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Abstract

Sport-related concussion (SRC) is associated with cardiovascular autonomic
nervous system (ANS) dysfunction. This study examines resting cardiovascular
ANS activity in adolescents with SRC compared to controls early post-injury and
after clinical recovery, analyzing its correlation with symptom severity and recov-
ery outcomes. Cardiovascular ANS function was evaluated using heart rate vari-
ability (HRV), systolic blood pressure variability (SBPV) and baroreflex sensitivity
(BRS). Symptoms were assessed via the Post-Concussion Symptom Scale, and re-
covery outcomes were categorized by recovery duration. Following acute SRC, no
significant differences in HRV, SBPV or BRS were found between SRC and con-
trol groups, nor between those with delayed or normal recovery. Post-recovery,
SRC participants had higher low frequency (LF) SBPV than controls and their ini-
tial assessment. When concussed participants were symptomatic, LF SBPV cor-
related directly with overall, cognitive, and fatigue symptom severity, while high
frequency (HF) HRV inversely correlated with affective symptoms (Spearman's
rho: 0.4-0.6). Resting cardiovascular ANS function remains unchanged in adoles-
cent athletes acutely after SRC, suggesting it has limited diagnostic and prognostic
potential. Although some correlations between individual symptom domains and
ANS activity were observed, they were not significantly different from asympto-
matic controls, limiting the ability to interpret these findings.
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1 | INTRODUCTION

Sport-related concussion (SRC) is a mild traumatic brain in-
jury (mTBI) caused by a direct blow to the head, face, neck
or the body during sport or recreational activities (McCrory
et al., 2017). Autonomic nervous system (ANS) function

is typically assessed via non-invasive cardiovascular mea-
surements (Chong & Schwedt, 2018; Darling et al., 2014;
McCrea et al., 2017; Polak et al., 2015), and SRC have been
found to cause dysregulation of both the sympathetic (SNS)
(Johnson et al., 2020) and parasympathetic (PNS) (Johnson
et al., 2018) branches. This dysregulation has been found
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to persist beyond clinical recovery (Kamins et al., 2017;
Memmini et al., 2021). ANS dysregulation is also thought
to impair cardiovascular function, impeding exercise per-
formance in concussed athletes (Heyer et al., 2016; Hinds
et al., 2016). Previous studies have suggested an association
between cardiovascular ANS tone and clinical characteris-
tics of concussion (McCrory et al., 2017), but these findings
are conflicting (Coffman et al., 2021; Memmini et al., 2021;
Paniccia et al., 2018; Purkayastha et al., 2019). While some
research has found that a decrease in PNS tone is associated
with more symptoms (Coffman et al., 2021), other studies
have reported that a decrease in PNS tone is associated with
fewer symptoms (Paniccia et al., 2018). Additionally, in
adults with non-SRC, increased PNS activity has been posi-
tively correlated with greater levels of anxiety and depression
(Mercier et al., 2022). However, in the general population,
higher-level evidence indicates that emotional disturbances
are associated with reduced PNS activity and increased SNS
activity (Thayer & Lane, 2009).

Some non-invasive measures of cardiovascular ANS
tone include heart rate variability (HRV), blood pressure
variability (BPV) and baroreflex sensitivity (BRS). HRV is
defined as the fluctuations between consecutive R-R in-
tervals (Electrophysiology TFotESoCtNASoP, 1996), and
broad evidence supports that the root mean square of suc-
cessive differences (RMSSD) and the high frequency (HF:
0.15-0.4Hz) component of HRV (HF HRV) reflect changes
in cardiovascular PNS activity (Cowan, 1995; Joyner, 2016;
Malik & Camm, 1993; Stauss, 2003). Similarly, BPV is the
fluctuation between blood pressure (BP) waveforms (Gulli
et al., 2003), and the low frequency (LF: 0.05-0.15Hz) com-
ponent of systolic BPV (LF SBPV) is a useful biomarker for
assessing cardiovascular SNS activity (Diedrich et al., 2003;
Ellingson et al., 2022; Parati et al., 2018). Although there is
conflicting evidence, the LF component of HRV (LF HRV)
is generally believed to reflect both SNS and PNS activity
(Billman, 2013; Houle & Billman, 1999). BRS provides extra
information on ANS-mediated cardiovascular regulation
(Hilz & Dutsch, 2006; Parati et al., 2000). Baroreceptors in
the carotid sinuses and aortic arch detect changes in BP
and provide negative feedback to restore it to baseline lev-
els (La Rovere et al., 2008). However, how SRC affects BRS
has not been extensively studied, and the existing results are
conflicting (LA Fountaine et al., 2019; Mercier et al., 2022;
Strachan, 2013). Several invasive techniques have also been
used to assess cardiovascular ANS tone, such as microneu-
rography, but they are not a focus of this manuscript due to
their decreased potential of use in an outpatient clinic setting
(Carter, 2019; Metelka, 2014).

The clinical presentation of acute SRC is diverse, with
athletes reporting a combination of physical (somatic),
cognitive, fatigue and mood-related symptoms (Langdon
et al., 2020). Recovery from SRC also varies, with some

athletes recovering within a few weeks, while others ex-
perience Persisting Post-Concussion Symptoms (PPCS)
(Patricios et al., 2023). A comprehensive understanding of
how the cardiovascular ANS interacts with individual clini-
cal characteristics and outcomes may help explain the com-
plexity of autonomic dysfunction after SRC. The aim of the
current study was to compare cardiovascular ANS tone in
adolescents with SRC versus matched controls early after in-
jury and again after clinical recovery, and to assess the asso-
ciation with clinical variables. We hypothesized that resting
cardiovascular ANS measures would differ early after injury
but not after clinical recovery, and that ANS tone during the
acute injury phase would have significant associations with
symptom reporting and recovery outcomes.

2 | MATERIALS AND METHODS
This analysis is part of a larger prospective case control
study approved by the University at Buffalo's Institutional
Review Board (Approval Number: MODO00007947).
Adolescents with SRC were recruited from three
university-affiliated sports medicine clinics in Buffalo, NY.
At their first clinical visit, a research assistant explained
the study, screened for eligibility, and obtained written
consent in a HIPAA-compliant setting. Parental con-
sent and participant assent were obtained for all minors
(aged 13-17). The first research visit (V1) occurred within
10days of injury. Injuries were diagnosed and managed by
a sports medicine physicians based on international guide-
lines (Patricios et al., 2023). Participants followed up with
their physician weekly according to standardized, recom-
mended clinical protocols until they were cleared to begin
a return-to-play protocol (McCrory et al., 2017; Patricios
et al., 2023). Clinical recovery was defined as the resolu-
tion of concussion-like symptoms to baseline, a physical
examination within normal limits, and demonstration
of normal exercise tolerance on the Buffalo Concussion
Treadmill Test (BCTT) (Haider et al., 2017, Kumar
et al., 2023). Participants returned for their post-recovery
visit (V2) within 1 month of successfully completing their
return-to-play protocol. Sex-, age-, and competition level-
matched healthy controls were recruited from local high
schools and sports teams. Healthy controls were asked to
return for V2 approximately 6-8 weeks after V1 to reflect a
standard 1-month SRC recovery time and 2-week return-
to-play protocol.

2.1 | Participants

The inclusion criteria for the concussion group were: (1)
obtained a concussion during a sport-related activity; (2)
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aged 13-18years; and (3) sustained injury within 10days
prior to V1. Participants were excluded if they had any one
of the following: (1) more severe injury than mTBI corre-
sponding to a Glasgow Coma Scale <13, loss of conscious-
ness for >30min or post-traumatic amnesia for >24h, or a
focal neurological deficit consistent with an intracerebral
lesion (e.g., unilateral weakness, dilated pupil); (2) active
substance abuse/dependence; (3) history of moderate or
severe TBI; (4) more than 3 previous concussions; and (5)
currently on a beta- or calcium-blocker or medications that
affect ANS function (e.g. ADHD stimulants and mood-
stabilizers). For the control group, the inclusion criteria
were: (1) aged 13-18years; (2) no history of concussion
within the past year; and (3) played at least one organized
sport (to control for athletic status). Exclusion criteria for
controls were identical to participants with SRC.

2.2 | Symptom classification

The Post-Concussion Symptom Scale (PCSS) was used to re-
port concussion-like symptoms that were categorized into 4
domains: physical, cognitive, affective, and fatigue (Table 1)
based on the symptom profiles of a prior version of the PCSS
that only had 19 symptoms (Merritt et al., 2015). The PCSS
is a self-report measure that was developed to assess SRC-
related symptoms (Karr et al., 2023). The version we used
comprises 22 items, which are evaluated on a 7-point scale
ranging from 0 to 6, with 0 indicating no symptoms and 6
indicating severe symptoms, and the measure has excellent
internal consistency (Langevin et al., 2022).

2.3 | Experimental procedure

Concussed and control participants were asked to com-
plete two visits with identical experimental procedures.
Participants were instructed to refrain from alcohol, caf-
feine, and exercise for 12h and food for 2h prior to their re-
search visits. Room temperature was controlled and ranged

TABLE 1 PCSS symptom domains and their associated items.

Physical (10 items) Cognitive (6 items)
Headache Feel slowed down
Pressure in head Feel like “in a fog”
Neck pain “Do not feel right”

Nausea or vomiting Dizziness
Blurred vision

Difficulty concentrating
Difficulty remembering
Balance Confusion
Sensitivity to light

Sensitivity to noise

Trouble falling asleep
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from 20° to 23°C and humidity was controlled between
15% and 25%. Participants assumed a supine position and
were instrumented with an ECG, photoplethysmograph
(PPG) and breathing mask. ECG and PPG readings were
visually inspected for irregularities before recording to en-
sure recognition of any potential abnormalities. Breathing
rates were not controlled. Cardiovascular parameters were
recorded for a total of 10min but only 5min (Minute 4-9)
were used for analysis (Gall et al., 2004). The final minute
analysis was excluded because participants were informed
that they had 30s remaining, which may have affected their
cardiovascular, respiratory and ANS activities.

2.4 | Instrumentation and
measurements
2.4.1 | Data acquisition

BIOPAC Systems, Inc. MP160 system was used for data
acquisition and analysis of physiological data. The MP160
is a 16-channel core system with a high-level transducer
interface module that uses AcqKnowledge 5.0 software for
visualization and processing.

242 | ECG

Bionomadix 3-lead ECG (DA100C, Biopac Systems,
Goleta, CA) was used to obtain the R-R interval. The sam-
pling rate was set at 1000 Hz.

2.4.3 | HRV analysis

Kubios HRV Software 5.0 with built-in tools was used for
ECG clean-up, including a QRS detector, beat-to-beat anal-
ysis, and autocorrection for ectopic beats. Time- (RMSSD)
and frequency- (HF; 0.15-0.4 Hz) domain measures were
calculated from the spectral analysis of the R-R interval

Affective (4 items) Fatigue (2 items)

More emotional Irritability
Sadness
Nervous or anxious

Fatigue or low energy
Drowsiness
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through Kubios HRV software (Tarvainen et al., 2002).
Normalized HF HRV (HF HRV n. u.) was calculated by
dividing raw HF by (raw HF +raw LF).

244 | PPG

ClearSight photo-plethysmograph by Edwards Lifescience
Inc., Irvine, CA (formerly Nexfin BMEYE, Amsterdam,
Netherlands) was used on the left index finger (2nd meta-
carpal region) to obtain blood pressure waveforms. As a
quality control measure, calibration using the Physiocal™
vascular unloading algorithm was used prior to each
physiological test. The sampling rate was set at 250 Hz.

2.4.5 | Respiration

Participants breathed through a one-way valve (Hans
Rudolph, Kansas City, KC) with a nose clip. Respiratory rate
(RR), tidal volume and minute ventilation were obtained using
a pneumotach (Pneumotach Transducer, BIOPAC Systems
Inc., Goleta, CA). The sampling rate was set at 62.5Hz.

2.4.6 | SBPV analysis

SBPV was processed using the methods previously reported
in MATLAB (Lucci et al., 2021). Occasional ectopic beats
were removed by substituting them with average values of
the resting condition, and significant trends were eliminated
by subtracting the best-fit polynomial function. The LF band
was identified as 0.05-0.15Hz using Fast Fourier Transform
(Lucci et al., 2021). Subsequently, the absolute power of the
LF SBPV was calculated using power spectral density.

2.4.7 | BRS analysis

BRS was processed using transfer function analysis via
MATLAB (La Rovere et al., 2008). BRS is represented by the
average gain between changes in systolic BP and the R-R
interval within the frequency range of 0.07-0.14 Hz, a range
that is reliable for BRS assessment as it is not significantly
influenced by RR (La Rovere et al., 2008). Both the raw ECG
and beat-to-beat BP data were down sampled to 4 Hz to align
the two datasets for this analysis (Ondrusova et al., 2017).

2.5 | Statistical analyses

No a priori sample size estimation was performed and this
study utilized a convenience sample of adolescents who

were participating in a larger study looking at exercise intol-
erance. The normality of continuous variables was assessed
using a Shapiro Wilk test. Independent samples t-tests and
paired t-test were used to compare group and within sub-
ject differences when the data were normally distributed.
Mann Whitney U tests and Wilcoxon signed rank test were
used when the data were not normally distributed. y*-tests
were used to compare categorical variables. Demographics
and clinical characteristics were compared between groups.
Cardiovascular parameters were compared within subjects
across the two visits and between groups at both visits
while controlling for RR using mixed effects linear regres-
sion. Only participants with SRC were used when measur-
ing association between cardiovascular ANS parameters
and symptom subtypes since all other subgroups reported
minimal symptoms (i.e. almost everyone reported 0 on the
PCSS). Pearson's correlation was used to analyze the rela-
tionship between symptoms and RMSSD, while Spearman's
correlation was employed to examine associations with
HF HRV, LF SBPV and BRS. The strength of the correla-
tions was interpreted by referring to previously published
statistical tutorials (Schober et al., 2018). Participants with
SRC were then stratified based on the occurrence of PPCS
(symptoms <28 days versus >28 days). Cardiovascular ANS
variables were compared between participants with PPCS
and without. A p-value <0.05 was considered statistically
significant for most analyses except the linear regressions
with two variables. In these cases, a Bonferroni correction
was applied and a p-value of <0.025 was considered signifi-
cant. All analyses were performed using SPSS Version 29
(IBM Corp, Armonk, NY).

3 | RESULTS

Out of 99 eligible adolescents seen at the clinics from
September 2016 to March 2020, 31 provided consent. Two
participants that provided consent were unable to attend
V1 within 10days of injury and were excluded. Out of the
29 adolescents who performed the research study, 3 did
not have usable ECG/PPG measurements (>5% noise on
waveforms) and were excluded. Hence, 26 adolescents
with SRC comprised the Sport Concussion Group (SCG) at
V1. One participant in the SCG did not complete the PCSS
at V1 and was not included in the subsequent symptom
domain comparison. Twenty-three healthy adolescents
provided consent and performed the research procedures,
however, 3 did not have usable ECG/PPG recordings and
were not included in the analysis. Hence, 20 participants
comprised the Healthy Control Group (HCG) at V1. Nine
participants in the SCG did not schedule a research visit
within 1 month of return-to-play. Additionally, 7 partici-
pants in the HCG were unable to schedule a research visit
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between 6 and 8 weeks since V1. Figure 1 illustrates the
framework of participants’ inclusion. No difference in age
or sex was observed between participants who were in-
cluded or excluded from the analyses.

Group-wise demographics are provided in Table 2.
Groups did not differ in age, sex, height, or weight, except
that the SCG reported having more previous concussions
and reported more concussion symptoms. The HCG also
had a longer duration between V1 and V2 compared to
the SCG, but this did not reach statistical significance.

Cardiovascular data at V1 and V2 are presented in
Table 3. No significant differences were seen at either
timepoint except that the SCG had higher LF SBPV at V2
(after recovery) when compared to the HCG. Regarding
within-subjects change of ANS measures from V1 to V2,
no differences were observed in HCG between timepoints
in HF HRV (p=0.972), RMSSD (p=0.507), LF SBPV
(p=0.753) and BRS (p=0.200). No differences were ob-
served in SCG in HF HRV (p=0.093), RMSSD (p=0.619)
or BRS (p=0.357) but there was a difference in LF SBPV
with SCG showing a significant increase in resting LF
SBPV after recovery (p=0.049).

Table 4 presents the correlation between symptom cat-
egory and ANS parameters in SCG at V1 (n=25). A nega-
tive, moderate (Spearman'’s rho between 0.4-0.6) (Schober
et al., 2018) correlation was observed between HF HRV
and affective symptoms. Positive moderate correlations
were observed between LF SBPV and total, cognitive and
fatigue symptom severity.

Table 5 presents the comparison of SCG partici-
pants who experienced PPCS with those who did not at

w
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V1. Mean recovery time for participants without PPCS
was 16+ 6days, while for participants with PPCS, it was
52 +19days, which was significantly different (p <0.001).
Respiration rate was not different between concussed par-
ticipants who would develop PPCS or not (p=0.318).

4 | DISCUSSION

This analysis comparing resting cardiovascular ANS activ-
ity with clinical measures of SRC and recovery has incon-
clusive yet informative results.

41 | Acute timepoint

We found no differences in resting cardiovascular ANS
measures within 10days of injury or between those who
would have delayed recovery or not, suggesting that these
measures have limited diagnostic or prognostic use. These
results consistent with the majority of previous studies on
cardiovascular ANS function in adolescents and adults
with SRC (Bishop et al., 2017; Ellingson et al., 2022; Gall
et al., 2004; Johnson et al., 2018; La Fountaine et al., 2009,
2019), showing no significant changes in resting RMSSD,
HF HRV, LF SBPV or BRS in the acute/sub-acute period
after SRC. This suggests that resting cardiovascular ANS
activity remains intact immediately after concussive in-
jury. However, Ellingson et al. (2022). found a controver-
sial finding on cardiovascular SNS function following acute
SRC, with LF SBPV decreased in adult athletes compared

(a) (b)
@ @]
[ — & =
68 excluded
(Did not provide consent)
@ @]
[~ B [
31 23
Agreed To Participate Agreed To Participate
2 excluded
(Did not attend V1 within
Y 10 days post concussion) e)
al [
29 23
Finished V1 Finished V1
1 ; t 3 excluded from V1 analysis
| fi | y
?D?gcn:?igvéol::a\{)‘teaggé/s};spc (Did not have usable EEG/PPG
data)
dat
FIGURE 1 Framework of oo o
participants inclusion. (a) Framework of 2 20

the inclusion of sport concussion group;
(b) Framework of inclusion of healthy
control group; ECG, electrocardiogram;
HCG, healthy control group; PPG,
photoplethysmography; SCG, sport
concussion group; V1, visit 1; V2, visit 2.

Included In V1 Analysis

9 excluded from V2 analysis
(Did not attend V2 within 1
month of recovery)

B

17
Included In V2 Analysis

Included In V1 Analysis

7 excluded from V2 analysis
(Did not attend V2 within 2
months post-V1)

13
Included In V2 Analysis
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TABLE 2 Participant demographics and clinical characteristics.
SCG n=26 HCG n=20 p-value

Age in years, mean (SD) 15.3(1.2) 159(1.4) 0.152
Sex, n (%) male 15 males (57.5%) 12 males (60%) 0.875
Height in meters, mean (SD) 1.72 (0.14) 1.68 (0.12) 0.432
Weight in kilogram, mean (SD) 69.37 (13.09) 67.22 (12.89) 0.563
Days between V1 and V2, mean (SD) 31(17) 41 (8) 0.055
Days between injury and V1, mean (SD) 7(2) - -
Previous Concussion, n (%) 0.003

0 8 (30.8%) 17 (85.0%)

1 13 (50.0%) 1(5.0%)

2 3(11.5%) 1(5.0%)

3 2(7.7%) 1(5.0%)
Total symptom severity, mean (SD) 24.8 (3.1) 0.8 (3.0) <0.001
Physical symptom severity, mean (SD) 10.5(1.2) 0.3(1.1) <0.001
Cognitive symptom severity, mean (SD) 8.7 (1.3) 0.2 (0.9) <0.001
Affective symptom severity, mean (SD) 2.5(0.7) 0.1 (0.3) <0.001
Fatigue symptom severity, mean (SD) 3.1 (0.6) 0.2 (0.9) <0.001

Note: Bolded values indicate a significant finding.

Abbreviation: HCG: healthy control group; SCG: sport concussion group; SD: standard deviation; V1: visit 1; V2: visit 2.

to their pre-SRC values. This discrepancy might be ex-
plained by the fact that SBPV is affected by a variety of
extrinsic and behavioral factors (Kallioinen et al., 2017),
such as the differing durations of alcohol and caffeine ab-
stinence before data collection, controlling for RR (Pitzalis
et al., 1998), or using a within-subjects design. The study
by LA Fountaine et al. (2019). did not control RR during
the assessment and used a case—control design, which is
similar to ours, and found unchanged LF SBPV during the
acute SRC phase when comparing concussed athletes with
non-injured controls. Our statistical analyses controlled for
RR and found that RR does not significantly affect the rela-
tionship between LF SBPV and concussion, therefore, the
discrepant finding does not appear to stem from a respira-
tory origin. We did observe a slightly higher, albeit non-
significant (p=0.093) RR in symptomatic adolescents with
no differences in minute ventilation or tidal volume at V1.
This may be attributable to concussed participants being
symptomatic and in pain, which may have increased their
level of anxiety and changed their breathing patterns (Liu
et al., 2022). This difference normalized after concussed
participants recovered and were asymptomatic, which pro-
vides some justification to our interpretation.

4.2 | Post-recovery timepoint

After clinical recovery, we found that LF SBPV was greater
in the SCG when compared to controls as well as to

themselves when they were symptomatic (V1), which may
indicate persistent changes in cardiovascular SNS activ-
ity in adolescents with SRC. Persisting ANS changes after
clinical recovery from SRC, as measured by HRV, has been
reported in several publications (Kamins et al., 2017). Our
study aligns with prior publications since we also observed
a trend (p=0.057) towards statistical significance for higher
HF HRV after clinical recovery. However, to the best of our
knowledge, no published research has specifically used LF
SBPV to examine cardiovascular SNS activity following
recovery from SRC in athletes, and this was the only auto-
nomic measure that was statistically different after recovery
in our study. Prior literature suggests that cardiovascular
ANS dysfunction persists after mTBI, as evidenced by slower
HR recovery from a 20-min aerobic exercise bout (Memmini
et al., 2021) and lower resting LF SBPV (Hilz et al., 2016)
in participants with a history of mTBI compared to those
without, which is the opposite of what we observed. The in-
creased LF SBPV observed following recovery in our study
was not attributed to BRS disruption, as BRS remained un-
changed during the acute concussion and recovery phases
between the two groups or within each group. Similarly,
Memmini et al. (2021) found that concussion has long-term
effects on cardiovascular ANS function, with athletes who
had a history of two or more concussions exhibiting de-
creased PNS tone during recovery from a 20-min aerobic
exercise at 60-70% of their maximal target HR, even beyond
6months post-injury. Richer et al. (2024). also noted that
adolescents with SRC, regardless of symptom improvement
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TABLE 3 Cardiovascular parameters for SCG and HCG at V1 and V2.

Visit 1 HCG n=20
Cardiovascular Measures
Respiration rate (breath/min) 17.3 (3.0)
Tidal Volume (mL) 450.2 (111.3)
Minute Ventilation (L/min) 8.3(2.2)
HR (bpm) 67.4(9.6)
R-R interval (ms) 915.7 (132.4)
MAP (mmHg) 83.1(8.3)
SBP (mmHg) 114.3 (12.2)
DBP (mmHg) 64.2 (6.6)
Calculated Autonomic Measures
RMSSD (ms) 76.1 (46.3)
HF HRV (n. u.) 0.55(0.15)
LF SBPV (mmHg?) 7.79 (11.30)
BRS (ms/mmHg) 13.7 (9.0)
Visit 2 n=13
Cardiovascular Measures
Respiration rate (breath/min) 17.3(1.9)
Tidal Volume (mL) 392.7 (135.9)
Minute Ventilation (L/min) 7.4(1.9)
HR (bpm) 67.8 (11.9)
R-R interval (ms) 906.8 (154.8)
MAP (mmHg) 82.2 (6.6)
SBP (mmHg) 114.6 (10.1)
DBP (mmHg) 63.6 (5.6)
Calculated Autonomic Measures
RMSSD (ms) 76.5 (48.8)
HF HRV (0. u.) 0.54 (0.21)
LF SBPV (mmHg?) 5.87 (3.59)
BRS (ms/mmHg) 19.6 (14.3)

Respiration
SCG n=26 Group p-value* rate p-value
19.5 (4.7) 0.093 -
431.8 (142.5) 0.927 -
8.3(2.0) 0.726 -
64.4 (8.5) 0.554 0.207
950.5 (128.3) 0.651 0.175
81.4(9.1) 0.783 0.759
114.9 (14.4) 0.638 0.585
60.1 (12.3) 0.326 0.900
90.4 (52.5) 0.480 0.568
0.53(0.17) 0.743 0.700
7.92 (4.99) 0.867 0.266
15.5(12.8) 0.357 0.299
Respiration
n=17 Group p-value* Rate p-value
17.9 (3.0) 0.544 -
402.8 (82.4) 0.812 -
7.6 (1.3) 0.739 -
66.3 (11.9) 0.970 0.485
950.7 (161.5) 0.755 0.525
79.7 (10.2) 0.660 0.890
111.9 (14.6) 0.729 0.644
60.1(7.9) 0.362 0.973
97.0 (49.0) 0.277 0.044
0.62 (0.16) 0.057 0.226
10.16 (4.81) 0.018 0.217
15.4(9.6) 0.562 0.862

Note: bold values indicate a significant finding at p <0.025 after performing a Bonferroni correction.

Abbreviations: DBP, diastolic blood pressure; HCG, healthy control group; HF HRV, high frequency component of heart rate variability; HR, heart rate; LF
SBPV, low frequency component of systolic blood pressure variability; MAP, mean arterial pressure; n.u., normalized unites; RMSSD, root mean square of
successive differences in R-R interval; SBP, systolic blood pressure; SCG, sport concussion group.

*p-values are from linear regressions after controlling for respiration rate (except for the groupwise comparison of respiration rate, tidal volume and minute

ventilation); values are presented as means (standard deviations).

after clinical recovery, continued to exhibit autonomic dys-
function as assessed by HR and systolic BP during head-up
tilt tests. Although Memmini et al. (2021) did not specifi-
cally examine SNS tone, our findings, together with theirs
and those of Richer et al. (2024) suggest that SRC may have
long-term cardiovascular ANS effects that could disrupt au-
tonomic function over an extended period.

4.3 | Association with symptoms

Another significant finding in our sample is that higher LF
SBPV during acute injury phase was moderately associated
with higher total symptom severity, and with cognitive and
fatigue symptoms specifically (see Table 4 for correlation val-
ues and statistics). Lower HF HRV, on the other hand, was
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TABLE 4 Correlation coefficients between concussion symptoms and cardiovascular ANS parameters at V1 in SCG.
RMSSD HF HRV LF SBPV BRS
Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value
Total —0.093 0.658 —0.193 0.355 0.494 0.012 0.008 0.969
Physical —0.104 0.620 —0.275 0.183 0.310 0.132 0.125 0.560
Cognitive —0.005 0.981 —0.039 0.854 0.598 0.002 0.002 0.992
Affective —0.394 0.051 —0.504 0.010 —0.007 0.974 0.015 0.943
Fatigue —0.088 0.677 —0.084 0.689 0.439 0.028 0.085 0.692

Note: Bolded values indicate a significant finding.

Abbreviations: ANS, autonomic nervous system; HF HRV, high frequency component of heart rate variability; LF SBPV, low frequency component of systolic

blood pressure variability; RMSSD, root mean square of successive differences in R-R interval differences.

TABLE 5 Comparison of cardiovascular autonomic parameters between those who developed PPCS or not at V1.

Typical recovery/ non-PPCS Delayed recovery/ PPCS Respiration rate
n=17 n=9 Group p-value* p-value

RMSSD (ms) 98.0 (55.0) 76.1 (47.3) 0.475 0.363

HF HRV (n.u.) 0.53 (0.19) 0.50 (0.12) 0.356 0.640

LF SBPV (mmHg?) 8.15(5.41) 7.48 (4.35) 0.757 0.342

BRS (ms/mmHg) 17.8 (15.0) 11.2 (5.5) 0.088 0.022

Note: bolded values indicate a significant finding at p <0.025; values are presented as means (standard deviations).

Abbreviations: BRS, baroreceptor sensitivity; HF HRV, high frequency component of heart rate variability; LF SBPV, low frequency component of systolic
blood pressure variability; PPCS, persisting post-concussion symptoms; RMSSD, root mean square of successive differences in R-R interval.

*p-values are from linear regressions after controlling for respiration rate.

moderately associated only with more affective symptoms.
These results are in line with other studies showing that
affective and cognitive disturbances, regardless of concus-
sion history, are associated with lower HF HRV (Chalmers
et al, 2014; Kemp et al, 2010) and higher SBPV (Chiu
et al., 2021; Epstein et al., 2013). Taken together, our data
and these studies suggest that adolescents acutely after SRC
that exhibit lower resting PNS activity and higher SNS activ-
ity may experience more emotional and cognitive symptoms
related to concussion. However, our analysis is complicated
by the fact that HF HRV and LF SBPV values during acute
injury phase were not significantly different from healthy
controls. This lack of distinction may be attributed to the high
variability in these measures among concussed adolescents,
as noted in previous research. Specifically, studies have dem-
onstrated that symptomatic and asymptomatic concussed
athletes exhibited no significant differences in HF HRV dur-
ing weekly assessments following acute SRC, aswell asat 1, 3,
and 6 months post-symptom resolution (Paniccia et al., 2018).
Moreover, while baseline HF HRV (pre-concussion) values
were positively correlated with normalized HF HRV across
all post-injury assessments (Paniccia et al., 2018), this find-
ing underscores the importance of individual variability in
determining autonomic responses following SRC. Therefore,
our data suggest that this variability may mask the effect of
concussion on HRYV, highlighting the need for further inves-
tigation into the role of individual differences. It is important

to note that while the current study does not demonstrate sig-
nificant prognostic or diagnostic potential for HRV or SBPV
changes in SRC, it serves as a preliminary step in understand-
ing autonomic dysfunction post-concussion. We recommend
that future research incorporates an increased frequency of
the same assessments over time to reduce variability and en-
hance the reliability of findings in this population.

While our study observed similar patterns, with emo-
tional and cognitive problems correlated with ANS activ-
ity during the acute concussion phase, altered LF SBPV
was not correlated with symptoms following recovery.
Previous research suggests that ANS dysfunction is associ-
ated with decreased cognitive performance after recovery,
as assessed by Immediate Post-Concussion Assessment
and Cognitive Test (ImPACT), a validated cognitive bat-
tery in SRC (Taylor et al., 2018). This underscores that
the PCSS may provide only a cursory assessment of SRC
(Merritt et al., 2015), highlighting the need for more spe-
cific and sensitive cognitive assessment tools in future
studies to fully understand the implications of autonomic
measures on emotional function.

5 | LIMITATIONS

Our study sample constitutes a typical adolescent SRC
population with relatively equal distribution of males
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and females that were seen a mean of 7days since their
injury. In line with the SRC literature, about one third
of adolescents in this study developed PPCS (Boucher
et al., 2023; Le Sage et al., 2022). Our primary limita-
tion is that this is a case-control comparison instead of
a within-subjects, and measures of autonomic function
vary widely from person to person. We did not account
for individual factors that may affect HRV and SBPV
such as race, percentage of body fat, subcutaneous adi-
pose tissue, and visceral adipose tissue to name a few
(Fatisson et al., 2016). Future research should consider
controlling these variables if feasible. Another limita-
tion is the wide time duration from time since injury. Of
the 26 concussed participants included in the analysis, 6
were seen within the first 5days of injury, while 20 were
seen between 6 and 10 days post-injury. Due to the small
sample size in the first subgroup and the unequal sample
sizes between the two groups, we are underpowered to
make meaningful comparisons in this subgroup analy-
sis. Future studies with more balanced sample sizes may
be better equipped to determine if there are differences
in the early acute and sub-acute phases of injury. Our
V2 comparison is confounded by the high variability of
recovery times (28+21days). Deconditioning should
not have affected our V1 analysis since the effect of de-
conditioning typically takes up to 2weeks to occur in
athletes (Ellis et al., 2018; Leddy et al., 2016), however,
those who were symptomatic for longer probably expe-
rienced some level of aerobic deconditioning which may
have affected their ANS tone. Finally, we had to exclude
data from three SRC participants and three healthy con-
trols from the V1 analysis due to artifacts exceeding 5%
in ECG and PPG data. Additionally, our study lost 9 par-
ticipants with SRC and 7 healthy controls to follow-up.
The primary reason for this loss to follow-up is that con-
cussed and control participants reported their inability
to allocate time for a 3-h research visit while attending
school and engaging in sports full-time. This loss, con-
stituting nearly one-third of the participants, restricts
our understanding of potential autonomic function al-
terations post-recovery that might have been observed
in these individuals.

6 | CONCLUSIONS

This study found no differences in resting autonomic func-
tion in adolescent athletes within 10days of SRC when
compared to matched controls, or between injured athletes
who went on to have typical or delayed recovery. Some dif-
ferences were observed after clinical recovery, specifically
that LF SBPV increased after recovery. Lastly, while ado-
lescent athletes were symptomatic, reduced PNS tone (HF

sssss

HRV) was moderately associated with greater affective
symptom severity, and that greater SNS tone (LF SBPV)
was moderately associated with increased total, cognitive
and fatigue symptom severity. These measures were not
different from controls who were not experiencing symp-
toms, which limits the interpretability of this finding.
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