; Cunningham, E. Heritability of racing performance in thoroughbred horses. Livest. Prod. Sci. 1974, 1, 87-97.
[CrossRef]

Hintz, R.L. Genetics of performance in the horse. J. Anim. Sci. 1980, 51, 582-594. [CrossRef]

Oki, H.; Sasaki, Y.; Willham, R. Genetics of racing performance in the Japanese Thoroughbred horse: II. Environmental variation
of racing time on turf and dirt tracks and the influence of sex, age, and weight carried on racing time. . Anim. Breed. Genet. 1994,
111, 128-137. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/0301-6226(74)90092-X
https://doi.org/10.2527/jas1980.513582x
https://doi.org/10.1111/j.1439-0388.1994.tb00446.x

	Introduction 
	Materials and Methods 
	Databases 
	Horses 
	Equipment 
	Training Data 
	Racing Data 
	Data Analysis 

	Results 
	Descriptive Characteristics of the Racehorse Training Dataset 
	Racehorse Heart Rate and Recovery during Training 
	Racehorse Speed during Training 
	Racehorse Recovery and Speed according to the ‘Quality’ of the Racehorse for the Prediction of Race-Day Performance 
	Racehorse Recovery and Speed for the Prediction of Race-Day Performance 

	Discussion 
	Descriptive Characteristics of the Racehorse Training Dataset 
	Racehorse Heart Rate and Recovery during Training 
	Racehorse Speed during Training 
	Racehorse Heart Rate Recovery and Speed for the Prediction of Race-Day Performance 

	Conclusions 
	References

