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Abstract
Objective:To study autonomic responses to postural changes in concussed adolescents. The influence of sex was also studied.
Design: Longitudinal cohort observational study.Participants:Concussed adolescents (CONC; n5 65; 26male adolescents;
age 156 1 years, range5 12-18 years) and a control (CTRL) group of nonconcussed adolescents of similar age and sport (CTRL; n
5 54; 29 male adolescents; age 14 6 1 years, range 5 12-18 years). Interventions: Concussed participants were monitored
through 6 weekly visits throughout usual physician care. Control participants underwent 2 visits separated by at least 1 week to
account for intrapersonal variation in testing measures. Main Outcome Measures: Heart rate variability as the root mean
square of successive differences in R–R intervals (RMSSD), heart rate (HR), and blood pressure [mean arterial pressure (MAP) and
diastolic blood pressure (DBP)] were measured in supine, sitting, and standing postures. Results: A mixed analysis of variance
revealed a group3 sex3 posture interaction (P5 0.04) where seated values of RMSSDwere less in concussed female participants
versus control female participants (42 6 4 vs 61 6 7 ms; P 5 0.01; Mann–Whitney rank test). Compared with CTRL, CONC
exhibited increased pretesting seated DBP (696 1 vs 746 1 mm Hg; P, 0.01), MAP (836 1 vs 866 1 mm Hg; P5 0.02), and
baseline seated HR (726 1 vs 776 2 bpm; P5 0.03). Values of DBP (P5 0.03) andMAP (P, 0.01) improved at clinical discharge,
whereas the RMSSD in female participants did not (P. 0.5). Data are mean6 SEM.Conclusions:Amodest reduction in female
cardiac autonomic regulation was observed during seated postures. Alterations in seated concussed DBP and MAP, but not
RMSSD, resolved at clinical discharge (median 5 37 days). The results indicate that, in adolescents, concussion may impair
cardiovagal function in a sex- and posture-dependent manner. The findings also suggest that BP metrics, but not RMSSD, are
associated with clinical concussion recovery.
Key Words: adolescent concussion, heart rate variability, blood pressure, sex differences, autonomic nervous system, sport-
related concussion

(Clin J Sport Med 2021;31:257–265)

INTRODUCTION

Concussion is the leading formof traumatic brain injury (TBI),
with an estimated 1.2 to 3.6 million cases annually in the
United States.1,2 The adolescent population is especially at risk
of concussion, accounting for 3% to 8% of all sport-related
emergency department visits.3,4 Although still in stages of
frontal lobe and synaptic development,5 adolescents experi-
ence prolonged symptom profiles6 and functional irregular-
ities,7,8 suggesting the adolescent brain is more susceptible to

prolonged neurocognitive deficits than the fully developed
adult brain.9–11

The ability todetect andproject concussion recovery represents
significant clinical challenges. For example, individuals who
return to play within the first few days of a concussion have an
increased risk of a secondary concussion.12 Whenever multiple
concussive events occur, there is potential for cumulative
neurophysiological effects.13,14 Despite these risks, subjective
reporting forms the basis of many concussion symptoms. In this
case, confidence in clinical decisions regarding return to play
would be enhanced by an objective neurological measurement.

Onemethod used tomeasure neurological outcomes fromTBI
is heart rate variability (HRV).15 Heart rate variability metrics
examine beat-to-beat fluctuations in HR in the time and
frequency domains16 and reflect autonomic neural contributions
to HR regulation.17–19 Moderate and severe acute brain injuries
reduce HRV.20–23 Over time, HRV measures can improve in
these patients,15 demonstrating the recoverable nature of
autonomic regulation, which could provide a feasible approach
to track neurological resolution throughout clinical recovery.

In mild forms of TBI such as concussion, baseline HRV
research has yielded mostly equivocal results; some studies
indicate no effect,21,24,25 while others indicate a reduction in
HRV after a concussion.22,26 One determinant of the varying
conclusions may be the arousal state of the individual when the
measures are made, where abnormalities have been reported
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when stressors of aerobic exercise21 and moderate-intensity
isometric hand grips24 are used in adult cohorts. High-
frequency power was decreased in the concussed group when
a physiological stress was applied, while no difference occurred
at rest.24 This suggests that a physiological stressor may be
crucial to tease apart autonomic outcomes in concussion.
Furthermore, no studies have reported HRV abnormalities in
the developmental adolescent population. Sex can affect HRV
outcomes,27,28 which may provide another explanation for the
equivocal results in previous reports of HRV in mixed-sex
concussion studies. In addition, concussed female participants
are reported to have an increased risk of physiological
impairment,29–32 as well as prolonged symptom profiles, such
as continued anxiety and depression.33

An orthostatic challenge induces an autonomic reaction that
is especially applicable to daily life. Normally, autonomic
control of HR plays a critical role in rapid blood pressure (BP)
control during postural stress.34 In adolescents with postcon-
cussion syndrome, 70% experienced abnormal responses to
a head-up-tilt test.35 These adolescents were categorized as
isolated syncope or having postural tachycardia syndrome,
suggesting impaired cardiovascular autonomic function. In
adults who had experienced a concussion, a graded orthostatic
challenge showed an increase in the low-frequency domain and
a decrease in the high-frequency domain of HRV compared
with controls, which did not return to baseline levels following
return-to-play guidelines.36 This suggests incomplete recovery
of autonomic function despite resolution of clinical measures.
In concussed adolescents, cardiovascular-specific autonomic
measurements to postural stress have not been reported.

Our study tested the primary hypothesis that concussion in
adolescents impairs autonomic regulation. Additional analy-
sis of a sex effect was conducted as well. This study
characterized the impact of supine, seated, and upright
postures on HRV and BP patterns in male and female cohorts
of concussed and nonconcussed adolescents.

METHODS AND MATERIALS

Participants

Participant characteristics are outlined in Table 1. The concussed
adolescents were diagnosed by a physician from the Fowler
Kennedy Sport Medicine Clinic (FKSMC) and participated in
a variety of sports (soccer n5 14, hockey n5 12, rugby n5 8,
basketball n 5 6, football n 5 4, and other n 5 21) at
a recreational and competitive level. After diagnosis, eligible
patients were interviewed for involvement in this study by the
research coordinator. The control population consisted of age-
and activity-level matched healthy adolescents and was recruited
from local adolescent sporting organizations. Nineteen partic-
ipants (control, n 5 7; concussed, n 5 12) were medicated for
asthma and exercise-induced asthma (salbutamol, n59), anxiety
(sertraline HCL, n 5 3; lorazepam, n 5 1), depression
(escitalopram, n 5 1), migraines (amitriptyline, n 5 1;
gabapentin, n 5 1), acne (minocycline, n 5 2), and attention-
deficit hyperactivity disorder (methylphenidate, n 5 1; atom-
oxetine, n 5 1). Twelve female participants (control, n 5 3;
concussed, n 5 9) were taking oral contraceptives. Control
participants who had a previously diagnosed concussion were
only included if they had not experienced symptoms in the
6-month period before testing (n5 16). All participants provided
written informed consent for the study procedures. This study

was approved by the Health Sciences Research Ethics Board at
Western University and performed to the standards of the
Declaration of Helsinki.

Experimental Protocols and Measurements

To establish the reproducibility of measures, control partic-
ipants participated in 2 laboratory sessions separated by at least
1 week. To study the effect of concussion and recovery,
concussed adolescents completed 6 weekly laboratory sessions,
or until granted medical clearance by a physician at FKSMC (2-
6 weeks), upon which time one final testing session was
completed. The final testing sessionmarked the clinical endpoint
for each participant. The laboratory testing protocols remained
consistent each week, for the entire length of the study.

At the beginning of the initial testing, participants provided
a detailed medical history. Concussed participants provided
their symptomology and etiology of the inciting event.
Participants with a previous history of concussion provided
specific details on previous symptomology and length of
recovery from concussion. At the beginning of each visit,
a medical update form, including changes to medications, was
completed.However, no participantwas prescribedmedication
for their concussion during the study. For the concussed
adolescents, clinical progression and rehabilitation details were
documented each visit. The Sport Concussion Assessment Tool
(SCAT3) was completed by all participants to outline their
symptom profiles at the time of testing. The Child SCAT3 was
completed for participants aged 12 years (control, n 5 7;
concussed, n 5 5).37 Clinical discharge was achieved with
a combination of return to baseline SCAT3 score and/or
physician appraisal. The Generalized Anxiety Disorder 7-Item
Scale (GAD-7) assessed general anxiety at the beginning of each
testing session. Anthropometric data were recorded, and seated
manual sphygmomanometer BPs were measured in triplicate.

Cardiac R–R interval data were measured with 3-lead
electrocardiography (ECG; Bioamp, Powerlab, AD Instruments,
Colorado Springs, CO). Continuous arterial BP measures were
made by finger photoplethysmography (Finometer; Finapres
Medical Systems BV, Amersterdam, the Netherlands). A re-
spiratory strain gauge provided breathing frequency information.

Measures were made for 5 minutes while supine, 3 minutes
while seated, and then an unassisted sit-to-stand protocol that
included 2 sets of seated (3 minutes) and standing (2 minutes)
positions.

Short-Term Heart Rate Variability

Most measures of HRV require a minimum recording length
of 3 to 5 minutes for accurate and reliable clinical measure-
ments.16 However, the root mean square of successive
differences in R–R interval (RMSSD) provides reliable
measures in recordings of 10 to 60 seconds,38 or even
less.39–41 Therefore, the RMSSD method enabled the study
of HRV during the steady-state time durations of sitting and
standing in our protocol.

Data Analysis

Mean arterial pressure (MAP) was calculated from manual
recordings of systolic BP (SBP) and diastolic BP (DBP) using the
formula: MAP5   SBP1 ð23DBPÞ

3 . Measures of HR and RMSSD
were collected for the entire 5-minute supine baseline state. In
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the sit-to-stand task, recordings were taken in the middle
minute of sitting and the last minute of steady-state standing.

Statistical Analysis

Data are presented asmean6 SEM, unless otherwise indicated.
SigmaPlot 12.5 and SPSS Statistics 23 were used for statistical
analysis. Participant characteristicswere compared between the
2 groups using an independent t test. Supine measures of
hemodynamics and respiration between control and concussed
adolescents were evaluated through independent t tests. Linear
regressions (r25 0.75, P, 0.001) and a Bland–Altman (Limits
of Agreement 5 255.7, 34.4 ms) test established the
repeatability of the sit-to-stand tasks between the 2 sessions
performed by the control group. A mixed-model repeated-
measures analysis of variance assessed the effects of group, sex,
and posture onRMSSDandBPvariables. The effect of recovery
onBP andHRV in the concussion groupwas assessed by paired
t tests between the final laboratory sessions at clinical discharge.
Statistical probability was set at P , 0.05 for all analyses
without any modification for multiple statistical tests.

RESULTS

Participant Characteristic and Baseline Measures

Table 1 displays demographics, anthropometrics, and baseline
hemodynamics for participant groups. Control and concussed
groupswere similar in all anthropometricmeasures. Compared
with controls, DBP (P , 0.01) and MAP (P 5 0.02) were
greater in concussed adolescents. Also, GAD-7 (P , 0.01),
SCAT3 symptom score (P , 0.01), and SCAT3 severity score
(P,0.01)were greater in the concussed versus the control group.

Pretesting seated SBP (115 6 1 vs 112 6 2 mm Hg, P 5
0.31), DBP (716 1 vs 726 1 mmHg; P. 0.5), andMAP (85
6 1 vs 85 6 1 mm Hg; P . 0.5) were not different between
male participants and female participants. At the initial visit,
no sex differences in GAD-7 scores were observed (4.5 6 0.6
vs 5.7 6 0.5; P 5 0.11).

Compared with the first study visit, pretesting seated BP
(DBP and MAP) improved (DBP, P 5 0.02; MAP, P 5
0.009) at the time of clinical discharge (Figure 1). Also,
compared with the first visit, GAD-7 scores were reduced at
the time of clinical discharge (6.1 6 0.6 vs 2.7 6 0.4; P
, 0.01).

Heart Rate and Heart Rate Variability Measures

Compared with controls, HR was greater in the concussed
group (main effect of group; P5 0.02) but no group3 sex (P
5 0.23) or group3 posture3 sex (P. 0.5) interactions were
observed. Compared with controls, HR in concussed adoles-
cents was increased in each posture (Figure 2; supine, P 5
0.03; seated, P 5 0.006; standing, P 5 0.009).

Figure 3 depicts the RMSSD in the control and the concussed
groups throughout variousdegrees of postural change.Agroup3
sex 3 posture interaction (P5 0.04) was observed for RMSSD.
Based on previous findings regarding sex28 and physiological
stressors inducing autonomic differences in concussion,21,24

a specific contrast was performed of the seated posture in female
participants between the concussed and control groups: These
data were not normally distributed, so a Mann–Whitney rank
sum test was executed. This approach exposed a smaller RMSSD
value in the concussed female cohort during the seated posture
when compared with controls (426 4 vs 616 7 ms; P5 0.01).
SCAT severity score was correlated with seated RMSSD
(Figure 4, r2 5 0.07, P 5 0.005). Regardless of concussion
status, age was not correlated with RMSSD (P5 0.15).

At discharge (median 5 37 days), concussed female seated
RMSSD did not increase (Figure 5, P . 0.5) compared with
their first visit. In addition, the elevated seated HR levels in
concussion were not decreased at the time of clinical discharge
(Figure 6, P . 0.5).

DISCUSSION

The novel findings of the current investigation are (1)
concussed female adolescents exhibited decreased RMSSD

TABLE 1.

Participant Characteristics CTRL CONC

n, males/females 54, 29/25 65, 26/39

Age (yrs) 14 6 1 15 6 1

Height (cm) 169 6 1 171 6 1

Weight (kg) 64 6 2 64 6 2

BMI (kg/m2) 22 6 1 22 6 1

Previous concussions 0.4 6 0.1 0.8 6 0.1*

Days after concussion N/A 15 6 2

MAP (mm Hg) 83 6 1 86 6 1*

SBP (mm Hg) 113 6 1 114 6 2

DBP (mm Hg) 69 6 1 74 6 1*

GAD-7 score 3.9 6 0.4 6.1 6 0.6*

SCAT3 symptom score 5 6 0.6 11 6 0.8*

SCAT3 severity score 8 6 1 28 6 3*

Baseline participant characteristics. Values are reported as mean 6 SEM.
* Significantly different from CTRL P , 0.05.
BMI, body mass index; CONC, concussed; CTRL, control; DBP, diastolic blood pressure; MAP, mean arterial pressure; SBP, systolic blood pressure; SCAT3, Sport concussion assessment tool 3.
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versus controls in the seated position but not in the supine or
upright postures, (2) seated DBP and MAP were increased in
concussed adolescents when compared with control counter-
parts at the time of first visit (;15 days after day of injury); and
(3) seated DBP and MAP were similar to the control group at
the time of clinical discharge (median 5 37 days after injury).
The results support the hypothesis that concussion impairs
autonomic function in adolescents. However, the impact of
concussion on HRV was only evident in female participants in
the seated position, suggesting a sex difference in susceptibility
toward autonomic impairment after concussion.

Heart Rate Variability in Adolescent Concussion

Early work in the examination of autonomic function and
acute severe brain injury demonstrated that HRV declines
after injury.21–23,42 Importantly, the level of autonomic
nervous system impairment was proportional to the level of
traumatic neurological insult patients had experienced.22 This
impairment was also found in adolescents who had experi-
enced a moderate to severe TBI.20 To the best of our
knowledge, this is the first observation of dysregulated
cardiovagal control in adolescent concussion. However, in
our sample, the reduction in seatedHRVwas observed only in

Figure 1. Temporal resolution of pretesting BP.
Values are reported as mean 6 SEM. CTRL,
control; CONC, concussed. *There were signifi-
cant increases in MAP (P 5 0.009) and DBP (P 5
0.02) in CONC—first visit. By the time of clinical
discharge, BPs decreased to the levels of the
control population.

Figure 2. Effect of postural change on heart rate
(HR) in adolescent concussion at the initial visit.
Values are reported as mean 6 SEM. *HR was
increased in the concussed group in all postures
(supine, P 5 0.03; seated, P 5 0.006; standing,
P 5 0.009).
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female participants. These results also extend an earlier study
of a cohort of young adults that reported cardiac autonomic
dysregulation after a concussion, with female participants
providing a major influence on the overall outcome.36

Consistent with our findings, the cardiovagal impairment
persisted beyond clinical discharge in this previous study
sample.36 In this regard, available data suggest that impaired
cardiovagal function after concussion largely affects female

Figure 3. Effect of postural change on RMSSD in
adolescent concussion, separated by sex. Values
are reported as mean. *Significantly different from
control , 0.05. There was no group interaction
between concussed and controls (P 5 0.1). A
group 3 sex 3 posture interaction was identified
(P 5 0.04). A measure of simple effects revealed
a reduction of RMSSD in the female seated pos-
ture, compared with controls.

Figure 4. SCAT severity score and RMSSD values
of concussed and control adolescents at the initial
visit. SCAT, Sport Concussion Assessment Tool 3.
SCAT severity score was weakly correlated (r2 5
0.07; P , 0.05) with RMSSD.
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participantsmore thanmale participants and exhibits a slower
trajectory of recovery than clinical symptoms.

In the context of concussion, a physiological challenge
may be needed to uncover differences in autonomic
regulation. For example, previous studies reporting an
impact of concussion on neurocardiovascular control have
examined HR, HRV, and BP during aerobic exercise,21

squat-stand paradigms,43 and isometric hand grip24 models.
The current data indicated that the effect of concussion on
cardiovagal function was exposed by the seated posture,

a mild form of postural stress that induces a reduction in the
dominance of parasympathetic cardiac control.44,45 Because
RMSSD and high-frequency spectral domain metrics reflect
short-term oscillations in HR, they typically are interpreted
to reflect parasympathetic influences.19 Therefore, we in-
terpret the current results as a sex-dependent decrease in
cardiovagal drive, even in mild forms of TBI, such as
concussion. Caution must be taken, however, because the
capacity of time-domain analysis of HRV is limited during
periods of increased stressors, where a “basement effect” can

Figure 5. Female seated RMSSD at clinical end-
points of concussion. Values are reported asmean
6 SEM. CTRL, control; CONC, concussed;
*RMSSD was decreased in CONC, first visit (P 5
0.01), and did not increase by the time of clinical
discharge.

Figure 6. Seated HR at clinical endpoints of con-
cussion. Values are reported as mean 6 SEM.
CTRL, control; CONC, concussed. *HR was in-
creased in CONC, first visit (P 5 0.006), and did
decrease by the time of clinical discharge.
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occur, possibly obscuring further reductions onmoving from
the seated to the upright position.

Blood Pressure Changes

In the current study, adolescent concussion increased pretest-
ing seated DBP andMAP. Themechanisms of these changes in
BP were not explored. However, they may include elevated
sympathetic outflow in the presence of concussion that would
correspond with impaired cardiovagal control. This conjec-
ture receives some support from observations of paroxysmal
sympathetic outcomes after moderate to severe TBI.46

However, direct sympathetic nerve recordings or measures
of circulating catecholamines are needed to support the
sympathetic nervous system activation inference.

Symptoms and Markers at Clinical Discharge

Previously, deficits in parasympathetic activity predicted re-
covery from traumatic events,47 while also showing a recover-
able nature in longitudinal moderate and severe TBI studies in
adults.15 Our results indicate that this deficit and recovery
model cannot be applied to adolescent concussion as a whole,
as RMSSD was only decreased in female participants un-
dergoing amild orthostatic stressor (Figure 3), and these did not
recover during the 6-week follow-upperiod.Alternatively, DBP
and MAP improved in the concussed groups by the time of
clinical discharge (Figure 1). In the context of adolescent
concussion, BP, but not RMSSD, seems to support clinical
decisions regarding neurological impairment.

The reduction in female seated RMSSDwas not linked with
concussion recovery symptoms. In other words, even when
clinical symptoms resolved in female participants, RMSSD
was impaired. Therefore, RMSSD may reflect a persistent
state of postconcussion syndrome. Of note, entry into this
study was not at the point of injury, but later when they
pursued treatment through the clinic. Current thought
suggests 80% to 90% of concussion symptoms are remedied
within the first 7 to 10 days.37,48 This 7- to 10-day figure
aligns with neurological cascade profiles demonstrated in
animal models.49 However, studies have shown that 29% of
concussed adolescents present with postconcussion syndrome
symptoms after a 3-month follow-up visit.7,8 The average time
from concussion to clinical discharge in our sample was 44
days (median5 37 days) suggesting that these patients largely
comprised the ;20% who advance into a postconcussion
syndrome phase.

There is some uncertainty regarding the root cause for
diminished HRV and elevated BP in adolescent concussion.
The concussed participants did exhibit increased anxiety over
the control group, and there was a weak correlation between
RMSSD and GAD-7 results (r2 5 0.06; P5 0.01). Therefore,
anxiety might play a small role in the reduction of RMSSD in
these patients. This association, however, cannot inform us
about whether the reducedHRV reflected concussion-induced
neurological damage or an indirect reaction to other
emotional factors.

In addition to contributions of anxiety to higher BP in the
concussed individuals, the consequences of detraining co-
incident with the reduced physical activity (generally pre-
scribed following concussion) may include reduced HRV and
increased baseline HR and BP. However, after 4 weeks, HRV
and BP are not affected by detraining, while HR can be

elevated.50–53 These findings may explain why BP in
concussed adolescents return to levels observed in controls,
while HR stayed elevated at the time of clinical discharge.
Furthermore, the roles of neurological damage due to
concussion, or physical inactivity in the recovery phase on
HRV and BP, remain to be explored.

Sex Differences in Autonomic Outcomes

As mentioned, an important observation of the current study
was the sex-based difference in HRV changes in concussion.
Previous work suggests that female participants are at greater
risk of impairments in neuropsychological factors,29 neuro-
cognitive factors,30 symptom frequency,31 and vestibular/
ocular factors,32 while others report no differences between
the sexes after concussion.54 Also, female participants may
exhibit a greater risk of prolonged symptoms, as well as
negative psychological outcomes such as anxiety and de-
pression.33 Our current study showed no difference in regard
to changes in BP, days to medical discharge, or anxiety scores
between the sexes. The current data add to the growing
understanding that sex differences may form a critical concept
in the presentation of concussion neurological outcomes—
specifically those related to the autonomic nervous system.

Limitations

There are some limitations to this study. First, we did not
assess pubertal stage of the participants. Adolescents are in
a stage of life marked by heterogeneous developmental,
physical, and psychological changes. The diverse range in age
may play a factor in recordings of HR,55 HRV,56 and BP,57 as
participants of all ages may be undergoing different stages of
puberty and neurological development. However, we did not
observe any relationship between participant age andRMSSD
(P 5 0.15).

Second, the sex-dependent differences in RMSSDmay offer
insight into the different ways adolescents are affected by
concussion by further exploration into the effect of sex
hormones58 and/or menstrual phase,59,60 which may have an
effect onHRV. The use of oral contraceptives was larger in the
concussed versus control group (23%vs 12%).However, oral
contraceptive use does not alter HRV throughout the
menstrual cycle.61

Third, the RMSSD metric was selected among several
indices of HRV for the reasons established above. However,
the baseline HR and BP data suggest a broader effect of
autonomic impairment may be occurring that incorporates
sympathetic and parasympathetic outcomes. Additional
studies are required to discover these complex interactions.

CONCLUSIONS

The current study provides insight into autonomic regulation
after a concussion in the developing adolescent brain. In the
adolescents studied in this report, concussion was associated
with elevations in BP (DBP andMAP) in male adolescents and
female adolescents, as well as cardiac autonomic dysregula-
tion in female adolescents, whichmanifested as reduced seated
HRV (RMSSD). The restoration of BP aligned with resolution
of clinical symptoms, whereas cardiovagal function persisted
beyond clinical symptom resolution. Therefore, although the
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current data support the hypothesis that adolescent concus-
sion impairs autonomic function, the persistent reduction in
seated RMSSD beyond clinical discharge, indicates that
cardiovagal impairment, for those individuals in whom it is
affected by concussion, remains a subtle marker of continued,
subclinical, neurological damage.
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