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ABSTRACT

Objectives: To characterize the association between head impact exposure and heart rate dynamics during varsity
football games.
Design: Prospective observational study following a convenience sample of 72 athletes over two seasons.
Methods: Athletes wore instrumented mouthguards and chest-strap sensors to record head impact exposure,
heart rate, and velocity. After filtering for physiologically relevant recovery segments (n = 7693), linear
mixed-effects models assessed associations between head impact exposure and heart rate dynamics, controlling
for physical exertion and inter-individual variability. Exploratory non-linear associations were modeled using
generalized additive mixed models.
Results: Greater acute impact magnitude was associated with elevated heart rate and delayed time to peak heart
rate recovery (p < 0.001), independent of running speed. Random slopes analysis further indicated substantial
inter-individual variability in the immediate cardiac response to impacts. Higher accumulated session-wide im-
pact exposure demonstrated a non-linear relationship with heart rate recovery speed; recovery dynamics re-
mained preserved at lower exposure levels (i.e.,, <200g) but were progressively attenuated at higher
cumulative loads (i.e., > 200g).
Conclusions: Head impact exposure is associated with systematic alterations in heart rate recovery dynamics during
live sport participation. These findings identify cardiovascular recovery as a sensitive, non-invasive physiological sig-
nal linked to head impacts, independent of measured locomotor workload variables. While clinical outcomes were
not assessed, the results demonstrate the feasibility of integrated wearable monitoring to characterize physiological
strain and motivate future studies linking impact history with functional and clinical endpoints.
© 2026 The Author(s). Published by Elsevier Ltd on behalf of Sports Medicine Australia. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Practical implications

1. Introduction

» Harder head impacts during games were linked with athletes' heart
rates staying higher for longer after intense efforts.

* As head impacts accumulated across a game, athletes' heart rates re-
covered more slowly, especially after higher overall contact loads.

» Wearable sensors used during games were able to detect these
changes, demonstrating a practical way to track how athletes are
responding to repeated contact in games.

* Corresponding author.
E-mail address: louis.de.beaumont@umontreal.ca (L. De Beaumont).
£ These authors contributed equally to this work.

https://doi.org/10.1016/j.jsams.2026.05.001

Contact sports such as American football pose significant challenges
with regard to health benefits versus injury risk.! Head impacts occur on
a regular basis during practices and games and can lead to short- and
long-term brain dysfunctions. Evidence suggests that sport-related
head impact exposure (HIE) induces graded neurometabolic and vascu-
lar perturbations.? While the hallmark neurometabolic cascade is most
acutely observed in clinical concussions, repetitive sub-clinical loading
is thought to exert a cumulative strain on cellular metabolism and neu-
ral networks, where the physiological response scales with both the
magnitude and temporal density of the impacts.®> Consequently,
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changes in cerebral perfusion, functional connectivity, and white matter
integrity - as revealed by advanced neuroimaging techniques - have
been shown to correlate with impact magnitude.*> Consistent with
these findings, acute changes in brain function have also been observed
following head impacts sustained during a single football game, includ-
ing altered cortical excitability in non-concussed athletes relative to
non-impact controls.®

These studies, which aim to distinguish the effects of HIE from those of
clinically diagnosed concussion, have primarily centered on brain-specific
outcomes. However, the potential interaction between HIE and other
physiological systems has received comparatively less attention. The car-
diovascular system, for example, is intricately linked to cerebral function
through the autonomic regulation of blood pressure. The autonomic ner-
vous system (ANS), consisting of the sympathetic and parasympathetic
branches, is essential for maintaining homeostasis by modulating physio-
logical responses to internal and external stimuli.” The ANS innervates
cardiac muscle and regulates peripheral arterial stiffness, thereby playing
a crucial role in sustaining cerebral perfusion.” A reduction in cerebral
blood flow is a defining feature of the neurometabolic cascade and has
been associated with persistent post concussive symptoms.” Neverthe-
less, the role of the ANS is often underrepresented in studies investigating
the effects of repeated head impacts. This stands in contrast to the broader
literature on mild traumatic brain injury (mTBI), which consistently high-
lights autonomic dysregulation as a consequence of concussive injuries.

Autonomic nervous system dysfunction following concussion has
been documented in over 30 studies using assessments such as heart
rate variability (HRV), the Valsalva maneuver, and head-up tilt testing
and is considered a “likely” consequence of concussion according to
American Academy of Neurology guidelines.” In athletic populations,
concussions are commonly associated with reductions in HRV, consis-
tent with parasympathetic withdrawal, particularly during exertional
or challenge-based tasks rather than at rest.2~1° Although HRV is widely
used to assess autonomic regulation, it is strongly influenced by abso-
lute heart rate (HR), which can complicate interpretation of parasympa-
thetic tone and contribute to inconsistent findings across studies.
Indeed, HRV does not consistently distinguish concussed from non-
concussed athletes, highlighting the need for complementary auto-
nomic markers that are less sensitive to baseline heart rate and more re-
sponsive to dynamic physiological stressors.!%!!

Heart rate recovery (HRR) has emerged as a robust indicator of para-
sympathetic (vagal) branch reactivation and is closely associated with
independent measures of aerobic fitness, including maximal oxygen up-
take and anaerobic threshold.'? The post-exercise HRR period reflects a
complex interplay between the re-engagement of parasympathetic in-
fluence and the withdrawal of sympathetic activity.'* As such, HRR
characteristics are widely used to assess exercise intensity, training
load, and fatigue.*'* For instance, lower absolute HR values and faster
HRR are indicative of higher exercise capacity and training status,
whereas slower recovery and elevated post-exercise HR suggest
detraining or impaired vagal tone.'®'>16 In athletic populations, HRR
analyses are well suited for real-time assessment of physiological re-
sponses to acute stressors, including head impacts. Alterations in HRR
dynamics following impacts may be consistent with changes in auto-
nomic regulation, suggesting a potential marker of early physiological
perturbation prior to clinical symptom onset.

Among contact sports, football offers a particularly relevant model
for investigating the brain-heart interaction, as it combines high-
frequency HIE with intense cardiovascular demands. In Canadian foot-
ball, players sustain an average of 42 head impacts per game, with a
mean impact magnitude of approximately 20g.!” The sport's structure
- characterized by repeated bursts of high-intensity activity, such as
sprints during plays — places substantial demands on the cardio-
respiratory system, necessitating rapid HR adjustments during both ex-
ertion and recovery phases. Consequently, the analysis of HR dynamics
during post-play recovery periods may serve as a sensitive and ecolog-
ically valid marker of ANS function in this athletic context. However,
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accurately assessing the “dose” of HIE that triggers these autonomic
shifts requires accounting for the temporal distribution of hits. While es-
tablished biomechanical standards like the Head Impact Criterion
(HIC)'® or Impact Density'® recognize that injury risk is time-
dependent, they often focus on isolated kinematic windows. There re-
mains a critical need to account for cumulative “burden” across multiple
biological time scales, similar to neuromuscular fatigue frameworks,
where the systemic response is governed not just by the magnitude of
a stimulus, but by the residual load remaining from previous insults.?%?!

The objective of this study was to examine the extent to which HIE
during Canadian university-level varsity football games influences HR
dynamics, specifically seeking to determine if a dose-response relation-
ship exists between impact exposure and autonomic regulation. Our a-
priori hypothesis was that increased acute and cumulative temporal
density of hits would be associated with impaired recovery dynamics,
characterized by elevated HR at recovery onset and slower HRR. We fur-
ther explored whether the accumulated magnitude of impact exposure
over a session may lead to a disproportionate collapse in parasympa-
thetic reactivation, resulting in a “tipping point” beyond which HRR is
compromised. By distinguishing between linear trends and non-linear
thresholds, this approach identifies how the temporal density of HIE,
rather than just isolated kinematic magnitudes, governs the transition
from physiological strain to autonomic dysfunction.

2. Data & methods
2.1. Study design and participants

This prospective observational study was designed to investigate the
effect of HIE on cardiovascular kinetics in varsity Canadian football
players. A convenience sample of 72 university-level male athletes who
agreed to participate was recruited from three teams in the Canadian Var-
sity Football League during the 2021 and 2024 seasons. This recruitment
was part of a research program focused on implementing multimodal
monitoring of biomechanics and physiological data in collision sports.
Athletes received no particular guidance on their caffeine consumption
but adhered to the hydration and nutrition protocols established by
their team nutritionist. The study was approved by the local ethics com-
mittee and written informed consent from individual participants and
the football clubs was obtained prior to data collection. The research ad-
hered to the ethical standard outlined in the Declaration of Helsinki.??

2.2. Head impact exposure and heart rate monitoring

Measurements were conducted over the course of 32 games of the
2021 and 2024 seasons from August to November of each year. Game
duration (between official kickoff and end of game) ranged between
143 min and 211 min (mean 169 min, SD 27 min). Each athlete wore
two wearable sensors simultaneously: (1) a Catapult Vector S6 sensor
(Catapult, Australia) integrated into a customized chest strap for record-
ing HR, rigid-body accelerations, velocity, and position as time series;
and (2) a Vector (Athlete Intelligence(©), USA)?* or a Prevent (Prevent
Biometrics(©), USA)?* model instrumented mouthguard to record im-
pact events. Mouthguards were individually fitted using a standard
boil-and-bite process and specifically engineered to allow for unob-
structed speech and respiration.

Regarding the Catapult system, chest-based electrodes, similar to ECG,
were used to capture the heart's electrical activity and determine heart
rate in beats per minute.?> HR and speed (from GPS) were recorded
with a sampling frequency of 10 Hz using the OpenField version
3.3.1.6805 software manager (device firmware version: 8.01). Head im-
pact data were collected using the mouthguard, which continuously mon-
itored acceleration and orientation parameters. Impact events were
automatically triggered and recorded when linear acceleration exceeded
a threshold of 10g. Medical records and team injury reports were reviewed
to identify any clinical diagnoses of concussion during the study period. No



A. Zafar, G. Martens, S. Guay et al.

athletes included in the current analysis were diagnosed with a concussion
or acute head injury by team medical staff during the games monitored.

2.3. Head impact filtering

The initial data processing phase involved a comprehensive screen-
ing of recorded head impacts, utilizing GPS positioning data to verify the
spatial context of each event (Fig. 1). To ensure the integrity of the
dataset, a tiered spatial-kinematic filter was applied based on the
athlete's proximity to the field boundaries. Impacts occurring within
the “inner field” (defined as the area greater than 2 m from any bound-
ary) were automatically retained in the study. For events occurring
outside of the inner field (+2 m of the field perimeter or beyond the
field lines), a secondary verification process was triggered to mitigate
the effects of the GPS horizontal error, which typically remains under
2 m for 10 Hz units.?® These peripheral impacts were only included if
the athlete was positioned on the field and maintained a velocity
exceeding 10 km/h within the 5 s preceding the impact event. This
specific speed threshold corresponds to low-to-medium intensity
running in Canadian football,?” serving as a reliable indicator of active
movement intent, while the five-second window aligns with the aver-
age duration of a collegiate football play.?® This dual-layered verification
scheme preserves the inclusion of low-velocity events in the inner field,
such as line-of-scrimmage pile-ups, while filtering out sideline activity
without excluding impacts involving actively moving athletes near the
boundaries. Due to the lack of available full-game footage, no video
verification was performed.

2.4. Quantifying head impact exposure

To characterize head impact exposure across multiple physiological
timescales, we developed two complementary impact exposure metrics
based on recursive exponential decay (Fig. 1). Rather than relying on
discrete impact counts or unweighted cumulative sums, this formula-
tion approximates a temporal summation effect where physiological re-
sponses may depend on recent exposure history. The selected decay
time constants were defined to reflect competition-relevant temporal
windows for weighting prior impact events.

1. Play-scale HIE (HIEp): time constant of 7 = 60 s was selected to cap-
ture high-density clusters of head impacts occurring over short inter-
vals, such as those arising during consecutive plays separated by
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typical rest periods of approximately 36.1-46.9 s.2® This timescale
aligns with the rapid phase of post-exertional autonomic recovery,
during which transient parasympathetic reactivation is observed,?®
and thus also provides a physiologically relevant window for aggre-
gating closely spaced impact events.

2. Session-scale HIE (HIEs): A longer time constant (7 = 3 h) was se-
lected to represent session-scale accumulation of head impact expo-
sure across the duration of a game. Unlike a simple cumulative sum,
which weights all impacts equally regardless of timing, the recursive
decay formulation progressively downweights earlier impacts while
prioritizing more recent exposure. This approach distinguishes be-
tween early- and late-game exposure profiles that would otherwise
appear equivalent under a simple cumulative count. It allows earlier
impacts to retain partial influence over extended periods, consistent
with evidence that physiological and neurological responses to re-
peated head impacts may evolve over the course of a game rather
than fully resolving between isolated events.® In contrast to the
HIEp, which emphasizes short-term clustering, HIEs captures the in-
tegrated history of impact exposure as play progresses.

Both metrics were calculated using the recursive formula:
HIE rrent = (HIEpriOr e T AY ") + Magnitude,,,

where:

* HIE yen: is the updated impact exposure at the time of the latest
event;

* HIE o is the exposure value calculated at the time of the previous
event;

* At is the time interval elapsed between the prior and current impacts;

* 7 is the timescale-specific decay constant (60 s for HIEp; 3 h for HIEs);

* Magnitude,,, is the peak linear acceleration (PLA) of the current
impact.

2.4.1. Magnitude selection and data integrity

While rotational kinematics are a recognized factor in head injury
biomechanics, this study utilized peak linear acceleration (PLA) to rep-
resent impact magnitude. This choice was informed by considerations
of longitudinal data consistency across multiple hardware versions.
Specifically, analysis of our longitudinal dataset revealed that while
mean magnitudes for both linear and rotational metrics were consistent
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Fig. 1. Head impact event processing and continuous HIE profiling. (A) Impact events underwent a tiered spatial filtering process: impacts occurring within the 2 m boundary inside the
field periphery (indicated by red dashed lines) were automatically included, while those beyond the boundary were subjected to secondary verification of active play participation.
(B) Continuous HIE metrics were derived via recursive exponential decay, generating play-scale (7 = 60 s) and session-scale (7 = 3 h) impact exposure profiles. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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across seasons, the standard deviation of rotational acceleration exhib-
ited a 39.6% reduction following hardware updates (Vector to Prevent
mouthguards), compared to a relatively stable 12.4% change in PLA.
Given the sensitivity of rotational kinematics to sensor coupling and
coordinate transformation algorithms, PLA was prioritized as the more ro-
bustly captured signal. This approach was intended to minimize the prop-
agation of measurement-specific variance into the physiological models
and ensure that observed associations with autonomic regulation were
reflective of impact exposure rather than sensor-related noise.

2.5. Heart rate recovery period detection and processing

The heart rate signal was processed using a zero-phase, second-order
low-pass Butterworth filter with a cut-off frequency of 1/60 Hz.>° A heart
rate recovery period was defined as the interval from recovery onset,
identified as the point at which filtered HR began a sustained decline,
to HR subsequently beginning to increase. Instantaneous HRR speed
values were computed as the first derivative (slope) of the filtered HR
signal using centered differences. Maximum HR for each athlete was de-
fined as the highest HR value recorded across all games.' HRR periods
were excluded from analysis if their duration was less than 15 s or if
the athlete's HR at the start of recovery was less than 70% of their
season-wide maximum HR, consistent with previous studies ensuring
adequate exertion for HRR analysis.?*3? For each period, the following
HR, impact exposure and performance metrics were extracted:

* HR dynamics (Fig. 2): Absolute HR at recovery onset (HRgrt ), as well
as the peak HRR speed (HRRq, bpm/s) and time to the peak HRR
speed (tHRRyqi) within the 60 s following recovery onset;
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 Impact exposure: HIEp and HIEs values at recovery onset;

» Movement intensity: Average speed in the 60 s windows immediately
preceding (Speedy. ) and following (Speed,,s: ) recovery onset;

* Session workload: Total time played (TP) and work rate (WR, meters
covered per minute played — m/min) since the start of the game.

2.6. Statistical analyses

Linear mixed-effects models (LMEMs) were used to account for the
hierarchical and repeated-measures structure of the data, with multiple
HRR periods observed per athlete across multiple matches. Three pri-
mary LMEMs were constructed to evaluate the association between
HIE and different aspects of HR dynamics: HRs,¢ (absolute HR at recov-
ery onset), HRReq (peak HRR speed), and tHRR,,q (time to the peak
HRR speed).

In each model, head impact exposure metrics (HIEp and HIEs) were
included as fixed effects alongside several control variables: movement
intensity (Speedpre and Speed,st ), session workload (TP and WR), and
athlete characteristics (body mass index, BMI, and positional group:
Linemen or Non-Linemen). For the HRR,e and tHRR,. models,
HRgiqrr Was additionally included as a covariate to account for differ-
ences in starting exertional state prior to recovery.

All models included crossed random intercepts for individual
athletes and games to control for between-athlete variability and con-
textual differences across games. For the HRsq¢ LMEM, a random
slope for HIEp was included for each subject (1 + HIEp|athlete), ac-
counting for individual differences in acute cardiovascular responses
to mechanical loading.
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To explore potential non-linearity in the relationship between sus-
tained head impact exposure and HRRq, a generalized additive mixed
model (GAMM) was fit using a scaled-t response distribution. This ap-
proach was employed to improve robustness of the estimated fit to ex-
treme physiological responses while allowing flexible characterization
of exposure-response shape under high cumulative exposure. The HIEs
variable was modeled using a thin-plate regression spline (k = 5),
while all additional covariates were included as linear terms. Random ef-
fects for athlete and match were incorporated as random intercepts to
maintain a hierarchical and repeated-measures structure consistent
with the primary LMEMs.

Both HIEp and HIEs variables were log-transformed (In(x + 1)) prior
to analysis to address the strong right-skew of impact exposure
distributions.>® Furthermore, to facilitate the comparison of effect sizes
across variables with different units, all continuous predictors were Z-
score standardized (scaled to mean = 0, SD = 1). Consequently,
model estimates are reported as standardized coefficients (3).

Significance levels for all statistical tests were initially setatp < 0.05.
To control for the family-wise error rate across our three related heart rate
outcomes (HRstare, HRRpegi, and tHRRyeq ), @ Bonferroni correction was
applied, resulting in a threshold of p < 0.017 for significance. All
statistical analyses were performed using R Statistical Software (v4.1.2).

3. Results
3.1. Participants and identified heart rate recovery periods

A total of 72 athletes were initially enrolled in the study. Of these, 62
athletes (86.1%; Linemen: n = 17, Non-Linemen: n = 45) were in-
cluded in the final analytical sample after excluding cases of hardware
non-compliance and HRR periods that did not meet predefined physio-
logical inclusion criteria: heart rate at recovery onset > 70% of season-
wide HRpax and minimum HRR duration of 15 5.2931:32

The final longitudinal dataset comprised 7693 valid HRR periods asso-
ciated with a cumulative total of 3249 recorded head impacts over the
two competitive seasons. On average, players completed 7 (SD 2.2)
games per season. Comprehensive participant demographics and
session-wide mechanical load characteristics are summarized in Table 1.

3.2. HR response to impact exposure

Standardized LMEM coefficients for heart rate metrics are summa-
rized in Table 2. Play-scale impact exposure (HIEp) was a robust predic-
tor of heart rate at recovery onset (HRgy; ), with each 1 — SD increase in
log-transformed impact exposure associated with a 2.26 bpm increase
in heart rate (3 = 2.26,p < 0.001). The inclusion of random slopes
for HIEp improved model fit for HRyq¢ (AAIC = 27.09), indicating

Table 1
Participant characteristics and descriptive exposure and physiological metrics. Values are
presented as mean (SD) unless otherwise specified.

Metric Total cohort Linemen Non-Linemen
(n=62) (n=17) (n=45)

Demographics

Age (years) 23.2(1.5) 234 (1.5) 23.2(1.6)

BMI (kg-m ~ 2) 29.3 (5.2) 35.5(44) 27.0 (3.1)

Participation and impact exposure

Games per season 7.0(2.2) 7.2 (1.9) 6.9 (2.3)

Total impacts (n) 3249 1022 2227

Mean PLA (g) 13.0 (6.4) 13.0 (6.6) 13.0 (6.5)

Physiology

Total of HRR periods (n) 7693 1697 5996

Season-wide HRpax 190.6 (6.8) 189.2 (9.5) 191.1 (5.5)

(bpm)

Mean HRs¢qrr (bpm) 156.5 (8.6) 158.5 (9.5) 155.7 (8.2)

Mean HRstart (% HRinax) 82.1(2.9) 83.8(2.2) 81.5(2.9)
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Table 2

3 represents standardized coefficients of log-transformed HIE variables. All models were
adjusted for athlete group (Lineman/Non-Linemen), BMI, time played, on-field work rate,
and pre/post-recovery running speed. The HRR models were additionally adjusted for HR
at recovery onset.

Outcome variable Predictor B 95% CI p

HRstare HIEp 2.26 [1.79, 2.69] <0.001"
HIEs —0.34 [—0.74,0.06] 0.097
Model fit ~ R2 =049  R? =0.66

HRR e HIEp —0.004 [—0.014,0.005] 0374
HIEs —0.014 [—0.029,0.001]  0.066
Model fit  R2 =006  R?=0.28

tHRR gt HIEp 0.41 [0.18, 0.65] <0.001"
HIEs —0.06 [—0.39,0.25] 0.705
Modelfit ~ R2 =026  R?=0.29

* denotes p < 0.05.

substantial inter-individual variability in the immediate cardiac re-
sponse to impacts. Estimated individual slopes for the effect of HIEp on
HRgqre ranged from 0.87 to 3.93 bpm/SD (Fig. 3A). Furthermore, acute
exposure significantly influenced the timing of recovery
(B=0.41,p < 0.001), with higher-magnitude impacts associated
with a delayed time to peak recovery rate (Fig. 3B).

In contrast, no global linear relationship was observed between cu-
mulative session strain (HIEs) and HRgqar (p =0.097), HRRpeqx

(p =0.066), or tHRRyq« (p = 0.705). However, the low marginal R?
for the linear HRR o model (Rﬁ1 = 0.06) compared to the conditional

R? (Rf = 0.28) suggests that individual variability and non-linear fac-
tors (further explored via GAMMSs) play a more prominent role in recov-
ery depth than simple linear accumulation.

Across all models, pre-recovery running speed was the strongest pre-
dictor of heart rate metrics (HRgqr: 3= 11.7; HRRpeqe: 3 = 0.097;
tHRRpeqi: 3= 3.8; all p < 0.017), consistent with expected metabolic
demands. Post-recovery speed and time played were also significant pre-
dictors (all p < 0.017), indicating that both immediate movement and
cumulative match duration influenced heart rate dynamics. Athlete BMI
was significant only for HRyq¢ (3 =3.2,p < 0.017), while athlete
group and work rate did not significantly influence any metric
(p > 0.017). For all HRR outcomes, HRq+ Served as a significant predic-
tor (p < 0.001). Importantly, the reported effects of head impact exposure
remained significant after adjusting for these physical workload variables.

3.3. Non-linear relationship between session HIE and HRR

To account for potential threshold effects that linear models might
omit, a generalized additive mixed model (GAMM) was utilized to ex-
amine the relationship between session-scale HIE and HRRyq. The
GAMM revealed a significant non-linear effect of HIEs on peak recovery
speed (edf = 2.40, y?> = 11.15,p = 0.015; Fig. 4).

Several parametric covariates significantly influenced recovery
depth. Higher peak heart rates (3 = 0.045,p < 0.001) and greater
pre-recovery running velocities (3 = 0.110,p < 0.001) were associ-
ated with higher HRR,q, while active movement during the recovery
window (higher post-recovery velocities) was the strongest parametric
predictor of recovery speed (3= — 0.122,p < 0.001). In contrast to
HIEgs, play-scale impact exposure (HIEp) had only a marginal effect on
recovery rate (3 = — 0.005,p = 0.043). Notably, after accounting for
these physical workloads and individual variability (subject and match
random effects), the non-linear effect of session-scale head impact ex-
posure remained a significant predictor of slowed autonomic recovery.

4. Discussion
This study used commercially available wearable sensors to monitor

HIE and HRR dynamics during a football season in 72 male varsity ath-
letes. A criterion-based selection of physiologically relevant HRR periods
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Fig. 3. Play-scale HIE effects on HR response. (A) Distribution of individual athlete random slopes (altogether and by positional group) for the effect of play-scale HIE (HIEp) on HRsrt,
demonstrating inter-individual variability in HR sensitivity to acute impact exposure. (B) Marginal effect of HIEp on the time to peak HR recovery (tHRR,) magnitude. The solid line rep-

resents the population-level prediction with 95% confidence intervals (shaded).

was used to characterize the influence of the magnitude of head impact
PLAs on HR profiles during HRR. Analysis of a filtered dataset comprising
7693 HRR periods revealed a significant increase in HR and a delayed
time to peak HRR following acute impact exposure. Notably, this effect
remained after accounting for physical exertion and athlete characteris-
tics. Further analysis revealed a non-linear association between accu-
mulated session-wide impact exposure and peak HRR speed.
Specifically, HRR remained largely preserved during low exposure
(fewer than 200 g accumulated), followed by a non-linear attenuation
of recovery speed observed at higher session-wide exposure levels.
These findings contribute to a growing body of evidence indicating
that subconcussive impacts may serve as a relevant predisposing factor
for injury.>*3> Specifically, they are associated with alterations in car-
diovascular recovery dynamics that are consistent with changes in auto-
nomic regulation following concussion, including reduced cerebral
blood flow (CBF) and altered metabolic demands.

The autonomic nervous system is responsible for maintaining ho-
meostasis by adapting responses to changes in the external and internal
environment using sympathetic and parasympathetic influences.” It in-
nervates the cardiac muscle and regulates peripheral artery stiffness so
that sympathetic activation will increase atrial muscle contractility
thereby increasing HR while, on the other hand, parasympathetic acti-
vation will decrease HR through the vagus nerve. Acutely, the observed
delay in recovery initiation following high-magnitude impacts may re-
flect a transient suppression of this vagal reactivation or a heightened

-0.02 -

-0.04 -

Partial effect on HRRpeak (bpm/s)

-0.06 -

HIEs (g)

Fig. 4. Session-scale HIE effects on HR recovery speed. GAMM-derived relationship be-
tween session-scale HIE (HIEs) and peak HRR speed (HRR)q). The solid line represents
the population-level smooth estimate with a 95% confidence interval (shaded).

immediate sympathetic surge in response to the mechanical stimulus.
Such autonomic perturbations have been shown to influence exercise
capacity, as demonstrated in animal studies where silencing brainstem
vagal preganglionic neurons — thereby reducing parasympathetic activ-
ity — led to a dramatic impairment in performance.'? Since HR dynam-
ics are primarily regulated by the ANS, the present findings
demonstrating systematic alterations in HR and HRR are consistent
with subtle perturbations in autonomic regulation, even in the absence
of a diagnosed concussion. Importantly, these observations do not pro-
vide direct evidence of autonomic dysfunction but rather suggest that
cardiovascular recovery dynamics may be sensitive to impact-related
physiological stressors.

The reduced HRR speed observed at higher accumulated head im-
pact loads may reflect altered physiological regulation in response to cu-
mulative impact exposure. Several candidate mechanisms may
plausibly underlie these observations, although none were directly
assessed in the present study. Prior work in mTBI populations suggests
that diffuse axonal injury, altered cerebral perfusion, and disruptions to
autonomic control circuits may co-occur following traumatic head
impacts.'® While we observed cumulative slowing of HRR, the acute el-
evation in heart rate following high-magnitude hits may represent the
immediate physiological manifestation of these neural disruptions. In
terms of CBF, reduced perfusion was observed in the right dorsal mid-
insular cortex of collegiate athletes following mTBI, as measured by ar-
terial spin labeling, when compared to controls.>® The reduction in CBF
was transient, normalizing within one month post-injury, and appeared
to predict the rate of HRR. However, as autonomic neurotransmitters
and CBF were not directly measured in this study, these physiological
pathways remain speculative. Further exploration is needed to establish
the relationship between ANS dysfunction and alterations in CBF.

In parallel, the slowing of HRR speed observed following cumulative
impact load may also be attributable to sustained elevation in physio-
logical stress induced by repeated impacts. This stress response likely
involves increased circulating cortisol, a glucocorticoid hormone pro-
duced via the hypothalamic-pituitary adrenal axis, which plays a key
role in maintaining homeostasis under stress.>” Given cortisol's regula-
tory influence on the cardiovascular system, impact-induced elevations
in cortisol may contribute to the observed changes in HRR. Testing this
hypothesis would require direct monitoring of cortisol levels, poten-
tially through non-invasive methods such as eccrine sweat analysis.>®

The present work contributes to the growing body of evidence
supporting autonomic dysfunction following mild traumatic brain
injury,® while focusing specifically on the relationship between impact
magnitude and heart rate recovery dynamics. Beyond population-
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averaged effects, the inclusion of subject-specific slopes for acute HIE
revealed substantial inter-individual variability in HR at the onset of
recovery, indicating that athletes differ in how strongly their cardiovas-
cular systems respond to comparable impact loads.

This variability raises the question of whether autonomic shifts are
merely markers of neurological strain or active contributors to post-
impact symptoms. While this study did not assess clinical outcomes, a
bidirectional relationship has been proposed in prior work, such that al-
tered HR dynamics could theoretically contribute to physiological
symptoms rather than solely acting as a downstream consequence of
neural injury.® Although previous research has linked autonomic dys-
function to a “vulnerability window” *® our study focuses on these phys-
iological associations without assessing performance metrics or injury
outcomes. It remains to be determined whether these cardiovascular al-
terations directly increase an athlete's susceptibility to subsequent im-
pacts or clinical injury. Future research integrating HIE monitoring
with objective performance data (e.g., GPS-derived velocity or reaction
time) is necessary to establish the functional consequences of these
heart rate recovery patterns.

4.1. Methodological considerations and limitations

While the mathematical formulation of impact exposure provides a
principled approach for continuous exposure metric, the decay-
weighted accumulated HIE necessarily assumes a common temporary
recovery profile across athletes. Although this formulation captures
the relative timing and magnitude of impacts across multiple time-
scales, it may not fully reflect inter-individual differences in physiologi-
cal recovery or adaptation. Furthermore, the non-linear spline-based
observations are exploratory, and while they indicate population-level
trends in HRRpq attenuation, the specific inflection points should not
be overinterpreted as universal clinical thresholds.

The use of two different instrumented mouthguard systems also in-
troduces potential sensor heterogeneity. To mitigate this, peak linear ac-
celeration was selected as the primary exposure metric due to its
relatively greater cross-device stability compared to rotational kinemat-
ics. Nevertheless, device-specific calibration procedures and inter-
device reliability were not explicitly modeled, thus the direction and
magnitude of potential device-related bias remain unknown. Further-
more, the use of a convenience sample of male varsity athletes may
limit generalizability, as participating athletes may differ from the
broader population in training status, play style, or exposure profiles.

Several additional factors that may influence heart rate dynamics
were not directly accounted for in the statistical models, including hydra-
tion status, sleep quality, prior concussion history, and psychological
stress. Although running speed, time played, and work rate were included
to partially control for physical exertion, American football is a highly dy-
namic environment in which high-magnitude impacts frequently coin-
cide with emotionally salient game events that may independently
modulate heart rate through adrenergic or cognitive mechanisms. As
such, the present findings should be interpreted as associations between
head impact exposure and cardiovascular recovery dynamics rather than
as evidence of isolated central nervous system effects. Future research
integrating head impact monitoring with autonomic, hypothalamic-
pituitary-adrenal, and immunological measures will be essential for a
more complete understanding of subconcussive impacts.”

5. Conclusion

The present study demonstrates that head impact exposure is asso-
ciated with systematic alterations in heart rate and heart rate recovery
dynamics following intense physical effort in collegiate football athletes.
Head impact exposure effects were observed across both acute and cu-
mulative timescales: higher acute exposure was associated with ele-
vated heart rate at recovery onset and prolonged time to peak HRR
speed, while increased cumulative exposure was linked to a slowing
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of the peak HRR speed itself. These findings indicate that cardiovascular
recovery dynamics represent a measurable physiological signal that is
sensitive to head impact exposure during live sport participation. Im-
portantly, this study did not assess clinical injury outcomes or perfor-
mance metrics and therefore cannot determine whether the observed
cardiovascular alterations reflect increased susceptibility to injury or
functional impairment. Rather, the results highlight heart rate recovery
as a promising, non-invasive physiological marker that may comple-
ment existing biomechanical exposure metrics in future multimodal
investigations. Given the scalability of wearable telemetry, this
approach provides a practical and versatile framework for future multi-
modal investigations aimed at linking physiological markers with long-
term clinical and performance outcomes in contact sports.
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