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Longitudinal Patterns of Sustained and Peak Cardiovascular Re-
sponses in a Rider—Horse Dyad During Hunter Training
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Background/Objective: Repeated equestrian training is often associated with lower cardiovascular strain as riders and horses
become more familiar with training demands. In routine hunter training, however, lesson content and demands are not always
the same from one session to the next. As a result, physiological measures may not change in the same way over time. Against
this background, the present study followed a single rider—horse dyad to investigate whether repeated hunter training produced
different longitudinal patterns in sustained load, peak load, and autonomic regulation.

Methods: A longitudinal observational design was used to follow eleven routine hunter training sessions involving the same
rider—horse pair. Heart rate (HR) data from both the rider and horse were synchronized with stage records and event annotations.
Sustained load was represented by canter-phase HR, peak load by jump-phase HR and event-related peak responses (Apeak),
and autonomic regulation by horse heart rate variability (HRV) measures, including RMSSD and SDNN. Session-level measures
were summarized descriptively, and Spearman rank correlations were used to evaluate their relationships with session order.
Results: Rider mean canter HR showed the clearest directional change across the eleven sessions, whereas rider peak canter
HR changed little over time. In contrast, jump-stage HR showed different longitudinal patterns between the rider and the horse,
whereas jump-specific Apeak responses remained highly variable. Horse HRV measures (RMSSD and SDNN) also varied from
session to session, with no obvious directional pattern across the training period.

Conclusions: Repeated hunter training was not associated with a uniform reduction in physiological load. Longitudinal change
differed across physiological measures. Rider mean HR showed the clearest directional decrease across sessions, whereas
peak HR responses, horse cardiovascular measures, and HRV exhibited greater variability and weaker longitudinal patterning.
These findings support a task-stratified framework for interpreting rider—horse physiological responses under ecologically valid
training conditions.

Keywords: equestrian training; rider—horse dyad; heart rate; heart rate variability; longitudinal cardiovascular patterns;
sustained load; peak load; task-stratified framework.

Introduction In horses, HR is widely used as a practical field mea-
sure of exercise intensity and cardiovascular response dur-
ing discipline-specific exercise testing, training, and compe-
tition®12. Equine RR recordings can be affected by motion
and technical artifacts, making careful inspection and prepro-
cessing important before HRV estimation>>!3. More gen-

erally, beat-detection artifacts can materially distort HRV in-

Equestrian training requires close coordination between the
rider and the horse. Performance depends on how effectively
the two work together rather than on either individual alone.
Posture, rein contact, leg aids, and timing are continuously
adjusted between the two, and as lesson demands shift, both

members of the dyad exhibit measurable physiological re-
sponses. Heart rate (HR) is commonly used to characterize
physiological workload during equestrian exercise, whereas
heart rate variability (HRV) provides complementary infor-
mation on cardiac autonomic regulation!=>. Previous studies
have shown that horseback riding imposes meaningful ener-
getic and cardiovascular demands on riders, with workload
increasing according to gait, riding task, and exercise inten-
sity 7.
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dices '*. Despite these advances, physiological responses dur-
ing equestrian exercise are still commonly summarized using
whole-session averages or broad activity categories. Although
these approaches provide a useful overview of cardiovascular
workload, they may not fully reflect the substantial variation in
physiological demand that occurs across different riding tasks
and exercise conditions. Previous studies have shown that
show jumping elicits measurable cardiovascular and metabolic
responses in horses . Across studies of standardized jump-
ing courses, track-based exercise tests, discipline-specific field
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tests, and competitions of different levels, equine physiologi-
cal responses have varied with exercise format, course char-
acteristics, testing protocol, and competition context®1%16,
Studies conducted in non-ridden human-horse interaction set-
tings have reported temporal coherence and directional associ-
ations between human and equine cardiovascular signals'7!3.
Whether these forms of physiological coupling generalize to
mounted training remains uncertain. However, such coupling
does not necessarily imply that rider and horse responses are
identical across all tasks or physiological measures. Together,
these findings support the use of more task-specific analyses to
distinguish sustained-load, peak-load, and event-related car-
diovascular responses during routine hunter training. This dif-
ference is more relevant when training is delivered over a se-
ries of sessions rather than being investigated during a single
lesson. Hunter training typically combines flatwork and over-
fences exercises, and lesson content is adjusted according to
the rider’s progress and the horse’s condition. Under these cir-
cumstances, longitudinal cardiovascular changes are not ex-
pected to manifest uniformly across all physiological mea-
sures. Equine HR and HRV have been shown to vary across
competition levels, exercise phases, and repeated jumping
contexts 216, During a jumping course, rider experience af-
fected cardiac and stress responses more clearly in riders than
in horses !, whereas rehearsal and public performance elicited
different cardiac responses in riders and horses?’. Longitu-
dinal evidence indicates that equine HR and autonomic re-
sponses can change across training and recovery and may dif-
fer with agezl, while cross-sectional evidence associates rest-
ing HR and HRV with age and activity level>?. During a fa-
tiguing 10-week programme in young Friesian stallions, phys-
iological and gait measures also showed different patterns of
change?’. However, comparable longitudinal evidence de-
scribing both members of a rider—horse dyad during routine
hunter training remains limited. If all high-demand training
activities are treated as a single category, meaningful differ-
ences among physiological domains may be overlooked. This
distinction is particularly relevant in hunter training, where
performance depends not only on cardiovascular workload but
also on rhythm, consistency, technical execution, and rider—
horse coordination across different lesson tasks. The current
study focuses on longitudinal change within a rider — horse
dyad, in the context of regular hunter training, and applies a
task-stratified approach. Rather than treating all high-demand
activities as a single category, the framework distinguishes
sustained load (canter phases), peak load (jump phases and
event-related Apeak responses), and autonomic regulation us-
ing horse HRV. The present study was therefore designed as an
exploratory longitudinal case report to describe cardiovascular
response patterns in a single rider—horse dyad across repeated
hunter training sessions. Specifically, it addressed three de-
scriptive research questions: (1) Do sustained-load and peak-

load variables exhibit similar or different longitudinal patterns
across repeated training sessions? (2) Is directional change
more evident in the rider, the horse, or both? (3) How do car-
diovascular response patterns differ across physiological do-
mains during repeated hunter training?

The study was designed to be small in scope. It studied
one rider-horse pair seen in many repeated hunter lessons,
where the content of the lessons was not standardized between
lessons. This design maintained the structure of real-world
training but restricted generalization at the population level.
Accordingly, the findings should be interpreted as case-based
evidence that supports structured description and hypothesis
generation rather than population-level causal inference. Con-
tinuous rider and horse HR data were collected across 11 train-
ing sessions. The recordings were analysed according to stage
annotations and event logs and subsequently summarized into
four session-level outcome domains: canter-based sustained
load, jump-based peak load, event-related cardiovascular re-
activity (Apeak), and horse HRV.

Methods

Study design and rider-horse dyad

A longitudinal observational case-study design was used, in
which the physiological responses of a single rider—horse dyad
were monitored across 11 routine hunter training sessions con-
ducted between December 16, 2025, and January 19, 2026.

Throughout the observation period, the same rider—horse
pair was followed. The rider was an adolescent hunter rider
with about three years of riding experience and the horse
was a 15 year-old gelding trained as a hunter. These ses-
sions were analyzed shortly after a two-week familiarization
period which was taken to allow the pair to get started with
normal routine training conditions and to establish coordina-
tion between rider and horse. Since the dyad did not vary, the
differences between sessions are interpreted as differences in
training context and physiological responses, not differences
in participants.

The data were gathered under the normal training circum-
stances. All sessions were conducted in the rider’s normal
training environment, and no research-specific training was
added to the program. There were variations in the structure
of lessons between sessions such as flatwork sessions and ses-
sions with over fence work. This variation is a consequence
of normal hunter training, and was left in the analysis.

Session characteristics were summarized from the stage and
event annotations. For each session, the total annotated train-
ing time, time spent in walk, trot, canter, and jump-work
stages, numbers of canter and jump-work phases, number of
annotated jump attempts, and lesson focus are reported in Ta-
ble 1.
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The observation period included all routine hunter train-
ing sessions available during the predefined monitoring pe-
riod. The monitoring period was established before data col-
lection according to the project schedule and was not based on
statistical stopping criteria or interim inspection of the phys-
iological results. The study was not terminated on the basis
of interim results or observed physiological patterns. Instead,
data collection ended when the predefined monitoring period
concluded.

Data collection and lesson annotation

Physiological data were collected simultaneously from both
members of the rider-horse dyad during each training ses-
sion. Rider heart rate (HR) was recorded using a Polar H10
Heart Rate Sensor (firmware version 3.3.1; Polar Electro Oy,
Kempele, Finland), paired with the Polar Flow mobile appli-
cation (version 6.34.0). Horse HR and beat-to-beat RR in-
tervals were recorded using a Polar Equine H10 Heart Rate
Sensor for Riding (firmware version 3.3.1; Polar Electro Oy,
Kempele, Finland), paired with a Polar Vantage M3 multi-
sport watch (firmware version 4.3.0; Polar Electro Oy, Kem-
pele, Finland). Rider and horse HR were recorded continu-
ously at 1-s intervals throughout each session. For the horse,
beat-to-beat RR intervals were recorded continuously, with
each exported RR value representing one interbeat interval in
milliseconds. The rider recording was used for HR analysis
only, and rider RR intervals were not included in the exported
dataset or subsequent analyses. Both sensors were fitted ac-
cording to the manufacturer’s instructions. The rider Polar
H10 chest strap was positioned around the lower thorax im-
mediately below the pectoral muscles. The Polar Equine H10
sensor was attached using the manufacturer’s Polar Equine
Belt in the standard riding configuration beneath the saddle to
ensure stable electrode contact throughout each training ses-
sion. Data from both systems were exported as CSV files
through the Polar Flow web service for subsequent offline pro-
cessing and analysis. In human participants, the Polar H10
has demonstrated good agreement with reference ECG for
HR and RR-interval measurement during rest and incremen-
tal exercise?*. In horses, Polar heart-rate monitoring systems
have shown agreement with simultaneous ECG recordings for
HR and time-domain HRV measures under non-exercising and
groundwork conditions 3%, Annotations were generated for
each training session to characterize lesson structure. All
annotations were performed manually and retrospectively by
the rider (first author) through frame-by-frame review of the
session video recordings, rather than during live riding; no
automated annotation software was used. Stage annotations
(walk, trot, canter, and jump work) and event annotations (e.g.,
jump attempts and coach cues) were first identified from the
video recordings. The identified timestamps were then aligned

with the corresponding Polar heart-rate recordings, allowing
the start and end of each stage and the occurrence time of
each annotated event to be linked directly to the physiolog-
ical data. Stage records represented continuous periods of
a specific riding activity (walk, trot, canter, or jump work),
whereas event records represented discrete training events or
coach signals, including individual jump attempts and instruc-
tional cues. Canter stages were defined as continuous periods
during which the horse maintained a canter gait without nego-
tiating obstacles. A canter stage began at the onset of a con-
tinuous canter gait following the transition from trot or walk
and ended when the horse transitioned back to trot or walk
or entered a jump-work segment. Jump-work stages were
defined as periods of cantering while negotiating fences and
included the approach, jump, and immediate departure asso-
ciated with each obstacle sequence. Stage boundaries were
determined by frame-by-frame video review using predefined
gait-transition and obstacle-negotiation criteria to ensure con-
sistent annotation across sessions. This stage-wise segmenta-
tion enabled the analysis of sustained cardiovascular responses
across different riding tasks, whereas event annotations were
used to quantify short-window acute cardiovascular responses
(Apeak). All training sessions were conducted outdoors under
routine environmental conditions. To characterize the environ-
mental conditions associated with each session, daily weather
data, including maximum temperature, minimum temperature,
average wind speed, and precipitation, were obtained from
archived NOAA daily climate records. These data are sum-
marized in Supplementary Table S1. Relative humidity was
not consistently available from the archived NOAA records
for all training dates and was therefore not included. These
variables represent daily meteorological conditions rather than
on-site measurements recorded during individual training ses-
sions. The start and end times of each training session are re-
ported in Table 1 to document the time of day at which phys-
iological measurements were obtained and to facilitate con-
sideration of potential circadian influences. Throughout the
observation period, the horse remained at the same training
facility and followed the same routine management schedule
across all eleven sessions. The horse was turned out daily from
approximately 16:00 until 06:00 the following morning. Hay
was provided in the stall at approximately 06:00 and again in
the pasture at approximately 16:00, where the horse also had
access to fresh pasture grass. A formulated concentrate feed
was provided at approximately 10:00 and 15:00. The horse
received no additional riding or structured exercise before any
of the monitored training sessions. Routine grooming, tack-
ing, and handling procedures were followed before each ses-
sion. No session-specific deviations in turnout, feeding, prior
exercise, housing, or handling occurred across the eleven ses-
sions. The horse was ridden only by the study rider during the
observation period.
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Table 1 Characteristics of the Eleven Routine Hunter Training Sessions.

Training Start End Total ‘Walk Trot Canter Jump- Canter Jump- Jump Jump Lesson
Session Time Time Annotated (min) (min) (min) work Phases work At- Height  Focus
Training (min) (n) Phases tempts (m)
Time (min) (n) (n)
2025-12-16_A 15:40:00  16:04:00 24 12 4 4 4 1 3 11 NR Mixed
2025-12-18_A 15:30:00  16:00:00 30 14 5 2 9 1 6 7 NR Mixed
2025-12-19_A 15:50:00  16:33:00 43 25 11 7 0 3 0 0 NA Flatwork
2025-12-23_A 14:34:00  15:12:00 38 26 6 0 6 0 4 12 NR Mixed
2025-12-29_ A 15:37:00  16:06:00 29 9 7 9 4 2 1 6 NR Mixed
2025-12-30_A 15:38:00  16:27:00 49 27 5 3 14 1 4 16 NR Mixed
2026-01-02_A 15:38:00  16:20:00 43 24 1 5 13 1 3 11 NR Mixed
2026-01-06_A 15:29:00  15:57:00 27 14 7 6 0 2 0 0 NA Flatwork
2026-01-13_A 15:29:00  16:03:00 32 11 7 9 5 1 2 11 NR Mixed
2026-01-16_A 15:30:00  16:02:00 32 20 3 1 8 1 3 13 NR Mixed
2026-01-19_A 13:01:00  13:35:00 35 19 6 10 0 3 0 0 NA Flatwork

Note. Annotated training time is the sum of all annotated stages and may differ from total lesson duration. Canter denotes cantering without obstacles; Jump-work
denotes cantering while negotiating fences. Canter and Jump-work Phases are counts of distinct annotated segments; Jump Attempts is the number of annotated jump
events. Lessons reflected routine hunter training and were not experimentally standardized. NR, not recorded (jump height was not prospectively documented and could

not be reliably reconstructed); NA, not applicable (no jump work).

Variables and derived measures

The analysis used a task-stratified framework to separate
physiological demand into sustained-load, peak-load, and
autonomic-regulation measures. Sustained load was repre-
sented by canter phases, reflecting continuous moderate-to-
high cardiovascular demand during routine training. Peak load
was represented by jump phases and event-related peak re-
sponses, reflecting shorter periods of heightened physiological
demand. Cardiac autonomic modulation was assessed opera-
tionally using session-level horse HRV indices derived from
cleaned RR intervals =3,

Stage-derived session-level measures. For each training
session, canter and jump-work stages were summarized by
rider mean HR, rider peak HR, horse mean HR, horse peak
HR, and total stage duration. When multiple segments of the
same stage category occurred within a session, all HR ob-
servations from those segments were pooled. Session-level
mean HR was calculated as the arithmetic mean of all pooled
observations, whereas session-level peak HR was defined as
the highest HR value observed within the corresponding stage
category during that session. Consequently, longer stage seg-
ments contributed proportionally more HR observations to the
session-level summary values than shorter stage segments.

Event-related reactivity (Apeak)

Acute cardiovascular responses to discrete training
moments—such as jumps, corrections, or coach cues—
were quantified using Apeak, defined as the increase in HR
following an event relative to a pre-event baseline:

Apeak = HRpeak — HRpaseline

where HReak 18 the maximum heart rate within 0-20 s af-
ter event onset, and HRp,geline 1S the mean heart rate during
the 30 s preceding the event. The 30-s baseline and 0-20-s re-
sponse windows were specified a priori as short-window sum-
maries intended to capture near-event cardiovascular changes.
In jumper horses, Bazzano et al. recorded HR at 1-s reso-
lution during standardized warm-up jumps followed by 20-
s walking recovery periods and reported significantly higher
HR during the recovery period than during the correspond-
ing jumping phase?®. Earlier continuous recordings averaged
over 5-s intervals also showed HR peaks associated with indi-
vidual practice jumps and a marked increase after clearing the
first fence?’. These findings provide indirect physiological
support for examining a brief post-jump interval, but neither
study established a universal 20-s time-to-peak for HR. Ac-
cordingly, the 0-20-s response window was treated as an ex-
ploratory approximation rather than a validated physiological
time-to-peak interval. Apeak values should therefore be in-
terpreted as summaries of cardiovascular reactivity surround-
ing annotated events rather than as isolated physiological re-
sponses attributable to individual jumps.

This value was calculated separately for rider and horse.
Session-level Apeak summaries were generated for all valid
events and, separately, for jump-classified events only.

Events were excluded when either the baseline window or
the response window was incomplete. Events with complete
baseline and response data were retained in the primary anal-
ysis even when neighbouring annotated events or gait transi-
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tions occurred within the predefined window because Apeak
was intended as an exploratory summary of cardiovascular re-
activity surrounding routine training events rather than as an
isolated physiological response to a single obstacle. Because
these windows could span gait transitions and neighbouring
riding activities, no single isolated stage context was assigned
to each event window. Accordingly, overlapping event win-
dows were not excluded from the primary analysis. This ap-
proach was adopted because closely spaced jump sequences
are a characteristic feature of routine hunter training rather
than an analytic artifact. Negative Apeak values indicate that
the maximum post-event HR did not exceed the pre-event
baseline and therefore should not be interpreted as paradox-
ical physiological responses to obstacle negotiation.

Event-window overlap and sensitivity analyses. For the pri-
mary Apeak analysis, each event window extended from 30
s before event onset through 20 s after onset. Session-level
jump-event counts, median inter-jump intervals, overlap pro-
portions, and numbers of non-overlapping (“‘clean”) events are
summarized in Supplementary Table S2. To evaluate the ro-
bustness of the primary findings, additional sensitivity analy-
ses were performed using shorter baseline/response windows
(15 s/15 s and 10 s/10 s), together with a restricted analysis
including only non-overlapping (“clean”) jump events.

Heart rate variability. Two standard time-domain HRV in-
dices were calculated from cleaned horse RR (NN) intervals,
using definitions established in general HRV standards and
discussed in equine HRV methodological literature !=>: the
root mean square of successive differences (RMSSD), com-
monly interpreted as a marker of vagally mediated modula-
tion, and the standard deviation of NN intervals (SDNN), re-
flecting overall beat-to-beat variability.

1 N
RMSSD = 1
SDNN = \/
-1 i=1

1

(RRi+1 —RR;)?

||M

N
ZRR RR

where RR; is the i-th cleaned RR (NN) interval retained after
preprocessing, N is the number of retained intervals, and RR
is the mean of the retained cleaned RR intervals.

Prior to HRV calculation, RR interval preprocessing was
performed using a predefined multistage quality-control work-
flow designed to reduce the influence of motion-related and
technical artifacts while preserving physiological variability.
The workflow was informed by published recommendations
that RR artifacts should be identified and addressed before
equine HRV analysis>3. The specific screening thresholds and
local-filter parameters used in the present study were defined
a priori for this dataset and should not be interpreted as an

established equine preprocessing standard. The same prepro-
cessing algorithm was applied uniformly to all eleven train-
ing sessions without session-specific adjustment. RR intervals
exported from the Polar Equine H10—Vantage M3 recording
system were recorded in milliseconds (ms), and no unit con-
version was required before preprocessing.

RR intervals recorded while the sensor was offline were first
excluded. The remaining RR intervals were then subjected
to a broad physiological plausibility screen (300-3000 ms),
which served only as an initial quality screen to remove clearly
implausible values rather than as the primary artifact-detection
criterion.

Artifact detection was subsequently performed using a
local-median—based relative rule. For each RR interval, the
median RR value within a centered 11-beat moving window
was calculated. RR intervals exceeding 1.75 times the local
median or below 0.50 times the local median were classified
as locally inconsistent and removed. Residual isolated arti-
facts were subsequently identified using a Hampel filter ap-
plied over the same 11-beat window, with the detection thresh-
old defined as the greater of 3 x 1.4826 x the local median
absolute deviation (MAD) or 150 ms.

RR intervals retained after all preprocessing steps were
treated as cleaned normal-to-normal (NN) intervals. SDNN
was calculated from all retained NN intervals across the com-
plete recorded training session. RMSSD was calculated only
from successive NN pairs that remained adjacent after prepro-
cessing, thereby avoiding artificial inflation caused by inter-
vals spanning removed artifacts.

For each training session, the numbers of raw RR intervals
together with the numbers removed during offline screening,
physiological range screening, local-median screening, and
Hampel filtering were recorded as quality-control measures
(Table 2 and Supplementary Table S3). Cleaned NN intervals
were retained from all eleven sessions and used for whole-
session HRV calculation. Representative examples of the pre-
processing workflow are provided in Supplementary Figure
S1.

One RMSSD value and one SDNN value were calculated
for each complete training session and used as the primary
HRYV outcomes for longitudinal within-horse comparisons.

Data preprocessing and time alignment

For within-session comparison, the various types of recording
streams (session dates, device clock times, elapsed times, and
manually logged event times) were synchronized on a com-
mon absolute time axis. Across all source tables the session
identifiers were first standardized, then rider and horse record-
ings were linked to the session dates to produce absolute tim-
ings and events/ stage timings were standardized to the same
time scale with respect to the starting time of the session. The
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Table 2 Summary of RR interval preprocessing and quality-control outcomes before HRV analysis

Session Raw RR Total removed Removal (%) Final NN NN retention (%)
intervals intervals intervals
S1 2560 660 25.8 1900 74.2
S2 2346 756 32.2 1590 67.8
S3 3234 818 25.3 2416 74.7
S4 2522 485 19.2 2037 80.8
S5 2509 676 26.9 1833 73.1
S6 3509 1117 31.8 2392 68.2
S7 2967 572 19.3 2395 80.7
S8 2359 486 20.6 1873 79.4
S9 2519 564 224 1955 77.6
S10 2266 738 32.6 1528 67.4
S11 2924 841 28.8 2083 71.2

Note. RR interval preprocessing consisted of four sequential quality-control steps: (1) removal of offline recordings; (2)
exclusion of RR intervals outside a broad physiological screening range (300-3000 ms); (3) removal of locally inconsistent RR
intervals identified using a centered 11-beat local-median rule; and (4) removal of residual isolated artifacts detected using
an 11-beat Hampel filter. The remaining intervals were retained as normal-to-normal (NN) intervals for HRV calculation.
Detailed exclusion counts for each preprocessing step together with the residual artifact quality assessment are provided in

Supplementary Table S3.

synchronization procedure enabled rider HR, horse HR, RR
intervals, stage intervals, and event markers to be aligned on a
common session-level time axis.

In the pre-processing phase, rows containing meta-
data/notes or documentation were deleted, and event records
valid for analysis were kept. Any events not having a defined
time duration were considered instantaneous and were given a
time duration of one second for event-window analysis. The
resulting dataset consisted of rider HR, horse HR, RR inter-
vals, stage labels, and event markers aligned on a common
session-level timeline.

RR interval preprocessing for HRV analysis was performed
after synchronization. HRV preprocessing included removal
of offline periods, exclusion of implausible RR intervals, arti-
fact detection using a Hampel-style local median filter, and
calculation of quality-control statistics before HRV indices
were derived.

Statistical analysis

Data synchronization, RR interval preprocessing, HRV cal-
culation, statistical analysis, and figure generation were per-
formed using Python. The principal packages used were pan-
das, NumPy, Matplotlib, and statsmodels. The exact Python
and package versions used during the original analysis were
not prospectively recorded and could not be reliably recon-
structed retrospectively.

The primary unit of analysis was the session-level summary.
For each session, stage-level HR measures were first calcu-
lated by pooling all heart-rate observations within the same
annotated stage category (e.g., canter or jump-work), after
which session-level summary statistics were derived. Means
and ranges were then calculated for each physiological domain
(sustained load, peak load, event-related responses, and HRV).
Spearman rank correlation coefficients were used to evaluate
the associations between session order and selected physio-
logical measures. Spearman correlation was chosen because
it does not assume linearity and is appropriate for the small
number of sessions (n = 8§—11 per measure, depending on les-
son composition) and the possibility of non-linear physiolog-
ical responses. Selected variables were also summarized for
the early and later sessions to facilitate descriptive compari-
son; these comparisons were exploratory and were not used
for formal hypothesis testing. For descriptive purposes, the
early phase comprised the first five sessions and the later phase
comprised the remaining six sessions according to chronolog-
ical session order.

Rider and horse variables were analysed separately where
applicable. Because this was an exploratory longitudinal case
report involving a single rider—horse dyad, Spearman p values
are presented as descriptive indices of longitudinal patterning
rather than inferential statistics. Accordingly, no p-values or
confidence intervals are reported, and no population-level in-
ference is intended.
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Sensitivity analysis. To evaluate whether the longitudi-
nal HRV findings depended on the use of complete training-
session recordings, an additional sensitivity analysis was per-
formed using standardized 5-minute stable walk windows ex-
tracted from eligible training sessions after application of the
identical RR preprocessing algorithm. RMSSD and SDNN
derived from these standardized windows were compared de-
scriptively with the primary whole-session analysis. Because
both approaches produced similar longitudinal conclusions,
the whole-session analysis was retained as the primary analy-
sis and the sensitivity analysis is presented in the Supplemen-
tary Material. Recording duration, retained NN intervals, and
adjacent NN pairs for both the whole-session and standard-
ized 5-minute analyses are summarized in Supplementary Ta-
ble S4.

Ethical considerations

The study involved non-invasive physiological monitoring
conducted during routine hunter training lessons. The rider
participant was the student researcher and provided informed
assent to participate. Parental permission was obtained before
data collection. Permission for physiological monitoring of
the horse during routine training sessions was obtained from
the horse owner.

Data collection did not alter the normal training program.
No additional riding tasks, experimental procedures, restraint,
medication, or changes to the horse’s training, handling, or
management were introduced for research purposes. Heart-
rate monitoring was performed using commercially available
Polar heart-rate monitoring systems worn during routine rid-
ing activities.

Because this project consisted solely of observational phys-
iological monitoring during routine hunter training without
experimental intervention or manipulation, no formal insti-
tutional review board (IRB) review was sought. Likewise,
no institutional animal ethics or animal welfare review was
sought because the study involved only non-invasive physio-
logical monitoring during routine riding and did not modify
the horse’s normal training, handling, management, or wel-
fare. No personally identifiable information is included in this
manuscript.

Results

Session-level metric availability

The availability of session-level metrics varied across the 11
training sessions according to lesson structure. Ten sessions
included canter-based sustained-load measurements. Session
2025-12-23_A did not include a canter phase and therefore had
no canter-specific values. Jump-stage metrics were available

only for sessions that included jump-work, and jump-event
response metrics were calculated only for sessions with an-
notated jump events that contained complete baseline and re-
sponse windows (Table 1).

These missing values were not due to analytic failure but
reflected differences in routine lesson composition. The longi-
tudinal patterns described below therefore represent observa-
tions collected under naturally varying training contexts, rang-
ing from flatwork to over-fences sessions, rather than repeated
observations under an identical lesson protocol. The environ-
mental conditions associated with each session are summa-
rized in Supplementary Table S1.

Canter-stage cardiovascular responses

Across the ten sessions with canter activity, rider mean canter
HR ranged from 163.2 to 188.8 bpm (overall mean 182.5 bpm)
and showed the strongest monotonic association with session
order among the examined variables (Spearman p = —0.78, n
= 10). Rider mean canter HR decreased from 186.8 bpm in
the early phase to 179.4 bpm in the later phase (Figure 1A).
In contrast, rider peak canter HR remained within a relatively
narrow range (184-195 bpm; mean 191.8 bpm).

Horse mean canter HR showed only a weak monotonic
association with session order and remained more variable
across sessions (Spearman p =—-0.31, n = 10; Figure 1B).

Jump-stage cardiovascular responses

Jump-work represented the highest cardiovascular demand
observed during the training sessions. Across the eight ses-
sions that included jump-work, rider mean jump-stage HR
ranged from 170.5to 187 bpm, with an overall mean of 179.5
bpm. Rider mean jump-stage HR showed a negative mono-
tonic association with session order (Spearman p = -0.71, n
= 8; Figure 1C). Early-to-late comparisons followed the same
pattern, with the mean rider jump-stage HR being lower dur-
ing later sessions than during earlier sessions (Figure 1C).
Rider peak jump-stage HR also varied within a relatively nar-
row range throughout the observation period (194-202 bpm,;
mean 197.5 bpm).

Across the eight jump-work sessions, horse mean jump-
stage HR averaged 103.6 bpm but varied considerably, from
80.6 to 145.6 bpm, showing greater between-session variation
than the corresponding rider measure. It had a moderate posi-
tive monotonic association with session order (Spearman p =
0.52, n = 8; Figure 1D). Horse peak jump-stage HR ranged
from 107 to 196 bpm, with a mean of 132.3 bpm.

Event-related Apeak responses

Across the eleven sessions, rider mean Apeak ranged from
0.91 to 9.57 bpm (overall mean 5.05 bpm), whereas horse
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and do not represent fitted regression models.

mean Apeak ranged from 4.10 to 25.77 bpm (overall mean
8.72 bpm). Horse responses were larger in most sessions. Nei-
ther rider nor horse mean Apeak showed a strong monotonic
association with session order (rider p = —0.08; horse p = —
0.25; n = 11 for both). Session-level values are reported in
Supplementary Table S5.

Restricting the event analysis to jump-specific events fur-
ther highlighted the differences between rider and horse re-
sponses. Rider jump-specific Apeak (available for eight ses-
sions) ranged from —1.98 to 12.70 bpm (overall mean 5.71

bpm) and showed a modest negative monotonic association
with session order (Spearman p = —0.43, n = §8; Figure 2A).

Compared with canter-stage and jump-stage measures,
jump-specific Apeak responses showed less consistent longi-
tudinal patterns. Horse jump-specific Apeak ranged from 5.84
to 21.73 bpm (overall mean 11.17 bpm) and showed almost
no monotonic association with session order (Spearman p =
—0.02, n = 8; Figure 2B), while remaining highly variable
throughout the observation period.

Sensitivity analyses of jump-specific Apeak showed that
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shortening the event windows did not materially alter the over-
all interpretation (Supplementary Figure S2). Under the pri-
mary 30-s baseline/20-s response definition, the association
with session order was p = —0.43 for the rider and p = -0.02
for the horse. Corresponding values were —0.43 and —0.19
using the 15-s/15-s window, and —0.50 and —0.36 using the
10-s/10-s window, respectively. Across the 87 annotated jump
events, 74 (85.1%) overlapped with another jump within the
primary event window, leaving only 13 non-overlapping jump
events distributed across six sessions (Supplementary Table
S2). Consequently, restricting the analysis to non-overlapping
(“clean”) events substantially reduced the available observa-
tions (13 events across six sessions) and produced unstable
estimates. This restricted analysis was therefore interpreted as
a diagnostic sensitivity assessment rather than as an alternative
primary analysis.

For the session on 2025-12-29, the rider jump-specific
Apeak changed from —1.98 bpm under the primary 30-s
baseline/20-s response definition to 0.27 bpm and 0.80 bpm
using the 15-s/15-s and 10-s/10-s windows, respectively. In-
spection of the synchronized event annotations indicated that
the original negative value resulted from an elevated baseline
carried over from a preceding jump sequence while heart rate
was already declining during the subsequent response win-
dow, rather than from a paradoxical cardiovascular response
to the jump itself.

Horse HRV measures

After application of the predefined multistage RR quality-
control workflow, all eleven training sessions met the pre-
defined quality-control criteria for HRV analysis (Table 2).
Across the eleven sessions, 1,528-2,416 cleaned NN intervals
were retained for whole-session HRV calculation, correspond-
ing to retention rates of 67.4%—-80.8%.

Whole-session RMSSD ranged from 129.3 to 246.1 ms and
showed no consistent longitudinal trend across the training
period (Spearman p = 0.109, n = 11; Figure 2C). Likewise,
whole-session SDNN ranged from 299.3 to 521.4 ms and
showed no consistent longitudinal trend across the training pe-
riod (Spearman p =-0.118, n = 11; Figure 2D).

To evaluate whether the primary HRV findings depended
on the use of complete training-session recordings, an ad-
ditional sensitivity analysis was performed using standard-
ized 5-minute stable walk windows. Nine of the eleven ses-
sions contained eligible continuous walk segments of at least
five minutes, whereas two sessions (S2 and S5) did not meet
this criterion and were excluded from the sensitivity analy-
sis (Supplementary Table S4). Stable-window RMSSD and
SDNN showed no consistent longitudinal trends and produced
conclusions comparable to those obtained from the primary
whole-session analysis, indicating that the overall interpreta-

tion of the HRV results was robust to analysis-window selec-
tion.

Overall, horse HRV demonstrated moderate session-to-
session variability but no consistent longitudinal trend across
the eleven training sessions, and this conclusion remained un-
changed in the standardized 5-minute sensitivity analysis.

Discussion

Summary of key findings

Using a task-stratified framework that separated sustained
load, peak load, and autonomic regulation, we found that car-
diovascular measures did not change in parallel across the ob-
servation period. Rider mean HR declined most clearly, par-
ticularly during canter, while rider peak HR remained compar-
atively stable. Horse responses varied more from session to
session. Jump-stage HR remained relatively high, but jump-
specific Apeak responses were inconsistent, especially in the
horse. Horse HRV also fluctuated without a consistent lon-
gitudinal trend. Alternative event windows produced similar
results, although frequent overlap between consecutive jumps
limited event-specific interpretation. Overall, mean HR, peak
HR, Apeak, and HRV captured different aspects of longitudi-
nal change within the dyad.

Domain-specific physiological patterns

The divergence observed in this study was not limited to
differences among physiological domains. It also appeared
between the rider and the horse. The clearest directional
changes were observed in rider mean HR measures, whereas
rider peak HR measures remained comparatively stable and
horse responses were generally more variable across sessions.
Horse canter HR showed only a weak monotonic associa-
tion with session order, whereas horse jump-stage HR demon-
strated a positive monotonic association together with sub-
stantial between-session variability. Jump-specific Apeak re-
sponses likewise remained highly variable across sessions.
Occasional negative Apeak values indicate that, for some an-
notated events, the maximum HR within the predefined post-
event window did not exceed the pre-event baseline. Because
the present training sessions included closely spaced obstacles
and continuous riding sequences, neighbouring activities may
have contributed to the predefined analysis windows.

One cautious interpretation is that the rider exhibited clearer
directional decreases in mean HR across repeated training ses-
sions, whereas the horse’s responses remained more closely
tied to the specific requirements of individual training situ-
ations. Although obstacle characteristics were not formally
quantified, these sessions represented the first month of train-
ing for a newly established rider-horse dyad, during which
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lesson content and technical demands were adjusted as part
of routine hunter training. Consequently, variation in les-
son content and task demands may have partially influenced
cardiovascular responses during jump-work, contributing to
the greater variability and positive monotonic association ob-
served in horse jump-stage HR. This rider—horse asymmetry is
consistent with previous reports indicating that physiological
responses may not change in parallel between horses and rid-
ers 1920 It further suggests that the dyad may be better under-
stood as two partially independent responding systems rather

than as a single fully synchronized unit.
Across domains, the rider showed clearer directional
changes than the horse.

HRYV and autonomic regulation

Horse HRV provided a different perspective on autonomic reg-
ulation from the heart-rate measures. Prior studies have used
HR and HRYV, together with cortisol measures, to characterize
physiological stress responses in sport horses during eques-
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trian competition?®. RMSSD and SDNN showed no clear pat-
tern of increase or decrease across sessions, suggesting that
autonomic state remained responsive to changing training con-
ditions rather than gradually stabilizing over time.

Unlike the short, relatively stationary recordings commonly
used for standard HRV assessment!2, the HRV indices in
the present study were calculated from cleaned normal-to-
normal (NN) intervals across each entire training session. Be-
cause the HRV analysis included all routine lesson stages—
including walk, trot, canter, and jump-work—rather than only
high-intensity exercise, the reported RMSSD and SDNN val-
ues represent the autonomic characteristics of the complete
training session and should not be interpreted as exercise-only
HRV measures. HRV estimates are influenced by recording
duration and analytical procedures !, while exercise intensity
and recovery conditions also affect equine HRV . The abso-
Iute RMSSD and SDNN values reported here should therefore
be interpreted through longitudinal within-horse comparisons
rather than compared directly with values derived from short
resting recordings.

This interpretation is consistent with previous HRV re-
search, which highlights both the physiological value of these
measures and the need for caution when interpreting RR-
derived indices in equine field settings, where motion artifact
may affect signal quality>>. In the present study, a predefined
multistage RR quality-control workflow—including removal
of offline recordings, broad physiological range screening
(300-3000 ms), local-median—-based artifact detection, and
Hampel filtering—was applied before HRV calculation. The
physiological range screen served only as an initial exclusion
step, whereas the local-median rule and Hampel filtering con-
stituted the primary artifact-detection procedures. Although
the same preprocessing workflow was applied to all sessions,
residual measurement uncertainty and session-specific differ-
ences in signal quality cannot be excluded. The observed HRV
variability may therefore reflect a combination of physiologi-
cal variation and residual measurement effects. Because jump-
work stages included the approach, obstacle negotiation, and
immediate departure rather than only the instantaneous fence-
crossing period, mean jump-stage HR values should not be
interpreted as peak heart rates during individual jumps.

A sensitivity analysis using standardized 5-minute stable-
walk windows produced comparable descriptive conclusions,
and the absence of a consistent HRV trend was not materially
altered by the alternative analysis window (Supplementary Ta-
ble S4).

In the present dataset, HRV showed greater session-to-
session variability than the sustained-load measures. Equine
HRYV is sensitive to recording and preprocessing choices >, to
jumping, exercise, and recovery context %>, and to age, ac-
tivity level, and longer-term training state?*2. Accordingly,
session-to-session variability may reflect the broader physi-

ological and activity context of each session rather than the
workload of a single annotated phase.

Implications for training monitoring

From a practical perspective, these findings have implica-
tions for training-load monitoring in equestrian sport. Whole-
session HR averages can mask differences between sustained
and peak cardiovascular demands. Field-based HR monitoring
has been used to assess training workload in horses3%3!. Be-
cause track-based exercise and show-jumping courses impose
different physiological demands, combining distinct exercise
phases into a single session mean may obscure task-specific
variation>1°. The results presented here indicate that separat-
ing sustained effort from short high-demand events may pro-
vide a more informative approach for monitoring physiologi-
cal responses of both the rider and the horse during repeated
training, consistent with prior work using horse HR as a ba-
sis for training evaluation and control3!. The dyadic framing
also underscores that cardiovascular responses in the rider and
horse may not always change in parallel, suggesting that mon-
itoring each member of the dyad separately may provide more
informative physiological insights 1929,

Limitations and future directions

These implications need to be understood in the light of a
number of limitations. The study considered only one rider—
horse dyad, was conducted over a limited number of sessions,
and had naturally varying lesson structures. In addition, envi-
ronmental conditions varied among training sessions (Supple-
mentary Table S1). These factors were not included as covari-
ates because of the single-dyad observational design and the
limited number of sessions, and their potential influence on
cardiovascular responses therefore cannot be excluded. Les-
son content was not consistent across sessions; therefore, the
observed changes should not be attributed solely to any single
factor. There were also some metrics that were unavailable
for sessions that did not include the relevant training activity
(e.g., jumping or canter). These features reduce the potential
for population-level inference but reflect the ecologically valid
training conditions that this observational study was intended
to capture. Therefore, the longitudinal patterns described here
should be interpreted as evidence from this case rather than as
general causal or population-level conclusions.

Although the durations of walk, trot, canter, and jump-work
were quantified, individual recovery periods between train-
ing exercises were not separately annotated. Because these
sessions were routine training lessons, fence heights were se-
lected and adjusted by the coach according to lesson needs
rather than standardized for research purposes. Individual
fence heights were not systematically measured or prospec-
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tively recorded during data collection and could not be reliably
reconstructed retrospectively; they are therefore reported as
not recorded for the relevant sessions in Table 1. In addition,
although daily precipitation was included as an environmental
variable (Supplementary Table S1), detailed footing charac-
teristics (e.g., surface moisture, sand depth, or recent arena
maintenance) were not systematically documented and there-
fore could not be incorporated into the analyses.

Expanding on these limitations, future studies could ap-
ply the same task-stratified analytical framework to larger
groups of riders and horses. Comparisons across rider experi-
ence, horse training status, and lesson or competition structure
may help clarify differences in sustained and peak cardiovas-
cular responses under different training conditions '%16:19-20,
More detailed event annotation (e.g., distinguishing technical
jumping attempts, transitions, corrections, and coach-directed
changes) may further improve interpretation of event-related
cardiovascular responses. Extending the observation period
and increasing the number of training sessions would also help
determine whether the longitudinal patterns observed here per-
sist, plateau, or change over time, as longer training periods
may reveal changes in equine cardiac autonomic regulation
that are not evident over shorter observations?!'-32. Future
studies could also evaluate alternative baseline and response
windows to determine whether different event-window def-
initions improve characterization of acute cardiovascular re-
sponses during routine hunter training.

Closing remarks

Overall, this case study indicates that physiological responses
within the rider-horse dyad during repeated hunter training
are better characterized by domain-specific patterns than by
a single assessment of cardiovascular workload. The task-
stratified framework provides a practical approach for inter-
preting longitudinal change by distinguishing sustained load,
peak load, and autonomic regulation. Future studies should
examine these patterns across different training settings, rider
experience levels, and horse training status.
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