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ABSTRACT
Background  Assessment of recovery from mild 
traumatic brain injury (mTBI) is complex and challenging. 
Post-exertion testing, where individuals undergo objective 
testing following physical exercise, has shown promise 
in identifying mTBI-related impairments that may not be 
evident at rest, but could hinder a safe return to sport.
Objectives  To conduct a systematic review to determine 
if physical exertion affects objective physiological or 
sensorimotor tests differently in individuals with mTBI 
compared with healthy controls.
Methods  A systematic search of 11 databases and 
five trial registries on 30 May 2024 identified reports 
that: (i) compared individuals aged 12–65 years within 
12 months of mTBI against healthy control participants, 
(ii) investigated the effects of a single session of physical 
exertion and (iii) collected before, during or after exertion, 
objective measures of physiological or sensorimotor 
function. Risk of bias was assessed with the Risk Of Bias 
In Non-randomized Studies of Interventions tool. Results 
were analysed descriptively.
Results  The review included 22 studies with 536 
participants wih mTBI. Risk of bias was deemed high. 
At rest, 8/22 (36%) studies detected differences in 
physiological responses between participants wih mTBI 
and healthy control participants. During or after exertion, 
21/22 (96%) studies detected differences in physiological 
responses, including cardiovascular, respiratory and 
cerebral autoregulation.
Conclusion  The findings indicate that objective testing 
during or after physical exertion can enhance the ability to 
detect mTBI-related impairments in various physiological 
parameters, and this concept could be considered when 
monitoring recovery and return to sport. Further studies 
are needed.
PROSPERO registration number  CRD42023411681.

INTRODUCTION
Mild traumatic brain injury (mTBI), also 
known as concussion, is induced by biome-
chanical forces, such as acceleration, 
deceleration or rotation, transmitted to the 
brain following a blow to the body or head.1 
The pathophysiology of mTBI can involve 

microstructural axonal damage caused by 
the warping of the neural tissue during the 
injury event,2 and a neurometabolic cascade 
and consequent energy crisis.3 To be consid-
ered mild, the TBI will be characterised by a 
loss of consciousness <30 min, post-traumatic 
amnesia <24 hours and a Glasgow Coma Scale 
score of 13–15.4

Athletes returning to play (RTP) after 
mTBI have approximately double the risk 
of subsequent injury, either musculoskel-
etal or another mTBI.5 6 One hypothesis for 
this risk is lingering dysfunction and incom-
plete recovery.7 8 Symptom reporting is used 
clinically as one of the main indicators of 
mTBI recovery; however, symptoms are non-
specific markers of underlying physiological 
recovery.9 10 There is a growing body of 
evidence that subjective symptom recovery 
can occur before brain metabolism,11 connec-
tivity12 13 and blood flow14 have normalised. 
This gap between symptom resolution and full 
recovery is supported by reports of athletes 
with sports-related mTBI (SR-mTBI) who no 
longer have symptoms and have returned to 

WHAT IS ALREADY KNOWN
	⇒ Athletes returning to sports after mild traumatic 
brain injury (mTBI) have twice the risk of a subse-
quent injury.

	⇒ Symptom reporting is not a sensitive marker of 
recovery.

	⇒ mTBI commonly impacts the autonomic and senso-
rimotor systems.

WHAT ARE THE NEW FINDINGS
	⇒ Objective measures such as heart rate variability 
pre-exertion and post-exertion can highlight mTBI 
impairments not detectable at rest, and should be 
considered when assessing readiness for return to 
play.

	⇒ Further work exploring the effect of physical exer-
tion on sensorimotor measures is required.
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play, yet still have a range of measurable impairments 
including diminished sensorimotor and neuromuscular 
control,15 altered cardiac autonomic modulation,16 
impaired cerebral autoregulation,17 visuomotor defi-
cits,18 locomotor navigation issues, reduced dual-task gait 
speed, and altered gait and landing kinematics.19 This 
suggests that these asymptomatic individuals have not yet 
recovered, and that relying on symptom resolution alone 
may leave them vulnerable to further injury. The reliance 
on subjective symptoms for clinical decisions is further 
complicated by the under-reporting of symptoms, which 
is common in amateur20 and professional21 sports.

To reduce reliance on symptom reporting as the primary 
indicator of mTBI recovery, experts have highlighted the 
importance of including objective measurements in RTP 
testing.22 23 In current practice, any objective measures, 
such as balance testing and oculomotor examination, 
are completed in a resting state.1 However, in a sporting 
context, the demands on the physical systems are much 
higher and assessment at rest has a potential ceiling 
effect.

A range of mTBI reports have demonstrated that 
physical exertion can highlight impairments in various 
objective measurements that are not detectable at 
rest.24–28 This suggests that RTP assessment could incor-
porate post-exertion testing, where a selection of physical 
measurements (eg, visual tracking, balance, gait) are 
undertaken following physical exertion to ‘objectively’ 
determine if an individual is ready to RTP or whether 
they are likely to experience a decline in performance 
when they begin to train or compete.

In current clinical practice, exertional tolerance testing 
(ETT) is recommended in mTBI management to assess 
an athlete’s tolerance to aerobic exercise and to deter-
mine if, and at what intensity, symptoms are produced.1 
However, ETT relies on the reporting of symptoms to 
identify exercise intolerance,29 30 and is not currently 
widely used to detect objective impairments that could 
indicate incomplete physiological recovery in asymptom-
atic individuals.

Replicating sport-specific demands through exertional 
testing has proven valuable in the domain of cognitive 
assessment. Several studies agree that post exertion, 
many concussed participants show a decline in cognitive 
performance that was not detected at rest.31–33 Cognition 
represents one domain where lingering impairments 
would contribute to an increase in injury risk.34 Impair-
ments of the visual and balance systems, or dysfunction 
in the autonomic systems resulting in decreased oxygen 
delivery or abnormal fatigue, could also represent an 
injury risk.35

Previous reviews have been limited to the use of exer-
tion testing within ETT paradigms only36 or were limited 
to objective autonomic measures37 38 excluding other 
physical measures such as sensorimotor function. Thus, 
a systematic review is warranted to explore the use of 
various types of physical exertion testing to detect a range 
of objective physical mTBI impairments. The aim of this 

systematic review was to determine if physical exertion 
affects objective measures of physiological and senso-
rimotor function differently in individuals with mTBI 
compared with healthy control participants. The find-
ings may provide further guidance about which measures 
could be considered for inclusion in RTP post-exertion 
testing protocols following mTBI.

METHOD
Protocol and registration
The systematic review was prospectively registered in 
the PROSPERO database (CRD42023411681, regis-
tration ID 20230803; https://www.crd.york.ac.uk/​
prospero/display_record.php?RecordID=411681) and 
was conducted per the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines.39

Information sources
The final literature search was conducted on 30 May 
2024 in the following databases and registers: Scopus, 
Web of Science, EBSCO (MEDLINE, CINAHL, SPORT-
Discus), Ovid (PsycINFO; AMED; Emcare; Cochrane 
Methodology Register; Cochrane Central Register of 
Controlled Trials; Cochrane Database of Systematic 
Reviews; Cochrane Clinical Answers; Health Technology 
Assessment; MEDLINE and EPub Ahead of Print, In-Pro-
cess, In-Data Review & Other Non-Indexed Citations), 
ANZ Clinical Trials Registry, International Standard 
Randomised Controlled Trial Number Register, WHO 
International Trials Registry Platform and PEDro.

Search strategy
The search terms included synonyms related to three 
combined concepts (mTBI; objective assessment; and 
exertion) (see online supplemental file 1:A for full search 
details).

Selection process
Two authors (KF, NT) completed independent screening 
of title and abstract, and full text as necessary, against 
the eligibility criteria provided in table 1. A third author 
(SO) was consulted in the case of disagreement. Records 
were imported into an Endnote X9 library and duplicates 
were removed. Records were then exported to Rayyan 
systematic review software40 for screening. In addition to 
database searching, manual searching of relevant litera-
ture identified in the database search was conducted. No 
automated or semi-automated screening methods were 
used. Authors of primary studies were contacted to deter-
mine eligibility if this was not possible from the published 
report.

Data collection process and data items
Data extraction was completed by the primary author, a 
sample was cross-checked by a second author (SO), and 
conflicts were discussed if required. The following data 
were extracted: study objective, design, sample demo-
graphics (age, sex), sport-related or non-sport-related 
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injury, type of sport, any matching of playing position 
with control participants, time since injury, symptom 
status (symptomatic vs asymptomatic), symptom severity, 
assessment timepoints, intervention type and dosage, 
objective measures and the physical system being 
assessed, measurement technique, subgroups, statistical 
analyses, power calculation, dropouts and deviations and 
summarised results. In the case of missing quantitative 
results data, study authors were contacted, and for one 
paper,41 the means were extracted from figures within 
the text.

Study risk of bias assessment
Included studies were assessed by two authors (KF, NT), 
independently, for risk of bias using the Risk Of Bias In 
Non-randomised Studies of Interventions (ROBINS-I) 
tool,42 for non-randomised intervention studies, and the 
Risk of Bias 2 (ROB-2) tool43 for randomised controlled 
trials (RCTs). Seven domains were considered that can 
be a source of bias, and each domain was scored as ‘no 
information’, ‘low’, ‘moderate’, ‘serious’ or ‘critical’ risk 
of bias. Each study was also given an overall risk of bias 
score. The studies were discussed, and if consensus could 

not be reached, a third author (SO) was consulted. Prior 
to consensus, a linear weighted Cohen’s kappa coefficient 
for level of agreement for each domain and overall score 
was calculated for studies assessed with the ROBINS-I and 
is provided in online supplemental file 1:D.

Synthesis methods
A descriptive analysis was undertaken. Findings were 
grouped according to the physical system being assessed 
(ie, cardiovascular (CV), respiratory, visual). Study char-
acteristics were summarised in tables, and findings were 
synthesised according to the mean between-group differ-
ences in each outcome measure category. Meta-analysis 
was precluded due to the heterogeneity of study designs.

RESULTS
Study selection
Figure  1 provides the PRISMA flow chart showing 
study selection. After screening by title and abstract, 
132 records were retrieved for full-text review. Of 
these, 110 were excluded, with the most common 
reasons for exclusion being ineligible study design 
(absence of a control group or measures not taken in 

Table 1  Eligibility criteria

Inclusion criteria Exclusion criteria

Target population (P) Participants aged 12–65 years of age with mTBI 
within 12 months of injury.

Moderate and/or severe mTBI, animal 
studies.

Intervention (I) A single session of physical exertion, defined as any 
repeated bodily movement produced by skeletal 
muscles that results in energy expenditure.86

Physical exertion that was comparable 
to postural change, for example, a single 
sit-to-stand movement or transitioning 
from lying to sitting.

Comparison population (C) A control group of non-injured healthy participants, 
OR pre-injury data for the population with mTBI (ie, a 
baseline measure).

Outcomes (O) Reporting of outcomes of objective measurements 
of physiological and/or sensorimotor function 
assessed before physical exertion (pre), AND during 
and/or immediately post-physical exertion. These 
measures could include cardiovascular (eg, heart 
rate variability), cerebral autoregulation (eg, cerebral 
blood flow velocity), respiratory (eg, FETCO

2
), 

sensorimotor (eg, King-Devick, balance) or other (eg, 
cortisol) parameters.

Subjective, patient-reported measures.
Objective measures not taken within the 
same session.

Analysis Statistical analysis enabling comparison of the effect 
of exertion on objective measures in mTBI and 
healthy participants.

Study design Experimental study design. This could include 
studies with a physical exertion intervention only 
(single intervention, repeated-measures study, 
pre-intervention and post-intervention only), 
or comparison of physical exertion versus rest 
condition (two interventions, repeated-measures, 
crossover study), at one or multiple timepoints.

Studies exploring the effect of the 
intervention outside of a single session.

Publication type English language, peer-reviewed journal articles. Case studies, reviews, expert opinions, 
conference abstracts.

FETCO
2
, fraction of end-tidal carbon dioxide; mTBI, mild traumatic brain injury.
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a single session) or ineligible population (>12 months 
since injury, healthy participants only or inclusion of 
participants with moderate and/or severe mTBI). 
Full detail of reports excluded at the full-text stage 
is provided in online supplemental file 1:E. Thus, 22 
studies were ultimately included in the review. None 
of the included studies had multiple reports. No 
amendments were made to the registered protocol.

Study characteristics
Study design, participant demographics, outcome 
measures, timepoints and summarised results are 
presented in table 2. Detailed results of significance for 
individual studies are presented in online supplemental 
file 1:F.

Population characteristics
A total of 536 participants with mTBI and 601 control 
participants were included across the 22 studies, with 
a mean age for participants with mTBI of 19 years 
(range 12–43 years). Three studies44–46 used pre-
injury (ie, baseline) data as a control group, while 
the remaining 19 studies made comparisons with a 
healthy control group. Musacchio et al47 investigated 
non-sport-related mTBI (primarily motor vehicle 
accidents). Four studies enrolled participants with 

a combination of SR and non-SR-mTBI.28 48–50 One 
study did not report the injury mechanism.51 The 
remaining 16 studies included only participants with 
sport-related injuries in their mTBI group. The mTBI 
populations included individuals with varying times 
since injury, ranging from within 72 hours to up to 
12 months. Six studies16 25 44–46 52 assessed males only 
and one study assessed females only.24 The remaining 
studies had a combination of males and females, or 
did not report gender.12 48

Symptom status
Symptom status varied between studies. In five 
studies,28 41 44 51 53 all participants with mTBI were symp-
tomatic during testing, while in six studies,12 16 25 52 54 55 all 
participants with mTBI were asymptomatic.

In four studies,24 45 46 50 the participants with mTBI were 
symptomatic at the first timepoint and asymptomatic 
at the second timepoint. Four studies27 47 49 56 included 
both symptomatic and asymptomatic participants, and 
two of these studies analysed subgroups based on symp-
toms.27 49 Two studies26 48 did not specify symptom status, 
and another study57 only reported symptom status for the 
first of two out of three timepoints.

Figure 1  Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow chart.
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Interventions
Interventions varied from traditional aerobic testing 
methods, for example, exercycle12 25 48 52 57 and tread-
mill24 27 28 41 47 49–51 53 protocols, to multidirectional 
exercises,54 55 to repeated squat-stands,44–46 to isolated 
hand-grip contractions.16 26 56 Details of interventions are 
provided for the reader’s reference intable 2.

Outcomes and testing timepoints
Of the 22 included studies, 10 studies measured the 
impact of exertion on outcome measures at a single 
testing session, 10 studies at two testing sessions (after 
injury, and then after recovery; between 5 days and 6 
weeks apart), and two studies had participants return 
for three testing sessions (72 hours, 2 weeks and 1 month 
after injury). The outcome measures were categorised as 
CV such as heart rate (HR), blood pressure (BP) or heart 
rate variability (HRV, 17 studies); cerebral autoregulation 
such as cerebral blood flow velocity (CBFV, five studies); 
respiratory (four studies); visual (two studies); imaging 
(one study using functional MRI (fMRI)) and hormonal 
(one study of cortisol levels). For less well-known outcome 
measurements, definitions and their interpretation are 
provided in table 3 for the reader’s reference.

Risk of bias in studies
Risk of bias scoring for the non-RCTs is presented in 
figure 2.58 All papers except one28 had an overall score of 
‘serious’ or ‘critical’ risk of bias. The level of agreement 
between multiple risk of bias domains was moderate 
(kappa 0.59) for the two independent assessors before 
any consensus discussion. Domain-specific agreement 
and justification of assessment is provided in the online 
supplemental materials. Common areas of concern for 
bias included uncontrolled confounders, lack of detail 
around recruitment and how many participants were 
approached versus enrolled in the study, lack of blinding 
of outcome assessors, unreliable outcome measure-
ment and a lack of prospective trial registration with 
preplanned analyses and a sample size calculation. Only 
one RCT was included in the review53; it was assessed 
using the ROB-2 tool43 and was deemed to have ‘some 
concerns’ regarding the overall risk of bias. Additionally, 
only one trial registration was identified without a corre-
sponding publication, so the risk of reporting bias was 
considered low.

Results of syntheses of individual studies
Cardiovascular
Seventeen papers explored CV outcomes across various 
postinjury timepoints. Before exertion, only four of 17 
studies showed differences in CV outcomes between 
mTBI and healthy control participants, whereas during 
or after exertion, 16 of 17 papers reported significant 
between-group differences.

Six studies measured HRV. None of the papers found 
differences between healthy controls and participants 
with mTBI before exertion. However, with exertion, 

all six studies showed between-group differences, with 
decreased HRV in the mTBI groups. Specifically, the 
participants with mTBI demonstrated decreased SD of 
HR,44 55 56 low frequency (LF) power,25 high frequency 
(HF) power,16 root mean square of consecutive RR 
interval differences (RMSSD)53 55 and percentage of 
consecutive RR intervals that differ by >50 ms during 
recovery periods,44 when compared with the healthy 
groups.

For measures of resting HR, 12 of 13 studies found no 
significant differences between mTBI and healthy before 
exertion,12 16 26 28 45 46 49 50 52–56 while one small study (n=9) 
of females with subacute to chronic mTBI found higher 
resting HRs.24 A comparison of changes in HR across 
studies requires a matched exertion stimulus. Five studies 
evaluated changes in HR in response to the Buffalo 
Concussion Treadmill Test (BCTT), but findings were 
conflicting. Hinds et al50 found adolescents with symp-
tomatic acute mTBI (n=40) had a significantly lower HR 
at the start of the BCTT, but no difference from controls 
in the rate HR increased with each minute of increasing 
exercise intensity. They noted no differences at a second 
testing timepoint when the mTBI group was asymptom-
atic. Haider et al41 also studied adolescents with acute 
mTBI (n=20) and observed a trend towards decreased 
HR in participants with mTBI during the early stages of 
a BCTT. For less acute populations, Galea et al49 studied 
individuals with subacute to chronic mTBI (n=73) and 
observed higher HRs during the first four stages of a 
BCTT, whereas Howell et al57 (n=40 young adults with 
acute mTBI) and Morissette et al28 (n=34 adolescents with 
subacute mTBI) found no between-group difference in 
the early stages of the BCTT. Likewise, there were incon-
sistent outcomes regarding overall HR changes in studies 
that used the BCTT—some reported no difference,28 50 57 
others observed smaller overall HR changes,49 while one 
study reported larger HR changes27 in the mTBI groups.

Eight studies explored BP changes, yielding mixed 
results. Four of the eight studies suggested no difference 
in BP between mTBI and healthy participants during 
lower limb cycling (n=40),57 30% maximum voluntary 
contraction (MVC) handgrip (n=19),56 treadmill and 
dynamic circuit training (n=23)55 and treadmill walking 
at 60% max HR (n=6).53 Three studies found differences 
in systolic BP (SBP) and diastolic BP (DBP) between 
mTBI and healthy groups. Two of these studies24 28 
found that participants with mTBI had lower peak SBP 
and higher peak DBP than healthy participants during 
a progressive treadmill test; however, the exertion was 
not dose-matched between groups as the participants 
with mTBI stopped exercising earlier. A single study had 
a different result, showing lower DBP in mTBI (n=52), 
although their groups were not matched for age or activity 
level.55 Two studies showed contrasting differences in 
measures of mean arterial pressure (MAP) during exer-
tion; one study found small but statistically significant 
increases in MAP in a mTBI subgroup (n=9) during 
treadmill walking at 40% max HR,53 while the other study 

https://dx.doi.org/10.1136/bmjsem-2024-002385
https://dx.doi.org/10.1136/bmjsem-2024-002385
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Table 3  Outcome measurement definitions and interpretation

Measure Unit Description Interpretation

Time-domain HRV measures67 89

RR interval ms Time interval between two consecutive RR 
waves on an ECG waveform

Shorter interval indicates higher heart rate

NN interval ms The interval between successive normal 
heartbeats

Shorter interval indicates higher heart rate

SDNN ms SD of NN intervals Higher value indicates greater variability in 
heart rate

SDRR ms SD of RR intervals Higher value indicates greater variability in 
heart rate

pNN50 % Percentage of consecutive RR intervals 
that differ by >50 ms

Higher value can indicate greater 
sympathetic activity

RMSSD ms Root mean square of consecutive RR 
interval differences

Higher value can indicate greater 
parasympathetic activity

Frequency-domain HRV measures67 89

LF peak Hz Peak frequency of the low-frequency band Higher value can indicate greater 
sympathetic activityLF power ms2 Absolute power of the low-frequency band

LFnu nu Relative power of the low-frequency 
bands in normal units

LF power % Relative power of the low-frequency band

HF peak Hz Peak frequency of the high-frequency 
band

Higher value can indicate greater 
parasympathetic activity

HF power ms2 Absolute power of the high-frequency 
band

HFnu nu Relative power of the high-frequency 
bands in normal units

HF power % Relative power of the high-frequency band

LF:HF % Ratio of LF-to-HF power Higher value can indicate sympathetic 
dominance

Non-linear HRV measures67 89

ApEn  �  Approximate entropy, a statistical measure 
of the regularity and unpredictability of a 
time series

Higher value can indicate a more complex 
and less predictable system, suggestive of 
greater variability and adaptability

Respiratory measures90

PETCO
2

mm Hg Partial pressure of CO
2
 in the exhaled 

breath at the end of expiration, provides 
an indirect indicator of arterial CO

2
 levels

Higher value can indicate inadequate 
removal of CO

2
 through hypoventilation, 

or reduced cardiac output

FETCO
2

mm Hg The concentration of CO
2
 in the exhaled 

breath during normal tidal breathing, 
provides insight into overall CO

2
 

elimination

Higher value can indicate inadequate 
removal of CO

2
 through hypoventilation, 

or reduced cardiac output

VO
2

mL/min The rate at which oxygen is consumed for 
energy production

Higher value can indicate the body is 
able to absorb and use oxygen efficiently 
during exertion

VCO
2

mL/min The rate at which CO
2
 is produced as a 

by-product of aerobic metabolism
Higher value relative to VO

2
 can suggest 

decreased exercise efficiency or 
cardiopulmonary limitations

VE mL/min Minute ventilation, total volume of air 
exhaled from the lungs per minute

Lower VE can indicate hypoventilation

Continued
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(n=12) found smaller changes in MAP during the later 
phase of repeated 10 s squat holds.44 Thus, overall, BP 
findings were mixed.

Cerebral autoregulation
Five papers examined cerebral autoregulation measures. 
None of these papers found significant differences 
between mTBI and healthy controls prior to exertion, but 
four of the five reported differences during exertion. Two 
studies examined how quickly the cerebrovascular system 
responded to changes in BP, by looking at the timing 
offset (latency) and gain (response magnitude) between 
BP oscillations and middle cerebral artery velocity oscil-
lations during repeated squat-stands.45 46 Compared with 
healthy participants, mTBI groups had more delayed 
cerebral autoregulation responses that were of increased 
magnitude, particularly during diastole, the heart’s relax-
ation phase; these changes were observed in the first 14 
days after injury but had normalised by 30 days.45 46 One 
study found females (n=6) with subacute to chronic mTBI 
had higher CBFV than healthy participants at all work-
loads during a progressive treadmill test.24 In contrast, 
another study found no differences in mean CBFV in 
participants (n=40) with acute to subacute mTBI.57 The 
latter study observed a stronger relationship between 
FETCO

2
 and CBFV during exertion in the mTBI group 

compared with controls.57 Clark et al48 (n=8) reported 
on the presence of a carotid bruit heard through auscul-
tation during stationary cycling; the bruit occurred at a 
lower HR in mTBI than in healthy participants.

Respiratory
Four studies reported on the effect of exertion on respi-
ratory measures. Three found significant differences 
between healthy and mTBI groups suggestive of hypoven-
tilation,24 28 51 while Howell et al57 found no differences.

Visual
Two studies27 53 investigated visual measures before and 
after exertion. Lawrence et al27 reported differences 
between mTBI (n=46) and healthy (n=30) groups, 
where healthy participants improved their King-Devick 
(K-D) completion time after exertion and mTBI did 
not. Subgroup analysis indicated that this difference was 
restricted to the ‘Slow Recovery Group’ participants who 
were still symptomatic at the second testing timepoint a 
week later. The ‘Fast Recovery Group’ had no differences 
from healthy control participants. Worts et al53 observed 
no significant difference between adolescents with acute 
mTBI (n=19) and those who were healthy (n=11) in their 
near point convergence (NPC) distance and K-D test 
times after exertion.

Imaging
Slobounov et al12 used fMRI imaging and reported 
decreased functional interhemispheric connectivity 
in acute, asymptomatic young adults with SR-mTBI 
compared with healthy control participants before and 
after exertion.

Cortisol
One study examined salivary cortisol. Musacchio et al47 
showed increased cortisol levels before exertion, and 
increased cortisol reactivity to exertion in adults with non-
sport-related mTBI compared with healthy participants. 
This reactivity to exertion was noted 1-week postinjury 
but had improved by 30 days.

DISCUSSION
This is the first systematic review to synthesise studies 
that have used physical exertion to highlight differ-
ences in objective physical tests between individuals with 
and without mTBI, with the intention of informing the 
development of objective post-exertion testing following 

Measure Unit Description Interpretation

RR  �  Respiratory rate Normal is 12–20 breaths per minute 
at rest. Higher value can indicate 
hyperventilation, lower value can indicate 
hypoventilation

Cerebral autoregulation measures60

MCAv cm/s Velocity of blood flow through middle 
cerebral artery

Higher value may indicate increased 
cerebral blood flow, that is, hyperperfusion

Oculomotor measures

NPC cm Near point convergence refers to the 
closest point at which one can maintain 
single binocular vision while focussing on 
a target

Higher NPC (>8 cm) can indicate 
abnormalities in the ability to maintain 
convergence71

King-Devick s Rapid number naming test, requiring 
saccadic function and visual tracking

Longer time to complete can indicate 
oculomotor impairment70

HRV, heart rate variability.

Table 3  Continued
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Figure 2  Risk of bias assessment results of non-randomised studies using the Risk Of Bias In Non-randomized Studies of 
Interventions tool.
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mTBI. This field is receiving growing recognition due to 
the limitations of relying solely on symptom reporting.20 
The review findings affirm the potential for using objec-
tive exertion-based testing to enhance the detection of 
mTBI impairments. The findings hold significance for 
sporting populations, as six studies tested asymptomatic 
individuals with mTBI who were at the point of, or had 
already returned to play, yet found significant impair-
ments during or after physical exertion.12 16 25 45 46 55 The 
included studies were deemed to have a high risk of 
bias due to methodological flaws. While this limits the 
certainty of the findings, they still offer guidance for 
developing clinical testing protocols.

Effects of physical exertion on objective measurements
The review findings demonstrated that at rest, 8/22 
(36%) studies detected impairments or differences in 
physiological responses between individuals with mTBI 
and healthy controls. In contrast, during or after exer-
tion, 21/22 (96%) studies reported such differences. 
This suggests that physical exertion can ‘sharpen’ mTBI 
assessment tools, particularly outcomes associated with 
autonomic dysfunction.

Autonomic dysfunction or dysautonomia, where there 
is an imbalance of the sympathetic and parasympathetic 
nervous systems, is common following mTBI,38 suggesting 
involvement of the central autonomic networks.59 The 
healthy groups in this review showed dynamic autonomic 
responsiveness during exertion, with higher HRV,16 BP 
change46 and haemodynamic responses26 relative to 
the task, and increased parasympathetic activity during 
recovery periods.50 In contrast, in the mTBI groups, 
physical exertion induced either heightened or blunted 
sympathetic activity, suggesting dysautonomia following 
mTBI is more complex than the scales tipped in one 
direction. For example, many findings indicated sympa-
thetic dominance, such as reduced RMSSD and RR 
intervals.53 55 However, other findings indicated blunted 
sympathetic drive and/or reduced parasympathetic 
withdrawal. For example, Hinds et al50 reported that 
participants with symptomatic mTBI had a decreased 
HR at the onset of exertion, which normalised following 
symptom resolution.

The impact of mTBI on cerebral autoregulation 
appears complex. Optimal cerebral blood flow (CBF) is 
achieved through the interplay of several mechanisms 
that prevent hypoperfusion or hyperperfusion.60 61 The 
brain requires a steady level of O

2
 to maintain optimal 

function and support the continuous energy demands 
of neural activity.62 Areas of the brain with higher meta-
bolic demands (indicated by increased CO

2
 or decreased 

O
2
 levels) receive increased blood flow through cere-

bral vasodilation.63 Furthermore, cerebral blood vessels 
respond to increases in systemic pressure by vasocon-
stricting to prevent excessive blood flow to the brain.60 
These autoregulatory mechanisms are known to be 
impaired following severe TBI64; however, findings in this 
review of altered CBF during physical exertion45 46 suggest 

they are also impacted following mTBI. Some studies in 
this review showed evidence of greater dysfunction in 
participants with delayed recovery or higher symptom 
burden.26 27 49 52 This aligns with literature in more severe 
TBI, where the degree of autonomic-CV uncoupling 
correlates with the severity of neurological injury.64

mTBI also impacts on mechanisms that usually remove 
excessive circulating CO

2
.37 In healthy individuals, the 

expected response to physical exertion is an increase in 
ventilation to expire excess CO

2
.62 However, the mTBI 

groups of two studies24 51 had higher end-tidal CO
2
 than 

the healthy groups during walking tasks, with either no 
difference in respiratory rate51 or hypoventilation.24 
Clausen et al24 explored the link between this excessive 
CO

2
 and CBF, given changes in CO

2
 are a powerful 

mediator of CBF.65 They found the increased CO
2
 levels 

in participants with mTBI led to increased MCA blood 
flow velocity during exertion, which likely explained the 
participants' decreased exercise tolerance due to head-
ache and dizziness.24 This suggests that following mTBI, 
individuals may not respond adequately to rising CO

2
 

produced during exertion, leading to increased CBF 
and symptoms. This reinforces the need to test for this 
dysfunction prior to return to sport.

Only two studies27 53 explored sensorimotor measures, 
both oculomotor tests and presented contrasting find-
ings. Therefore, the effects of exertion on measures of 
sensorimotor performance require further exploration. 
This is particularly relevant in the context of sport, where 
any exertion-based deterioration in sensorimotor func-
tion could increase the risk of further injury.

Potential measurements for inclusion in post-exertion testing
The review findings have highlighted a range of objective 
measurements that appear to be sensitive to the effects 
of mTBI, particularly following physical exertion. While 
further research is needed, some of these measures 
could be considered for inclusion in post-exertion testing 
protocols in addition to cognitive testing.31

HR, whether at rest or measured as a change over time, 
does not consistently reflect autonomic impairments. 
In contrast, HRV appears to be a more useful measure 
in the assessment of mTBI.66 All six of the included 
HRV studies reported decreased HRV in participants 
with mTBI, indicating some impairment in the normal 
dynamic responsiveness of HR to physical exertion.67 
Time-domain measures such as RMSSD are more robust 
to confounders than frequency domain, and tend to 
provide more stable and reliable assessments of HRV in 
short measurement periods (<5 min).67 Of the six studies 
that used time-domain measures, five found decreased 
HRV during or after exertion in participants with 
mTBI,25 44 53 55 56 and one (with a mean of 95 days postin-
jury) found no change.16 Regarding the five studies that 
reported frequency-domain HRV parameters,16 25 44 53 55 
only two of the five studies found significant differences 
between mTBI and healthy participants; these were small, 
male-only, samples and found decreased HF power,16 25 
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decreased LF power25 and increased LF:HF ratio during 
exertion.16 This suggests that for short measurement 
periods, time-domain measures may be more useful, and 
relatively simple to collect with a chest strap HR monitor.

Respiration measurements showed increased 
FETCO

2
,51 and decreased minute ventilation,24 28 indi-

cating a trend towards reduced CO
2
 sensitivity and 

hypoventilation with an impact on CBF.24 Measures 
of gas exchange and cerebral autoregulation may be 
challenging to implement in clinical settings. However, 
these findings can enhance understanding of the mech-
anisms underlying exertion-induced exacerbation of 
mTBI impairments, and may also help identify specific 
exercises—such as those involving repeated postural 
change—that effectively challenge autonomic function 
and cerebral autoregulation responses.

Despite this review’s focus on objective outcomes, it 
was noted that several studies found that self-reported 
perceived exertion during equivalent physical exertion 
was significantly higher in their mTBI groups.28 50 54 Thus, 
clinicians should be aware that self-reporting of increased 
effort relative to the exertional demands could indicate 
mTBI impairment.

Autonomic parameters, such as the CV outcomes 
described in this review, have been the focus of much 
of the research to date.37 However, research measuring 
self-reported symptoms has shown that physical exertion 
can exacerbate symptoms associated with sensorimotor 
dysfunction in athletes with mTBI who are asymptom-
atic prior to exertion.68 69 While the only two studies that 
included sensorimotor measures provided contrasting 
results, the larger of these studies by Lawrence et al27 
(n=46) demonstrated that individuals who do not have 
improved K-D performance following exertion are at risk 
of prolonged mTBI recovery. The smaller study by Worts 
et al53 (n=15) found no difference in K-D performance 
or NPC pre-exertion or post-exertion in participants with 
mTBI; however, results were limited by large interindi-
vidual variability in K-D test times. Therefore, pre-exertion 
or post-exertion K-D testing is encouraged, particularly 
given this visual tool70 is simple and accessible in a clin-
ical setting. NPC is commonly impacted by mTBI,71 not 
affected by exertion in healthy athletes,72 73 and also 
easily incorporated into testing and should therefore be 
considered.

Strengths and limitations: review process
This review was prospectively registered and involved a 
systematic search strategy. Two reviewers completed an 
independent screening process to identify the included 
studies and independent risk of bias assessment.

Subtle deficits in motor control are hypothesised to 
increase injury risk on return to sport.74 However, no 
studies that directly assessed motor control performance 
were eligible for inclusion in the review, representing a 
limitation in addressing the study aim and in informing 
practice recommendations. The eligibility criterion 
excluding participants >12 months post-mTBI was 

intended to minimise confounding effects associated 
with extended time since injury, during which lifestyle 
changes and activity modifications may influence outcome 
measures in the presence of persisting symptoms.4 This 
criterion unfortunately excluded several potentially rele-
vant studies that included motor control measures75–77 
(see online supplemental file 1:E for excluded studies).

To be eligible for inclusion, studies were also required 
to measure outcomes at pre-exertion and post-exertion 
timepoints. Pretesting and post-testing enables within-
subject comparisons, which can control for some of the 
individual variability in outcomes.78 Multimodal exer-
tional tests, where performance on the test itself is the 
outcome, such as the EXiT test54 55 or POWAR-TOTAL,79 
were excluded due to a lack of pre-exertion, or baseline, 
comparison.

The age range for eligible studies was broad to capture 
the breadth of the research in this emerging field. 
However, this represents a confounding factor when 
interpreting the findings, due to the potential vari-
ability in physical and neural systems across the various 
cohorts.80 81

Strengths and limitations: included studies
The included studies had some limitations that impacted 
the certainty of the findings. Sample size is critical consid-
ering the large between-subject variability for many of 
the included variables, and only two studies discussed 
sample size calculation. The heterogeneity of methods, 
including variations in participant selection criteria, and 
outcome measures, reduced the ability to compare find-
ings and draw definitive conclusions directly. As seen in 
table 2, there were differences in time since injury and 
symptom burden.

The wide range of exertion modes and intensities 
created challenges for comparison of physiological 
measures. However, in practice, clinicians are likely to 
vary the exertion exposure to align with the athlete’s 
sport, such as using a sports-specific training session, or 
ensuring the athlete reaches a target HR intensity.31 This 
review sought to understand the effects of physical exer-
tion generally. As the body of evidence grows, it may be 
possible to explore whether specific types of exertion offer 
more value than others in various populations. In addi-
tion, in most cases, the exertion stimulus did not reflect 
the multidirectional, maximal effort demands of many 
sports, which limits its ecological validity in the context of 
RTP testing. Of the papers that did use a maximal effort52 
and/or multidirectional, dynamic component,54 55 risk of 
bias was ‘high’.

Most papers, except for Galea et al49 and Sinnott et al,55 
did not account for participant exercise participation in 
the period postinjury for the mTBI groups. This makes 
it difficult to distinguish between deconditioning post-
injury and pathophysiological exertion intolerance.30 
Future studies should collect acute and chronic workload 
data82 and/or an index of cardiorespiratory fitness83 to 
control for this confounder.

https://dx.doi.org/10.1136/bmjsem-2024-002385
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Future directions
More research is needed to explore clinical measures 
sensitive to differences in the effects of exertion in mTBI, 
and those associated with an increase in injury risk. Many 
of the included studies showed no differences beyond 
the subacute phase, or beyond clinical recovery. Future 
studies should focus on ensuring that these measures 
are sensitive enough to identify impairments that may 
contribute to the increased risk of subsequent injury. For 
example, balance impairments have been documented 
up to 2 years post-SR-mTBI,15 and reduced dynamic 
balance has been linked with a higher risk of mTBI.84 
Physical exertion negatively impacts balance for up to 20 
min in healthy athletes,85 but its effect on athletes after 
mTBI remains to be seen, and future work in this area is 
encouraged. In the meantime, clinicians should consider 
incorporating physical objective measures both before 
and after exertion to help inform return-to-play decision-
making.

CONCLUSION
Physical exertion appears to ‘sharpen’ objective assess-
ment after mTBI and aid in highlighting impairments 
that are not detectable at rest. Synthesis of the reviewed 
papers indicated a blunting of the dynamic responsiveness 
of systems that maintain homeostasis under exertional 
challenge, and dysregulation of the autonomic nervous 
system appears to be a contributing factor. Preliminary 
evidence indicates that exertion may highlight dysfunc-
tion within the sensorimotor systems, as indicated by 
symptom provocation. Exertion-based changes in objec-
tive sensorimotor measures such as visual tracking, 
vestibular function or balance and gait are relatively 
unexplored in mTBI, yet impairment of these systems 
is likely associated with increased risk of injury. Thus, 
further investigation into the impact of physical exer-
tion on visual, vestibular and motor performance tests is 
encouraged to better inform return-to-play expectations.

Contributors  All authors contributed to the study conception and design. Material 
preparation, data collection, and analysis were performed by KF, NT and SO. The 
first draft was written by KF, and all authors commented on previous versions 
of the manuscript. All authors read and approved the final manuscript. KF is the 
guarantor.

Funding  This research is funded through a Health Research Council of New 
Zealand Fellowship awarded to KF.

Disclaimer  The funding body has no input into the design of the research.

Competing interests  KF receives a stipend from the Health Research Council of 
New Zealand. She also receives speaking and teaching fees associated with the 
topic of concussion. Further details are provided in the ICMJE Conflict of Interest 
form.

Patient consent for publication  Not applicable.

Ethics approval  Not applicable.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  All data relevant to the study are included in the 
article or uploaded as supplementary information.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Katherine Forch http://orcid.org/0009-0000-0095-0792
Mangor Pedersen http://orcid.org/0000-0002-9199-1916
Duncan Reid http://orcid.org/0000-0002-8989-800X
Nicola CM Towersey http://orcid.org/0009-0005-2753-4023
Sharon Olsen http://orcid.org/0000-0002-7453-9127

REFERENCES
	 1	 Patricios JS, Schneider KJ, Dvorak J, et al. Consensus statement 

on concussion in sport: the 6th International Conference on 
Concussion in Sport-Amsterdam, October 2022. Br J Sports Med 
2023;57:695–711. 

	 2	 Jang SH, Byun DH. Hidden Truth in Cerebral Concussion-Traumatic 
Axonal Injury: A Narrative Mini-Review. Healthcare (Basel) 
2022;10:931. 

	 3	 Giza CC, Hovda DA. The new neurometabolic cascade of 
concussion. Neurosurgery 2014;75 Suppl 4:S24–33. 

	 4	 Silverberg ND, Iverson GL, Cogan A, et al. The American Congress 
of Rehabilitation Medicine Diagnostic Criteria for Mild Traumatic 
Brain Injury. Arch Phys Med Rehabil 2023;104:1343–55. 

	 5	 Brooks MA, Peterson K, Biese K, et al. Concussion Increases Odds 
of Sustaining a Lower Extremity Musculoskeletal Injury After Return 
to Play Among Collegiate Athletes. Am J Sports Med 2016;44:742–7. 

	 6	 Smulligan KL, Wilson JC, Howell DR. Increased Risk of 
Musculoskeletal Injuries After Concussion. Oper Tech Sports Med 
2022;30:150896. 

	 7	 Reneker JC, Babl R, Flowers MM. History of concussion and risk of 
subsequent injury in athletes and service members: A systematic 
review and meta-analysis. Musculoskelet Sci Pract 2019;42:173–85. 

	 8	 Ramirez V, McCann R, Schussler E, et al. The Effect of Concussion 
History on Lower Extremity Injury Risk in College Athletes: A 
Systematic Review and Meta-Analysis. Int J Sports Phys Ther 
2022;17:753–65. 

	 9	 Kamins J, Bigler E, Covassin T, et al. What is the physiological time 
to recovery after concussion? A systematic review. Br J Sports Med 
2017;51:935–40. 

	10	 Neumann KD, Broshek DK, Newman BT, et al. Concussion: Beyond 
the Cascade. Cells 2023;12:2128. 

	11	 Vagnozzi R, Signoretti S, Cristofori L, et al. Assessment of metabolic 
brain damage and recovery following mild traumatic brain injury: 
a multicentre, proton magnetic resonance spectroscopic study in 
concussed patients. Brain (Bacau) 2010;133:3232–42. 

	12	 Slobounov SM, Gay M, Zhang K, et al. Alteration of brain functional 
network at rest and in response to YMCA physical stress test in 
concussed athletes: RsFMRI study. Neuroimage 2011;55:1716–27. 

	13	 Churchill NW, Hutchison MG, Richards D, et al. Neuroimaging 
of sport concussion: persistent alterations in brain structure and 
function at medical clearance. Sci Rep 2017;7:8297. 

	14	 Wang Y, Nelson LD, LaRoche AA, et al. Cerebral Blood Flow 
Alterations in Acute Sport-Related Concussion. J Neurotrauma 
2016;33:1227–36. 

	15	 Johnston W, Heiderscheit B, Sanfilippo J, et al. Athletes with 
a concussion history in the last two years have impairments in 
dynamic balance performance. Scandinavian Med Sci Sports 
2020;30:1497–505. 

	16	 Abaji JP, Curnier D, Moore RD, et al. Persisting Effects of 
Concussion on Heart Rate Variability during Physical Exertion. J 
Neurotrauma 2016;33:811–7. 

	17	 Moir ME, Balestrini CS, Abbott KC, et al. An Investigation of 
Dynamic Cerebral Autoregulation in Adolescent Concussion. Med 
Sci Sports Exerc 2018;50:2192–9. 

	18	 Baker CS, Cinelli ME. Visuomotor deficits during locomotion in 
previously concussed athletes 30 or more days following return to 
play. Physiol Rep 2014;2:e12252. 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0009-0000-0095-0792
http://orcid.org/0000-0002-9199-1916
http://orcid.org/0000-0002-8989-800X
http://orcid.org/0009-0005-2753-4023
http://orcid.org/0000-0002-7453-9127
http://dx.doi.org/10.1136/bjsports-2023-106898
http://dx.doi.org/10.3390/healthcare10050931
http://dx.doi.org/10.1227/NEU.0000000000000505
http://dx.doi.org/10.1016/j.apmr.2023.03.036
http://dx.doi.org/10.1177/0363546515622387
http://dx.doi.org/10.1016/j.otsm.2022.150896
http://dx.doi.org/10.1016/j.msksp.2019.04.004
http://dx.doi.org/10.26603/001c.36810
http://dx.doi.org/10.1136/bjsports-2016-097464
http://dx.doi.org/10.3390/cells12172128
http://dx.doi.org/10.1093/brain/awq200
http://dx.doi.org/10.1016/j.neuroimage.2011.01.024
http://dx.doi.org/10.1038/s41598-017-07742-3
http://dx.doi.org/10.1089/neu.2015.4072
http://dx.doi.org/10.1111/sms.13691
http://dx.doi.org/10.1089/neu.2015.3989
http://dx.doi.org/10.1089/neu.2015.3989
http://dx.doi.org/10.1249/MSS.0000000000001695
http://dx.doi.org/10.1249/MSS.0000000000001695
http://dx.doi.org/10.14814/phy2.12252


18 Forch K, et al. BMJ Open Sp Ex Med 2025;11:e002385. doi:10.1136/bmjsem-2024-002385

Open access

	19	 Chou T-Y, Huang Y-L, Leung W, et al. Does prior concussion lead to 
biomechanical alterations associated with lateral ankle sprain and 
anterior cruciate ligament injury? A systematic review and meta-
analysis. Br J Sports Med 2023;57:1509–15. 

	20	 Meier TB, Brummel BJ, Singh R, et al. The underreporting of self-
reported symptoms following sports-related concussion. J Sci Med 
Sport 2015;18:507–11. 

	21	 Longworth T, McDonald A, Cunningham C, et al. Do rugby league 
players under-report concussion symptoms? A cross-sectional 
study of elite teams based in Australia. BMJ Open Sport Exerc Med 
2021;7:e000860. 

	22	 Haider MN, Leddy JJ, Pavlesen S, et al. A systematic review of 
criteria used to define recovery from sport-related concussion in 
youth athletes. Br J Sports Med 2018;52:1179–90. 

	23	 Jacobs D, Kara SD. Whose needs are being met in return to sport 
guidelines in concussion? JSAMS Plus 2024;4:100060. 

	24	 Clausen M, Pendergast DR, Willer B, et al. Cerebral Blood 
Flow During Treadmill Exercise Is a Marker of Physiological 
Postconcussion Syndrome in Female Athletes. J Head Trauma 
Rehabil 2016;31:215–24. 

	25	 Gall B, Parkhouse W, Goodman D. Heart rate variability of recently 
concussed athletes at rest and exercise. Med Sci Sports Exerc 
2004;36:1269–74. 

	26	 La Fountaine MF, Toda M, Testa AJ, et al. Autonomic Nervous 
System Responses to Concussion: Arterial Pulse Contour Analysis. 
Front Neurol 2016;7:13. 

	27	 Lawrence JB, Haider MN, Leddy JJ, et al. The King-Devick test 
in an outpatient concussion clinic: Assessing the diagnostic and 
prognostic value of a vision test in conjunction with exercise 
testing among acutely concussed adolescents. J Neurol Sci 
2019;398:91–7. 

	28	 Morissette MP, Cordingley DM, Ellis MJ, et al. Evaluation of Early 
Submaximal Exercise Tolerance in Adolescents with Symptomatic 
Sport-related Concussion. Med Sci Sports Exerc 2020;52:820–6. 

	29	 Janssen A, Pope R, Rando N. Clinical application of the Buffalo 
Concussion Treadmill Test and the Buffalo Concussion Bike Test: A 
systematic review. J Concussion 2022;6:20597002221127551. 

	30	 Leddy JJ, Haider MN, Ellis M, et al. Exercise is Medicine for 
Concussion. Curr Sports Med Rep 2018;17:262–70. 

	31	 Lichtenstein JD, Merz ZC. Post-Exertion Neuropsychological Testing 
in the Management of Sport-Related Concussion. Psychol Inj and 
Law 2019;12:146–54. 

	32	 McGrath N, Dinn WM, Collins MW, et al. Post-exertion 
neurocognitive test failure among student-athletes following 
concussion. Brain Inj 2013;27:103–13. 

	33	 Sicard V, Lortie J-C, Moore RD, et al. Cognitive Testing and Exercise 
to Assess the Readiness to Return to Play After a Concussion. Transl 
J ACSM 2020;5:1–9. 

	34	 Reyes MA, Probasco MO, Worby TN, et al. Lower Kinetic 
Chain, Meet the Thinking Brain: A Scoping Review of Cognitive 
Function and Lower Extremity Injury Risk. Int J Sports Phys Ther 
2022;17:787–815. 

	35	 Reneker JC, Babl R, Pannell WC, et al. Sensorimotor training for 
injury prevention in collegiate soccer players: An experimental study. 
Phys Ther Sport 2019;40:184–92. 

	36	 Quatman-Yates C, Bailes A, Constand S, et al. Exertional Tolerance 
Assessments After Mild Traumatic Brain Injury: A Systematic Review. 
Arch Phys Med Rehabil 2018;99:994–1010. 

	37	 Mercier LJ, Batycky J, Campbell C, et al. Autonomic dysfunction 
in adults following mild traumatic brain injury: A systematic review. 
NeuroRehabilitation 2022;50:3–32. 

	38	 Pertab JL, Merkley TL, Cramond AJ, et al. Concussion and the 
autonomic nervous system: An introduction to the field and the 
results of a systematic review. NeuroRehabilitation 2018;42:397–427. 

	39	 Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 
statement: an updated guideline for reporting systematic reviews. 
BMJ 2021;372:n71. 

	40	 Ouzzani M, Hammady H, Fedorowicz Z, et al. Rayyan-a web and 
mobile app for systematic reviews. Syst Rev 2016;5:210. 

	41	 Haider MN, Johnson SL, Mannix R, et al. The Buffalo Concussion 
Bike Test for Concussion Assessment in Adolescents. Sports Health 
2019;11:492–7. 

	42	 Sterne JA, Hernán MA, Reeves BC, et al. ROBINS-I: a tool for 
assessing risk of bias in non-randomised studies of interventions. 
BMJ 2016;355:i4919. 

	43	 Sterne JAC, Savović J, Page MJ, et al. RoB 2: a revised tool for 
assessing risk of bias in randomised trials. BMJ 2019;366:l4898. 

	44	 Bishop S, Dech R, Baker T, et al. Parasympathetic baroreflexes 
and heart rate variability during acute stage of sport concussion 
recovery. Brain Inj 2017;31:247–59. 

	45	 Wright AD, Smirl JD, Bryk K, et al. Sport-Related Concussion 
Alters Indices of Dynamic Cerebral Autoregulation. Front Neurol 
2018;9:196. 

	46	 Wright AD, Smirl JD, Bryk K, et al. Systolic and Diastolic Regulation 
of the Cerebral Pressure-Flow Relationship Differentially Affected 
by Acute Sport-Related Concussion. Acta Neurochir Suppl 
2018;126:303–8. 

	47	 Musacchio S, Kallenbach MD, Huber DL, et al. Salivary Cortisol 
Dynamics After Mild Traumatic Brain Injury. J Head Trauma Rehabil 
2023;38:E318–e27. 

	48	 Clark JF, Caudell-Stamper DN, Dailey SW, et al. Can a transient 
exertion-related carotid (TERC) murmur heard during a symptom-
limited exercise test be used as a means for managing sports 
concussion? Med Hypotheses 2016;93:11–5. 

	49	 Galea O, O’Leary S, Treleaven J. An Investigation of Physiological 
System Impairments in Individuals 4 Weeks to 6 Months Following 
Mild Traumatic Brain Injury. J Head Trauma Rehabil 2023;38:E79–87. 

	50	 Hinds A, Leddy J, Freitas M, et al. The Effect of Exertion on Heart 
Rate and Rating of Perceived Exertion in Acutely Concussed 
Individuals. J Neurol Neurophysiol 2016;7:388. 

	51	 Siedlecki P, Sanzo P, Zerpa C, et al. End-tidal carbon dioxide levels 
in patients with post-concussion syndrome during neurocognitive 
and physical tasks compared to a normative control group. Brain Inj 
2018;32:1824–33. 

	52	 Gall B, Parkhouse WS, Goodman D. Exercise following a sport 
induced concussion. Br J Sports Med 2004;38:773–7. 

	53	 Worts PR, Mason JR, Burkhart SO, et al. The acute, systemic 
effects of aerobic exercise in recently concussed adolescent 
student-athletes: preliminary findings. Eur J Appl Physiol 
2022;122:1441–57. 

	54	 Kochick V, Sinnott AM, Eagle SR, et al. The Dynamic Exertion 
Test for Sport-Related Concussion: A Comparison of Athletes at 
Return-to-Play and Healthy Controls. Int J Sports Physiol Perform 
2022;17:834–43. 

	55	 Sinnott AM, Kochick VL, Eagle SR, et al. Comparison of 
physiological outcomes after dynamic exertion between athletes at 
return to sport from concussion and controls: Preliminary findings. J 
Sci Med Sport 2023;26:682–7. 

	56	 Woehrle E, Harriss AB, Abbott KC, et al. Concussion in Adolescents 
Impairs Heart Rate Response to Brief Handgrip Exercise. Clin J 
Sport Med 2020;30:e130–3. 

	57	 Howell DR, Hunt DL, Aaron SE, et al. Association of Hemodynamic 
and Cerebrovascular Responses to Exercise With Symptom Severity 
in Adolescents and Young Adults With Concussion. Neurology 
(ECronicon) 2021;97:e2204–12. 

	58	 McGuinness LA, Higgins JPT. Risk-of-bias VISualization (robvis): 
An R package and Shiny web app for visualizing risk-of-bias 
assessments. Res Synth Methods 2021;12:55–61. 

	59	 Benarroch EE. The central autonomic network: functional 
organization, dysfunction, and perspective. Mayo Clin Proc 
1993;68:988–1001. 

	60	 Tan CO, Meehan WP III, Iverson GL, et al. Cerebrovascular 
regulation, exercise, and mild traumatic brain injury. Neurology 
(ECronicon) 2014;83:1665–72. 

	61	 Feigl EO. Autonomic control of coronary blood flow. In: Inoue M, 
Hori M, Imai S, et al, eds. Regulation of coronary blood flow. Tokyo: 
Springer Japan, 1991: 47–60.

	62	 Raichle ME, Gusnard DA. Appraising the brain’s energy budget. Proc 
Natl Acad Sci U S A 2002;99:10237–9. 

	63	 Leddy JJ, Haider MN, Hinds AL, et al. A Preliminary Study of the 
Effect of Early Aerobic Exercise Treatment for Sport-Related 
Concussion in Males. Clin J Sport Med 2019;29:353–60. 

	64	 Goldstein B, Toweill D, Lai S, et al. Uncoupling of the autonomic 
and cardiovascular systems in acute brain injury. Am J Physiol 
1998;275:R1287–92. 

	65	 Ogoh S, Tarumi T. Cerebral blood flow regulation and cognitive 
function: a role of arterial baroreflex function. J Physiol Sci 
2019;69:813–23. 

	66	 Bishop SA, Dech RT, Guzik P, et al. Heart rate variability and 
implication for sport concussion. Clin Physiol Funct Imaging 
2018;38:733–42. 

	67	 Thomas BL, Claassen N, Becker P, et al. Validity of Commonly 
Used Heart Rate Variability Markers of Autonomic Nervous System 
Function. Neuropsychobiology 2019;78:14–26. 

	68	 Marshall CM, Chan N, Tran P, et al. The use of an intensive physical 
exertion test as a final return to play measure in concussed athletes: 
a prospective cohort. Phys Sportsmed 2019;47:158–66. 

	69	 Popovich M, Almeida A, Lorincz M, et al. Does Exercise Increase 
Vestibular and Ocular Motor Symptom Detection After Sport-Related 
Concussion? J Neurol Phys Ther 2021;45:214–20. 

http://dx.doi.org/10.1136/bjsports-2023-106980
http://dx.doi.org/10.1016/j.jsams.2014.07.008
http://dx.doi.org/10.1016/j.jsams.2014.07.008
http://dx.doi.org/10.1136/bmjsem-2020-000860
http://dx.doi.org/10.1136/bjsports-2016-096551
http://dx.doi.org/10.1016/j.jsampl.2024.100060
http://dx.doi.org/10.1097/HTR.0000000000000145
http://dx.doi.org/10.1097/HTR.0000000000000145
http://dx.doi.org/10.1249/01.mss.0000135787.73757.4d
http://dx.doi.org/10.3389/fneur.2016.00013
http://dx.doi.org/10.1016/j.jns.2018.12.020
http://dx.doi.org/10.1249/MSS.0000000000002198
http://dx.doi.org/10.1177/20597002221127551
http://dx.doi.org/10.1249/JSR.0000000000000505
http://dx.doi.org/10.1007/s12207-019-09350-0
http://dx.doi.org/10.1007/s12207-019-09350-0
http://dx.doi.org/10.3109/02699052.2012.729282
http://dx.doi.org/10.1249/TJX.0000000000000130
http://dx.doi.org/10.1249/TJX.0000000000000130
http://dx.doi.org/10.26603/001c.36814
http://dx.doi.org/10.1016/j.ptsp.2019.09.012
http://dx.doi.org/10.1016/j.apmr.2017.11.012
http://dx.doi.org/10.3233/NRE-210243
http://dx.doi.org/10.3233/NRE-172298
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.1186/s13643-016-0384-4
http://dx.doi.org/10.1177/1941738119870189
http://dx.doi.org/10.1136/bmj.i4919
http://dx.doi.org/10.1136/bmj.l4898
http://dx.doi.org/10.1080/02699052.2016.1226385
http://dx.doi.org/10.3389/fneur.2018.00196
http://dx.doi.org/10.1007/978-3-319-65798-1_59
http://dx.doi.org/10.1097/HTR.0000000000000855
http://dx.doi.org/10.1016/j.mehy.2016.05.003
http://dx.doi.org/10.1097/HTR.0000000000000783
http://dx.doi.org/10.4172/2155-9562.1000388
http://dx.doi.org/10.1080/02699052.2018.1506945
http://dx.doi.org/10.1136/bjsm.2003.009530
http://dx.doi.org/10.1007/s00421-022-04932-4
http://dx.doi.org/10.1123/ijspp.2021-0258
http://dx.doi.org/10.1016/j.jsams.2023.09.014
http://dx.doi.org/10.1016/j.jsams.2023.09.014
http://dx.doi.org/10.1097/JSM.0000000000000635
http://dx.doi.org/10.1097/JSM.0000000000000635
http://dx.doi.org/10.1212/WNL.0000000000012929
http://dx.doi.org/10.1212/WNL.0000000000012929
http://dx.doi.org/10.1002/jrsm.1411
http://dx.doi.org/10.1016/s0025-6196(12)62272-1
http://dx.doi.org/10.1212/WNL.0000000000000944
http://dx.doi.org/10.1212/WNL.0000000000000944
http://dx.doi.org/10.1073/pnas.172399499
http://dx.doi.org/10.1073/pnas.172399499
http://dx.doi.org/10.1097/JSM.0000000000000663
http://dx.doi.org/10.1152/ajpregu.1998.275.4.R1287
http://dx.doi.org/10.1007/s12576-019-00704-6
http://dx.doi.org/10.1111/cpf.12487
http://dx.doi.org/10.1159/000495519
http://dx.doi.org/10.1080/00913847.2018.1542258
http://dx.doi.org/10.1097/NPT.0000000000000356


19Forch K, et al. BMJ Open Sp Ex Med 2025;11:e002385. doi:10.1136/bmjsem-2024-002385

Open access

	70	 Le RK, Ortega J, Chrisman SP, et al. King-Devick Sensitivity 
and Specificity to Concussion in Collegiate Athletes. J Athl Train 
2023;58:97–105. 

	71	 Santo AL, Race ML, Teel EF. Near Point of Convergence Deficits 
and Treatment Following Concussion: A Systematic Review. J Sport 
Rehabil 2020;29:1179–93. 

	72	 Burma JS, Copeland PV, Macaulay A, et al. The impact of high- 
and moderate-intensity exercise on near-point of convergence 
metrics. Brain Inj 2021;35:248–54. 

	73	 Moran RN, Murray NG, Esco MR, et al. Effects of exercise on 
symptoms, vestibular/ocular motor screening and postural stability 
in a college-aged sample. Concussion 2020;5:CNC73. 

	74	 Howell DR, Lynall RC, Buckley TA, et al. Neuromuscular Control 
Deficits and the Risk of Subsequent Injury after a Concussion: A 
Scoping Review. Sports Med 2018;48:1097–115. 

	75	 Eagle SR, Kontos AP, Mi QI, et al. Shared Neuromuscular 
Performance Traits in Military Personnel with Prior Concussion. Med 
Sci Sports Exerc 2019;51:1619–25. 

	76	 Mitchell KM, Dalton KN, Cinelli ME. A treadmill running research 
protocol to assess dynamic visual acuity and balance for athletes 
with and without recent concussion history. BMC Sports Sci Med 
Rehabil 2024;16:112. 

	77	 Ramautar SA, Prangley AA, Cinelli ME. The effects of exercise on 
a choice reaction time task in individuals with post-concussion 
syndrome. Brain Inj 2017;31:1882–8. 

	78	 Charness G, Gneezy U, Kuhn MA. Experimental methods: 
Between-subject and within-subject design. J Econ Behav Organ 
2012;81:1–8. 

	79	 McCulloch K, Cecchini A, Prim J. Portable Warrior Test of Tactical 
Agility (POWAR-TOTAL) Differences in Healthy Control and mTBI 
Service Members. Arch Phys Med Rehabil 2019;100:e107. 

	80	 Harteveld LM, Nederend I, ten Harkel ADJ, et al. Maturation of 
the Cardiac Autonomic Nervous System Activity in Children and 
Adolescents. JAHA 2021;10:e017405. 

	81	 Lee J, Kim H-J. Normal Aging Induces Changes in the Brain and 
Neurodegeneration Progress: Review of the Structural, Biochemical, 
Metabolic, Cellular, and Molecular Changes. Front Aging Neurosci 
2022;14:931536. 

	82	 Gabbett TJ. The training-injury prevention paradox: should athletes 
be training smarter and harder? Br J Sports Med 2016;50:273–80. 

	83	 LeMond G, Hom M. 10 - Gauging fitness. In: LeMond G, Hom 
M, eds. The science of fitness. Boston: Academic Press, 
2015: 117–43.

	84	 Johnston W, O’Reilly M, Duignan C, et al. Association of Dynamic 
Balance With Sports-Related Concussion: A Prospective Cohort 
Study. Am J Sports Med 2019;47:197–205. 

	85	 Susco TM, Valovich McLeod TC, Gansneder BM, et al. Balance 
Recovers Within 20 Minutes After Exertion as Measured by the 
Balance Error Scoring System. J Athl Train 2004;39:241–6.

	86	 Caspersen CJ, Powell KE, Christenson GM. Physical activity, 
exercise, and physical fitness: definitions and distinctions for health-
related research. Public Health Rep 1985;100:126–31.

	87	 Ide K, Secher NH. Cerebral blood flow and metabolism during 
exercise. Prog Neurobiol 2000;61:397–414. 

	88	 Mayer AR, Quinn DK, Master CL. The spectrum of mild traumatic 
brain injury: A review. Neurology (ECronicon) 2017;89:623–32. 

	89	 Shaffer F, Meehan ZM, Zerr CL. A Critical Review of Ultra-Short-
Term Heart Rate Variability Norms Research. Front Neurosci 
2020;14:594880. 

	90	 Power JD, Lynch CJ, Dubin MJ, et al. Characteristics of respiratory 
measures in young adults scanned at rest, including systematic 
changes and “missed” deep breaths. Neuroimage 2020;204. 

http://dx.doi.org/10.4085/1062-6050-0063.21
http://dx.doi.org/10.1123/jsr.2019-0428
http://dx.doi.org/10.1123/jsr.2019-0428
http://dx.doi.org/10.1080/02699052.2021.1871953
http://dx.doi.org/10.2217/cnc-2020-0003
http://dx.doi.org/10.1007/s40279-018-0871-y
http://dx.doi.org/10.1249/MSS.0000000000001974
http://dx.doi.org/10.1249/MSS.0000000000001974
http://dx.doi.org/10.1186/s13102-024-00900-x
http://dx.doi.org/10.1186/s13102-024-00900-x
http://dx.doi.org/10.1080/02699052.2017.1346292
http://dx.doi.org/10.1016/j.jebo.2011.08.009
http://dx.doi.org/10.1016/j.apmr.2019.08.313
http://dx.doi.org/10.1161/JAHA.120.017405
http://dx.doi.org/10.3389/fnagi.2022.931536
http://dx.doi.org/10.1136/bjsports-2015-095788
http://dx.doi.org/10.1177/0363546518812820
https://pubmed.ncbi.nlm.nih.gov/15496993
https://pubmed.ncbi.nlm.nih.gov/3920711
http://dx.doi.org/10.1016/s0301-0082(99)00057-x
http://dx.doi.org/10.1212/WNL.0000000000004214
http://dx.doi.org/10.3389/fnins.2020.594880
http://dx.doi.org/10.1016/j.neuroimage.2019.116234

	Use of physical exertion to enhance objective testing following mild traumatic brain injury: a systematic review
	Abstract
	Introduction﻿﻿
	Method
	Protocol and registration
	Information sources
	Search strategy
	Selection process
	Data collection process and data items
	Study risk of bias assessment
	Synthesis methods

	Results
	Study selection
	Study characteristics
	Population characteristics
	Symptom status
	Interventions
	Outcomes and testing timepoints

	Risk of bias in studies
	Results of syntheses of individual studies
	Cardiovascular
	Cerebral autoregulation
	Respiratory
	Visual
	Imaging
	Cortisol


	Discussion
	Effects of physical exertion on objective measurements
	Potential measurements for inclusion in post-exertion testing
	Strengths and limitations: review process
	Strengths and limitations: included studies
	Future directions

	Conclusion
	References


