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Abstract

Background: Fitness assessment of horses remains challenging. Heart rate variability

(HRV) can be used to monitor human athlete's training, but its value is unknown in horses.

Hypothesis: The linear domain HRV variables are affected by fitness.

Animals: Twelve healthy untrained thoroughbreds were randomly split into a training

group (6 weeks of incremental racetrack training) and a control group (no training).

Methods: Linear domainHRV variables were analyzed (high frequency [HF], low frequency

[LF], their normalized units [Hfnu, Lfnu], root mean square of successive differences between

beats [RMSSD], Poincaré plot features [SD1 and SD2]) while resting overnight before (base-

line) and after 2, 4 and 6 weeks of training. V̇O2max and echocardiographic indexes were

measured at baseline and after 6 weeks. Changes in HRV variables over time (ANOVA), and

correlationwith V̇O2max (Pearson's chi-squared test) were tested (P < .05 significance).

Results: V̇O2max, LF/HF ratio, and LFnu increased while HFnu decreased in the train-

ing group (before and after training mean [SD] values: V̇O2max 134 [12.8]-146 [16.5]

mL/[kg min]; P < .001; LF/HF ratio 0.51 [0.2]-0.91 [0.3] [P = .02]; LFnu 37.5 [10.1]-

46.8 [7.8] [P = .02]; HFnu 76.2 [7.9]-53.2 [7.7] [P < .001]). Training did not affect

RMSSD, SD1, SD2, resting HR, or echocardiographic indexes. Strong correlations

were found between V̇O2max and HRV variables (V̇O2max and LFnu [r = �0.59,

P = .04]; ΔV̇O2max and the corresponding ΔLF [r = �0.88, P = .02]).

Conclusions and Clinical Importance: Six weeks of training affected some frequency

domain HRV variables. Further studies are necessary to validate the use of HRV for

monitoring horses' responses to training.

Abbreviations: AAD, aortic annular dimension before systole; ANOVA, one-way analysis of variation; ANS, autonomic nervous system; BAV2, second-degree atri-ventricular block; CG, control

group; ECG, echocardiograms; FS %, fractional shortening; HF, high frequency; HFnu, normalized units high frequency; HRV, heart rate variability; IVSs, interventricular septum during systole;

LADmax, left atrial dimensions maximum; LADmin, left atrial dimensions minimum; LF, low frequency; LFnu, normalized units low frequency; LVFWd, left ventricular free wall systole; LVFWs, left

ventricular free wall systole; LVIDd, left ventricular internal dimensions during diastole; LVIDs, left ventricular internal dimensions during systole; RMSSD, root mean squares of successive R-R

intervals; SD1, SD perpendicular to the line of identity; SD2, SD of a Poincaré plot along the line of identity; SET, standardized exercise tests; TG, trained group; V200, velocity at which heart

rate reaches 200 beats per min; VLA4, velocity at which lactate reaches 4 mmol/L.
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1 | INTRODUCTION

Several methods have been proposed to assess equine athletes' fit-

ness under field or laboratory conditions.1-15 Fitness testing protocols

commonly use incremental speed standardized exercise tests (SET) to

estimate physiological variables like VLA4 (velocity at which lactate

reaches 4 mmol/L) and V200 (velocity at which heart rate reaches

200 beats per min).2,5,6,12,16-19 However, the requirements of a stan-

dardized workload necessary for these tests are difficult to meet

under field conditions.

Heart rate variability (HRV) reflects fluctuations in the interval

between consecutive heartbeats, and various HRV variables are usu-

ally assessed noninvasively by analyzing R-R intervals on electrocar-

diograms. Variability in heart rate intervals is a normal phenomenon

that occurs secondary to variations in the balance between the sym-

pathetic and parasympathetic (vagal) contributions to the autonomic

nervous system (ANS) control of the heart rate at rest.20-23

Algorithms have been developed to analyze HRV using linear

(which includes time and frequency HRV indexes) and nonlinear

domain measurements.24 In time-domain analysis, indexes are

derived from the analysis of consecutive R-R intervals. Such

indexes include the SD of R-R intervals (SD perpendicular to the

line of identity, SD1, and SD of a Poincaré plot along the line of

identity, SD2) and the root mean squares of successive R-R inter-

vals (RMSSD).25 Frequency domain indexes have bands that

are specific to each species and include the low frequency (LF;

0.01-0.07 Hz for horses) and the high frequency (HF; 0.07-0.6 Hz

for horses) bands of HRV.20 The LF/HF ratio and the relative

power of LF and HF expressed in normalized units (LFnu, HFnu) are

based on spectral analysis and represent the sympathovagal ANS

balance at rest in humans.25

Some HRV variables are a practical way to evaluate athletic fit-

ness in humans25-30 with HRV changes in linear domain indexes

observed after training and with improvements in physical perfor-

mance in some disciplines.29,31,32 Similarly, HRV changes occur in

horses after training,20,21,23,33 and greater LF/HF ratios were associ-

ated with better racing results.34 However, although fitness was

assumed to improve with training, the horses' fitness level was not

objectively measured20,23,33 preventing the analysis of potential cor-

relations between aerobic capacity and HRV variables.

Therefore, the objective of the present study was to quantify, in a

randomized controlled trial, the ANS's response to standardized train-

ing using linear analysis of HRV and to compare it to a traditional ref-

erence indicator of fitness (V̇O2max). We hypothesized that a training-

induced increase in V̇O2max (measured in a SET) would be correlated

with changes in the HRV variables (measured at rest) in the frequency

domain (with an increase in LF and a decrease in HF) but not in the

time domain.

2 | MATERIALS AND METHODS

2.1 | Horses

Twelve thoroughbred racehorses retired from racing (8 geldings, 4 mares;

mean age 8.5 ± 6.4 years) owned by the College of Veterinary Medicine,

Washington State University were enrolled. Inclusion criteria were the

absence of abnormal findings on clinical examination, echocardiographic

examinations, and complete blood cell count. An additional criterion was

not having been trained for at least a year. The sample size was based on

previous training and V̇O2max improvement data collected in the same

environment (P = .05, power = 0.80). The horses were randomly divided

into a trained group (TG, n = 6) and a control group (CG, n = 6) by one of

the authors (WB) using the RAND function in Microsoft Excel. The per-

sons who analyzed the measured outcomes (ES, RL, RB) were blinded to

the grouping of the horses. All horses lived together in small paddocks for

the duration of the study except for when the TG horses were training, or

horses were scheduled for the recording of their ECG during the night.

2.2 | Experimental setting

This was a prospective, randomized, blinded, and controlled study using

a parallel group design performed at the College of Veterinary Medi-

cine, Washington State University. All horses had been housed in the

same environment for several months before starting the study. The

outcomes measured were done in each horse before and after training

(or control) and included echocardiography, HRV analysis at rest, and a

peak oxygen consumption (V̇O2max) assessment during a SET on a high-

speed treadmill (see SET protocol below). Measurements obtained

before training for both groups were defined as baseline values.

2.3 | Training protocol

After baseline measurements, horses in the TG underwent 6 weeks of

training. The training program consisted of ridden exercise 6 days per

week on an 800 m racetrack with the intensity of exercise being pro-

gressively increased over the 6 weeks period. Weeks 5 and 6 included

breezes of 600 and 800 m, respectively, as fast as the horses were

capable of running them (>15 m/s; Table 1).

2.4 | Echocardiography

Echocardiographic examination was performed by transthoracic

echocardiography and included both 2-dimensional (2D), M-mode eval-

uation, and color Doppler.35 Horses were restrained in standard stocks.
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Images were obtained from the left and right sides. Left ventricular

internal dimensions during systole (LVIDs) and diastole (LVIDd),

interventricular septum width during systole (IVSs) and diastole

(IVSd), left ventricular free wall thickness in systole (LVFWs) and

diastole (LVFWd), and fractional shortening (FS%) were determined

from the M-mode study at the left ventricular papillary level. The

minimum and maximum left atrial diameters (LADmin, LADmax,

respectively), and aortic annular dimension before systole (AAD)

were taken from the right parasternal long axis. The examinations

were conducted without sedation. All echocardiograms were per-

formed before baseline SET and at the end of the training period.

2.5 | Resting ECG analysis and HRV calculation

Horses were not exercised for 2 days before any ECG data acquisi-

tion. Resting ECGs were recorded for 2 hours overnight between

09:00 and 11:00 PM on the night before the SET using a telemetric

ECG device (TELEVET 100. Engel Engineering Service GmbH.

Software version 7.0.0) at baseline and after 2, 4, and 6 weeks of

the training (in the TG) or control periods (in the CG). Nighttime

was chosen to reduce environmental stress and barn activity

(feeding and traffic) that could possibly have affected HRV data. A

modified resting base/apex ECG electrode configuration was used

with an elastic chest band covering the equipment.36 The horse's

identity was removed from the ECGs and they were first analyzed

for arrhythmias (ES and RL) and the number of second-degree

atrioventricular blocks (BAV2) was reported. The R-R intervals

were detected using the ECG software function (TELEVET. Version

7.0.2 Build 002, Engel Engineering Services GmbH, Germany) and

manually verified, and data were then exported and downloaded to

an HRV analysis software (KUBIOS. Version 2.2. Biomedical Signal

Analysis Group, Department of Applied Physics, University of

Kuopio, Finland). The frequency range of the LF component of

HRV was set to be between 0.01 and 0.07 Hz and the HF analysis

was set between 0.07 and 0.6 Hz as previously described.20 Based

on previously reported ECG analysis recommendations,37 a “low”
artifact correction filter (0.35 s) from the KUBIOS software was

applied. Mean HR was obtained and RMSSD, SD1, SD2, LF and HF

domain of HRV, LF/HF ratio and LFnu, HFnu were calculated.

2.6 | Standardized exercise test and V̇O2

measurement

On the morning following the recording of the baseline and end of

training (6 weeks) ECGs, V̇O2max was measured using a SET on a high-

speed treadmill inclined at 10% using a previously validated ergospiro-

metry mask.38 The horses had all been acclimated to the treadmill and

mask before the study. After a 4-min warm-up period at 4 m/s, the

SET consisted of 1 minute incremental bouts of exercise at 7, 9,

10, 11, and 12 m/s or until the horse could not maintain the speed

despite strong verbal encouragement. Calibration of the ergospirome-

try system (flowmeter and oxygen sensor) was conducted immediately

before each SET, and oxygen consumption was measured continu-

ously during the exercise. The V̇O2 values were calculated for the

speed for which the full minute was completed by the horses to deter-

mine V̇O2max as previously described.10 Heart rate and ECG were con-

tinuously recorded during the SET. The speed at which V̇O2max was

reached was calculated using linear regression of the linear portion of

the V̇O2-speed curve.

2.7 | Statistical analysis

Statistical analysis was conducted (GraphPad Prism 9.3.1 GraphPad

Software LLC) after testing the normality of the data distribution

with the Shapiro-Wilk test. Before and after the training period

HR, HRV indicators, echocardiographic indices, and V̇O2max data

for TG and CG were compared using a paired t test, and the

respective effect size was calculated using Cohen's d. A Wilcoxon

signed rank test was performed to compare the number of BAV2

between the ECGs over time. A Pearson correlation was used to

assess the correlation between the changes in V̇O2max and each

HRV variable. Changes in HRV variables over time were tested

with a one-way analysis of variation (ANOVA). A P-value <.05 was

TABLE 1 Training program for
horses in the training group.

Warm-up Fast trot Canter Gallop Slow trot

Week 1 2 laps slow trot 2-3 laps 1-3 laps 0.5-2 laps

Week 2 3 laps slow trot 2 laps 2-3 laps 0.5-2 laps

Week 3 2 laps slow trot 2 laps 2.5-3 laps 1 lap at ≈15 s/200 m 0.5-1 lap

Week 4 2 laps slow trot 2 laps 2-3.5 laps 1.5-3.5 laps, ≈15 s/200 m 0.5-1 lap

Week 5 2 laps slow trot 0-1 lap 1-3 laps 1.5-3.5 laps, ≈15 s/200 m 0.5-1 lap

600 m breeze

Week 6 2 laps 1-2 laps 1-4 laps 1.5-3.5 laps, ≈15 s/200 m 0.5-1 lap

800 m breeze

Note: Protocols varied from day to day and from horse to horse. Overall, the training distance

increased each week as did the speed at which the canter and the gallop were completed. Lap

distance was 800 m.
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considered statistically significant. Normally distributed data were

reported as mean ± SD.

3 | RESULTS

One horse from the CG developed a lameness before the posttraining

treadmill test and was therefore excluded from the study. No other

negative effects were noted during the study. Data distribution was

normal for all the variables studied.

3.1 | Physiological variables

Resting HR and V̇O2max measured during the SETs are reported in

Table 2. A significant increase in V̇O2max was observed after training

in the TG (from 131.3 ± 25.8 to 150.5 ± 22.7 mL/[kg min]; P = .004)

while no change was detected in the CG. The speed at which horses

reached V̇O2max increased (P = .03) after 6 weeks in the TG (Table 2).

3.2 | Echocardiographic indices

There was no significant change between baseline and posttraining

in any echocardiographic measurement in the TG or the CG groups.

Cardiac dimension values are reported in Table 3.

3.3 | Resting ECG analysis and HRV calculation

Training was not associated with a change in resting HR in TG, and

there was no difference in resting HR between the CG and TG horses

after the 6 weeks period (CG: 37.7 bpm ± 2.6; TG: 37.5 bpm ± 4.7;

Table 2). No arrhythmias other than the BAV2s were observed in the

ECGs. There was no difference in the number of BAV2 between

the ECG time points over the study period.

Significant changes in HRV were only observed in the TG, where

5 out of the 6 horses showed an increase in some of the HRV vari-

ables. All HRV variables analyzed are reported in Table 4. A significant

increase in LF/HF ratio (+38.7%, P = .04), LFnu (+32.0%, P = .02) and

decrease in HFnu (�17.5%, P = .02) were noted after 6 weeks training

in the TG but not in the CG (Table 4). Effect size was 0.11 for LF/HF

ratio, 0.42 for LFnu and 0.42 for HFnu. No other HRV variables

(RMSSD, SD1, SD2) changed over the study time in either of the

groups.

There was a strong correlation between V̇O2max and LFnu

(r = �0.59, P = .04) as well as a strong correlation between the

changes in V̇O2max (after training � baseline values) and the corre-

sponding changes in LF (r = �0.88, P = .02).

4 | DISCUSSION

This study collectively evaluates responses of aerobic capacity, echo-

cardiographic indices, and HRV in horses to training. All horses in the

TG showed an improvement in their aerobic capacity as reflected by

an increase in V̇O2max and the speed at which V̇O2max was reached.

The changes in the other cardiac physiological variables (resting HR

and echocardiographic indexes) were not significant. This was not

unexpected given the previous training history of the horses, the rela-

tively short training period, and high vagal tone associated with rest-

ing HR in trained and untrained horses.

TABLE 2 Physiological data at baseline and after training (6 weeks) in the control group and the training group.

Control group Training group

Before training (n = 6) After training (n = 5) Before training (n = 6) After training (n = 6)

Resting HR (bpm) 39.8 [3.6] 38.1 [4.4] 36.4 [2.3] 35.7 [2.5]

V̇O2max (mL/[kg min]) 134 [12.8] 146 [16.5] 131 [25.9] 151 [20.5]a

Mean V̇O2max speed (m/s) 11.6 [1.4] 10.9 [0.9] 11.3 [0.4] 11.9 [0.4]a

Note: Mean [SD] reported.
aIndicates a significant difference between baseline and posttraining values.

TABLE 3 Echocardiographic indices in the trained group before
and after training (mean [SD] reported).

Before training After training P value

LVIDs (mm) 70 [11.0] 75 [13.0] .51

LVIDd (mm) 106 [11.0] 115 [12.0] .14

IVSs (mm) 39 [6.1] 43 [3.9] .56

IVSd (mm) 26 [3.0] 26 [2.9] .37

LV freeWs (mm) 40 [4.1] 42 [3.4] .70

LV freeWd (mm) 25 [3.1] 24 [3.7] .20

LV shortening (%) 0.35 [0.070] 0.37 [0.03] .74

LA diam max (mm) 113 [8.6] 116 [7.7] .45

LA diam min (mm) 90 [8.1] 91 [11.0] .66

AAD (mm) 60 [5.2] 62 [6.7] .96

Abbreviations: AAD, ascending aorta diameter; IVSd, intraventricular

septal thickness end—diastole; IVSs, intraventricular septal thickness at

end—systole; LA diam max, maximal left atrial diameter; LA diam min,

minimal left atrial diameter; LV freeWd, left ventricular free wall diastolic;

LV freeWs, left ventricular free wall systolic; LV, left ventricular; LVIDd,

left ventricular internal diametral systolic; LVIDs, left ventricular internal

diametral systolic.
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The increases in LF/HF ratio and LFnu that we observed were consis-

tent with reported changes in response to field training in horses.20,23 In

horses, injection with the sympathetic β-blocker, propranolol, enhanced

LF and LF/HF ratio,20 whereas administration of atropine decreased LF

and LF/HF ratio in a dose-dependent manner while HF decreased after a

dose of atropine.18,20 Therefore, HF seems to be less sensitive to ANS

variation compared to LF. In this sense, the variation in HF domain in

response to training was less marked when compared to LF variation in

field conditions,20 and similar results were reported in the present study.

Again, the greater vagal tone in horses compared to other species might

explain those findings.39 Our results showing an increase in LF/HF

ratio and LFnu were in accordance with an increase in vagal tone and

decreased β-receptor stimulation at rest posttraining.40

We trained the horses for 6 weeks expecting a measurable improve-

ment in fitness since an increase in V̇O2max typically occurs after 4 weeks

of training.23 We opted to avoid longer duration training to limit the pos-

sibility of a decrease in resting HR associated with response to training.

Such a decrease in resting HR was observed in one previous HRV study

after 7 months of training. As HRV is affected by HR,24 a decrease due

to training would have been likely to bias the HRV analysis in the present

study. The fact that resting HR remained unchanged after the 6-week

training protocol in the present study, while LF/HF ratio, LFnu, and HFnu

decreased, suggests that HRV indices are more sensitive than resting HR

as indicators of ANS changes following improvement of aerobic capacity.

This might lead to some application of LF/HF ratio, LFnu and HFnu to the

monitoring of horses' fitness during training. These variables are from the

linear domain of HRV analysis and done on resting ECGs, but further

research is necessary to explore the value of nonlinear HRV variables in

horses.

Horses in the TG were the only individuals with improvement in

V̇O2max and 5 of the 6 trained horses displayed significant HRV

changes in response to training. Furthermore, we found a significant

correlation between V̇O2max and LFnu and a strong correlation between

the changes in V̇O2max associated with 6 weeks training and the corre-

sponding changes in LF. The fact that such associations were found for

LF but not for HF variables might be due to their different response to

training. Low frequency is affected by both the orthosympathetic and

parasympathetic systems' tone compared to the HF domain which

reflects more specifically the parasympathetic tone in horses18 Atropine

administration to horses affects the LF domain first.22 Altogether these

results suggest the possibility that LF might change more than HF, or

earlier than HF during training, possibly due to some additional effect

of the orthosympathetic system on LF.

A challenge when evaluating HRV following interventions like

training is the many sources of variation that could interfere with the

analysis. For example, a horse's ANS is influenced by its age, breed,

and sex.22 After some months in training, ANS of young horses might

be affected both by their growth and the improvement in their aero-

bic capacity. Therefore, growth might bias the results and including

young horses in HRV studies over a long period should be carefully

considered. Furthermore, field studies during a racing season should

take into account stress and fatigue as potential confounding factors

in the analysis. In humans, fatigue and stress factors41 have a marked

impact on frequency domain HRV variables (both LF and HF). It is also

for this reason that in other species, including cows and horses, HRV

has also been used to assess the animals' stress level.42-44

A lack of standardization represents the main limitation when

comparing HRV data between studies in the veterinary field. In addi-

tion to a lack of standardization of the analysis settings, practical

aspects such as the time of day and the duration of ECG recordings

for HRV analysis have been controversial. Analysis of ECGs recorded

overnight is known to be characterized by greater parasympathetic

tone.20 However, there is no consensus about the best time of day or

night during which to record ECGs for subsequent HRV analysis. In

the present study, ECG data acquisition was repeated under the same

conditions with respect to location, time of day, and duration of

recording before and after the training period. The recording duration

of 2 hours during the late evening period was chosen to decrease

HRV variability since the horses had been fed over 4 hours before the

recording time and there was limited human activity.

The use of software to calculate HRV has also been questioned

due to the lack of clear recommendations regarding the standardiza-

tion of software settings.45 As a result, HRV studies continue to

report results using different or even undisclosed ranges of frequen-

cies for the HF and LF domains20,23 which is a source of variability

between studies. In human medicine,20 efforts have been made to

standardize HRV methodology and interpretation. We felt that it was

important to use and report settings that had been previously

TABLE 4 Linear domain variables of HRV at baseline and posttraining (mean [SD] data reported) in the control group and training group.

Control group Training group

T0 T2weeks T4weeks T6weeks T0 T2weeks T4weeks T6weeks

RMSSD 58.6 [13.3] 80.1 [31.1] 79.6 [22.7] 71.1 [36.9] 72.3 [22.2] 73.6 [21.6] 64.9 [17.4] 71.1 [19.5]

SD1 41.5 [9.4] 56.6 [21.9] 56.3 [16.1] 50.2 [26.1] 51.4 [15.7] 52.1 [15.2] 46.0 [12.3] 50.2 [13.8]

SD2 61.1 [13.7] 70.9 [7.9] 76.7 [8.9] 61.5 [11.6] 63.1 [14.7] 66.8 [10.9] 70.2 [15.7] 71.8 [17.3]

LF/HF 0.87 [0.3] 0.72 [0.5] 0.87 [0.6] 0.85 [0.7] 0.51 [0.2]a,b 0.71 [0.2]a 0.94 [0.4] 0.91 [0.3]b

LFnu 54.7 [12.4] 49.8 [26.4] 42.1 [17.4] 40.2 [20.1] 37.5 [10.1]a,b 50.5 [12.2]a 53.9 [25.6] 46.8 [7.8]b

HFnu 66.3 [12.9] 75.9 [12.1] 57.9 [17.5] 59.7 [20.1] 76.2 [7.9]a,b 73 [5.5] 57.2 [6.1]a 53.2 [7.7]b

Note: T0 indicates baseline measurements, T2weeks, T4weeks, and T6weeks are 2, 4, and 6 weeks posttraining time points, respectively. Letters indicate a

significant difference between the values indicated with the same letter.
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described in equine studies.20,37,45 Thus, we elected to use the range

of 0.07 to 0.6 Hz for HF and 0.01 to 0.07 Hz for LF although they are

different to the ranges utilized in HRV studies involving people.

Arrhythmias displayed during the ECG recording are also likely to

affect HRV analysis. Although resting arrhythmias might be secondary

to changes in ANS tone, they might affect HRV calculations.43,45 This

is particularly true for arrhythmias affecting R-R intervals, like BAV2,

as can be identified in the Poincaré plot.45 One approach proposed to

circumvent this problem was to perform HRV analysis on the P-P

intervals,45 but this is not commonly done. No pathological arrhythmia

was observed in the ECGs recorded in the present study, but some

horses displayed physiological BAV2. The prevalence of these BAV2

was the same before and after training. However, the clinical rele-

vance of arrhythmias at rest, in recovery, and during exercise on HRV

warrants additional documentation in future studies.

The 6 weeks training was not associated with changes in any of the

measured echocardiographic variables in the thoroughbreds from the

TG. Whether this reflected their previous extensive athletic histories, or

the relative brevity of the training period is unclear. Reports on the

effects of training on echocardiographic measurements of 2-year-old

thoroughbred and standardbred racehorses have indicated that training

over periods of 18 weeks to 18 months results in increases in measures

of ventricular chamber dimensions and myocardial muscle mass.46,47

However, we could find no reports on the effects of physical maturity or

years of training and racing on echocardiographic measures, and it is pos-

sible that the hearts of horses in the TG had already hypertrophied to

such an extent that the 6 weeks training period was unlikely to induce a

statistically detectable increase. One study conducted echocardiographic

assessments of 53 standardbreds when they were aged 2 to 5.5 years.48

Forty of them had been in training and racing throughout this period

while 13 others had raced until they were about 5 years old but had

been out of full training for 1-6 months at the time of the last echocar-

diographic examination. Unfortunately, the results at 3.5 and 5.5 years

were not specifically compared. The only difference between the horses

still racing at 5.5 years of age and those out of training at that age was in

LVIDd but it was not clear if that assessment took into account differ-

ences in sex and body weight. Given our sample size, and a power of

80% and P = .05, the findings in our study would have been significant

had we observed an increase of 12.5 mm between baseline and post-

training LVIDd, whereas we noted an increase of 9 mm. We cannot con-

firm if the training effect is truly 9 mm or if the number of animals was

not sufficient to detect a statistically significant difference (type II error).

Finally, echocardiogram measurements in our study were all 2D and

M-mode linear measurements. Other echocardiographic measurements

such as chamber area, chamber volume, strain, and strain rate might have

been more sensitive in detecting responses to the 6 weeks of training.

5 | LIMITATIONS

The small number of horses used in the present study was a limitation,

notably with respect to data for which we failed to show significant

changes between time points, potentially due to lack of statistical

power. However, enrolling athletic horses in a controlled training

program study presents economical and logistical challenges that were

a limiting factor for the number of animals included. This study com-

bined field training of unfit racehorses with state-of-the-art laboratory

physiological measurements of fitness. The HRV and physiological

results obtained in the present study were in accordance with those

of previous publications. Furthermore, to compensate for the low

number of animals enrolled, data was compared using a paired

design using each horse as its own reference. Additionally, blood

pressure was not assessed in either group, and changes in blood

pressure would likely affect both heart rate variables and echocar-

diographic variables.

6 | CONCLUSION

Horses with an improvement in aerobic capacity after racetrack train-

ing displayed significant changes in some frequency domain HRV vari-

ables recorded at rest for 2 hours in the late evening. Furthermore,

this study showed a strong correlation between HRV LFnu and LF vari-

ables with V̇O2max. Although these results show promising potential

applications for HRV in the monitoring of equine athletes' fitness, our

sample size was small, and further studies on larger groups with differ-

ent breeds (eg, standardbred, warmbloods) and disciplines (eg, event-

ing, endurance) are necessary to validate the benefits of assessing

resting HRV for the equine industry.
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