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Abstract

Objective

To examine the effect of a readily accessible, structured aerobic exercise intervention on

days to asymptomatic status and days to medical clearance compared to usual care exer-

cise prescription in a cohort of adolescents and young adults following sport-related concus-

sion (SRC).

Methods

A longitudinal, randomized, non-blinded clinical trial consisting of a structured aerobic exer-

cise protocol (SAEP) group and a usual care exercise prescription (UCEP) group. Partici-

pants in the SAEP group underwent an exercise protocol including 8 sessions over 11 days

progressing in duration and intensity stepwise based on participants’ age-predicted maximal

heart rate. Symptom follow-ups were on days 7, 14, 21, and 28. The primary outcome mea-

sures of the study were days to asymptomatic status and days to medical clearance, while

the secondary outcome measure was symptom severity on days 7, 14, 21, and 28.

Results

38 participants (SAEP, n = 20; UCEP, n = 19) were recruited and completed all follow-up

appointments. Compared to the UCEP group, the SAEP had a faster time to asymptomatic

status with 96% posterior probability. In addition, the SAEP group displayed an earlier time

to medical clearance with 93% posterior probability. While symptom severity scores did not

differ between groups at enrolment (SAEP symptom severity, 30; UCEP, 29), they were
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subsequently lower in the SAEP group at all assessments throughout the trial with 100%

posterior probability.

Conclusions

An aerobic exercise protocol based on percentages of age-predicted maximum heart rate is

a safe and effective treatment for reducing symptoms and can be initiated during the first

week following SRC.

Trial registration

ClinicalTrials.gov, no. NCT02969824.

Introduction

A substantial body of research has highlighted the protective effects of aerobic exercise in con-

cussion rehabilitation [1–8]. A recent meta-analysis of eight trials documented a small-to-

moderate effect of subthreshold (below symptom exacerbation) aerobic exercise in reducing

symptom severity post-concussion [9]. The most recent Concussion in Sport Consensus State-

ment recommends gradual and progressive activity following an initial period of rest (24–48

hours), with the caveat that activity levels stay below their cognitive and physical symptom-

exacerbation thresholds [10]. While specifying aerobic exercise as the activity type is a benefi-

cial update, the dosing, timing, and modalities of exercise within usual care have not yet been

elucidated. Hence, current recommendations are still too vague for individual patients and cli-

nicians alike. Providing greater detail to each component of a comprehensive exercise pre-

scription will facilitate an optimal recovery trajectory following injury and prevent protracted

recovery. Moreover, there is some evidence that too much activity following sports-related

concussion (SRC) may be associated with a recurrence or worsening of symptoms, furthering

the need for understanding [11].

Most exercise intervention studies in concussion have required the completion of an exer-

cise tolerance assessment to inform the exercise prescription treatment, leading to the assump-

tion that this resource-intensive evaluation is essential to guide post-injury exercise [3–5, 12].

However, it is unclear if this is necessary; applying general exercise principles (e.g., percentage

of age-predicted maximal heart rate) may be similarly effective yet more widely applicable and

accessible. Indeed, this research area is still in its infancy, necessitating further investigation

into alternative accessible, generalizable methods to inform exercise prescription following

concussion.

Several prior randomized studies have employed control groups whereby individuals were

advised not to considerably elevate heart rate following concussion [3–5]. However, this does

not meet the current standard of care nor usual care practices as per concussion consensus

guidelines, potentially limiting the extrinsic validity of the results. The Declaration of Helsinki

states that “the benefits, risks, burdens and effectiveness of a new intervention must be tested

against those of the best proven intervention(s)” [13]. Given that recent consensus guidelines

recommend gradual and progressive exercise following the first 24–48 hours [14], employing a

usual care control group encompassing these guidelines is the only valid approach when

assessing the effectiveness of any alternative exercise program.
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Our earlier work examined the feasibility of an exercise prescription involving a gradual

progression of intensity and duration estimated from a percentage of age-predicted maximal

heart rate [8]. We found this method to be safe and feasible to administer to symptomatic

patients early following sport-related concussion [8]. In addition, we observed faster resolution

of symptoms in those who were provided a structured exercise protocol compared to those

receiving usual care. However, given the small sample size, replication at a larger scale is

needed. Therefore, the purpose of this study was to examine the effect of a readily accessible,

structured aerobic exercise intervention on symptoms and time to recovery compared to a

usual care exercise prescription group in a cohort of adolescents and young adults following

acute SRC. We hypothesized that early structured aerobic exercise guided by percentages of

age-predicted maximal heart rate would 1) improve symptoms faster, and 2) lead to an earlier

time to medical clearance.

Materials and methods

Study design

The current study was a randomized, non-blinded clinical trial consisting of a structured aero-

bic exercise protocol (SAEP) group and a usual care exercise prescription (UCEP) control

group. The study was conducted at an academic sports medicine clinic in Canada, with all par-

ticipants and parents of minors (aged 13–16 years) having provided free and written informed

consent. The trial protocol was registered with clinicaltrials.gov identifier: NCT02969824 and

approved by an institutional health sciences research ethics board.

Participants

Participants were recruited between September 2018 and February 2020 from a sports medi-

cine clinic at a single Canadian academic institute. Eligible participants were required to be

between 13–25 years of age with a diagnosis of acute SRC. Concussion diagnosis was deter-

mined by a sports medicine physician as per the Concussion in Sport guidelines [15]. Exclu-

sion criteria included a previous concussion within two weeks of the presenting concussion,

co-morbid injuries limiting exercise (i.e. musculoskeletal/soft-tissue injuries, vestibular disor-

ders), a pre-existing heart condition, uncontrolled seizure disorders, or a history of medical or

neurological conditions that affect cognitive functioning.

Randomization

Participant randomization was performed using REDCap (Research Electronic Data Capture)

electronic data capture tools hosted at the University of Toronto [16, 17]. Eligible participants

were randomly assigned to either the SAEP or UCEP groups at the screening visit following

informed consent and recording of demographic and injury-related characteristics. An alloca-

tion table was then created in REDCap using three strata: sex, initial symptom status, and edu-

cation level. The research team regularly reminded participants and clinical staff not to discuss

their assigned study cohort, and exercise sessions were not performed in the clinic.

Structured Aerobic Exercise Protocol (SAEP)

Participants were permitted to begin exercise three days post-injury. The exercise protocol

consisted of eight, 20-minute sessions over an 11-day period: two days of exercise were fol-

lowed by one day of rest. Two sessions were completed in-person (the first and fourth exercise

session), supervised by a member of the research team at an exercise laboratory using a con-

trolled-power Velotron Dynafit Pro stationary bike manufactured by Racermate Inc. (Seattle,
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WA, USA). The remainder of the exercise sessions were completed remotely, where partici-

pants determined and monitored exercise intensity and heart rate via a Fitbit device. Partici-

pants were advised to use a stationary bike to limit head movement and acceleration; however,

if participants did not have access to a stationary bike, an elliptical machine, treadmill, or out-

door jogging was permissible.

The protocol progressed in intensity and duration at each session in a stepwise fashion

throughout the 11-day period. The intensity of each session was quantified by a calculated tar-

get heart rate that progressed from 60% to 75% of the participants’ age-predicted maximal

heart rate. For more details on the SAEP, please see the S1 File.

Usual care exercise prescription (UCEP)

Participants allocated to the UCEP group were advised to follow the instructions, prescrip-

tions, and recommendations given to them by the sport medicine physician. Following a brief

period of physical and cognitive rest, as suggested in the consensus guidelines, the physician

advised participants to increase their activity levels gradually with minimal head movement

(predominantly involving a stationary bike) and progressively increase levels of exertion while

remaining under the threshold of symptom exacerbation [7]. Subsequently, exercise included

a progression of head movements, visual and cognitive burdens, sport-specific activities, and

heavy resistance, in that order, all below the symptom exacerbation threshold. For more details

on the UCEP, please see the (S1 File). In addition, any diagnosed concomitant neck injuries

underwent concurrent rehabilitation. Completion of asymptomatic low-risk simulations of

target activities was required prior to medical clearance to return to those activities.

Trial procedures

Participants were seen by a physician for clinical follow-up across 28 days based on best prac-

tices for acute concussion care. All participants completed follow-up visits with a member of

the research team on days 7, 14, 21, and 28. At each study visit, participants completed clinical

measures including symptom severity rating and C3 Logix testing (balance and cognition).

Outcomes

The primary outcome measures of the study were days to asymptomatic status and days to

medical clearance, while the secondary outcome measure was symptom severity on days 7, 14,

21, and 28.

Symptoms and subjective rating

Participant symptoms were assessed using the symptom checklist of the SCAT5, which is a

22-item post-concussion symptom scale using a seven-point Likert rating [18]. Symptom

severity was calculated by summing the rated score for each symptom up to a maximum of

132. The number of total symptoms was derived by summing the binary presence/absence of

each symptom up to a maximum score of 22. In addition, participants rated themselves as a

percentage of feeling “normal” (100% = “normal”).

Medical clearance

Physician determination of full return to a functional domain is individualized and relies on a

combination of symptom state, current and premorbid baseline function, and objective assess-

ments. All acute concussions were serially followed until the individual fully returned or was
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cleared to fully return to sport. Days to medical clearance were calculated for all participants

based on days from injury to full return to sport.

Statistical analysis

Days-to-asymptomatic status (defined as a symptom severity score of seven or lower) [3, 5]

from the time of injury to the end of the trial was compared between the UCEP and SAEP

groups using exponential (survival) curve modelling; survival analysis was also used to contrast

days to medical clearance between groups. In addition, symptom severity scores, total symp-

tom scores, and percent of ‘normal’ were compared between the SAEP and UCEP groups at

each of the four assessments via cross-classified linear models. For a more in-depth explana-

tion of the models employed, including prior choices, prior simulations, and posterior predic-

tive checks, please see the S1 File.

All models were fit using the Hamiltonian Monte Carlo (HMC) engine Stan [19] via R [20]

and the RStudio Integrated Development Environment [21]. The R package ‘rethinking’ [22]

was used to interface between RStudio and RStan [23]. Plots were created using the ‘ggplot2’

[24], ‘bayesplot’ [25, 26], and tidybayes [27] packages. Tables were created using the ‘gt’ [28]

and ‘gtsummary’ [29] packages. Data and code used in this manuscript can be found in a pub-

lic github repository (github link).

Results

Participant characteristics

Participant characteristics can be found in Table 1, and subject enrolment data including loss

to follow-up and removal can be found in Fig 1. Given that participants in both groups were

matched on symptom severity strata, at study enrollment (i.e., randomization) the structured

aerobic exercise protocol (SAEP, n = 20) and usual care exercise prescription (UCEP, n = 19)

groups had similar symptom severity (median score of 30 vs 29, respectively) and total symp-

tom scores (median 14 vs 13, respectively). Both groups entered the study reporting feeling a

median of 65% of their “normal” self. Ages were similar between the SAEP (median = 18,

IQR = 16–19) and UCEP groups (median = 21, IQR = 16–22). There were more females in the

SAEP group (65% female vs 53% female in UCEP, respectively). Concussion history was more

common in the SAEP group, with 58% reporting a prior concussion compared to 45% in the

UCEP group.

Adverse events & trial safety

No adverse events were reported during the trial. Two participants in the SAEP group failed

two consecutive exercises sessions; failure was defined as a symptom severity increase greater

than three points during exercise. Specifically, one participant failed both attempts of the first

exercise session performed at 60% of their age-predicted maximal heart rate, while the second

participant failed both attempts of the third exercise session at 65% of their age-predicted max-

imal heart rate. The participant that failed at the first exercise session was not included in the

statistical analysis, while the participant who failed after the third exercise session was included

in the statistical analysis as a censored observation.

Time to asymptomatic status

Visual representation of the survival curve model for days to asymptomatic status can be seen

in Fig 2. At ~28 days (the end of the trial), an estimated mean 74% of the participants who

underwent SAEP were asymptomatic (90% CI = 59%– 87%) compared to a mean of 50% in
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Table 1. Participant characteristics.

Characteristic SAEP, N = 20 UCEP, N = 19

Demographics

Age, Median (IQR) 18 (16–19) 21 (16–22)

Female Sex, n (%) 13 (65) 10 (53)

Education Level, n (%)

College/University 12 (60) 12 (63)

EL/MS/HS 8 (40) 7 (37)

Sport, n (%)

Basketball 2 (10) 1 (5.3)

Boxing 1 (5.0) 0 (0)

Cheerleading 1 (5.0) 1 (5.3)

Figure Skating 1 (5.0) 0 (0)

Football 2 (10) 1 (5.3)

Hockey 4 (20) 3 (16)

Other 2 (10) 8 (42)

Rugby 2 (10) 0 (0)

Soccer 3 (15) 3 (16)

Speed Skating 0 (0) 1 (5.3)

Track and Field 1 (5.0) 1 (5.3)

Volleyball 1 (5.0) 0 (0)

Prior Concussion #, n (%)

0 9 (45) 11 (58)

1 6 (30) 4 (21)

2 1 (5.0) 4 (21)

3 3 (15) 0 (0)

4 1 (5.0) 0 (0)

ADHD, n (%) 1 (5.0) 2 (11)

Learning Disability, n (%) 0 (0) 2 (11)

Sleep Disorder, n (%) 1 (5.0) 0 (0)

Anxiety, n (%) 3 (15) 3 (16)

Depression, n (%) 3 (15) 3 (16)

Injury Characteristics

LOC, n (%)

Yes 1 (5.0) 0 (0)

No 19 (95) 17 (89)

Unsure 0 (0) 2 (11)

Total Symptoms, Median (IQR) 14 (8–18) 13 (10–18)

Symptom Severity, Median (IQR) 30 (12–50) 29 (16–46)

Symptom Severity Range, n (%)

< 15 (Low) 6 (30) 5 (26)

16–30 (Moderate) 5 (25) 7 (37)

31–50 (High) 4 (20) 2 (11)

> 50 (Very High) 5 (25) 5 (26)

% of Normal, Median (IQR) 65 (59–70) 65 (55–74)

Godin Score, Median (IQR) 80 (66–91) 73 (49–97)

Data presented as the Median (IQR), or n (%)

UCEP, usual care exercise prescription; SAEP, structured aerobic exercise prescription, IQR, interquartile range; EL,

elementary; MS, middle-school; HS, high school; LOC, loss of consciousness; ADHD, attention deficit hyperactivity

disorder

https://doi.org/10.1371/journal.pone.0276336.t001
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those in the UCEP group (90% CI = 34%– 65%). The SAEP group had a 96% posterior proba-

bility of becoming asymptomatic faster within the first 28 days following concussion; the 90%

CI of the difference in time to asymptomatic status ranged from 2–47 days.

Fig 1. CONSORT flow diagram of participant enrolment. From 203 eligible participants, 39 participants were randomized into either the structured aerobic

exercise prescription (SAEP) or usual care exercise prescription (UCEP) groups. Four participants (SAEP = 3, UCEP = 1) were lost to follow-up and thus

censored in the statistical analysis. In addition, two participants discontinued the SAEP intervention: one participant at the first exercise session who was

removed from the statistical analysis, and one at the third exercise session that was censored in the statistical analysis. Hence, while there were six participants

who were either lost to follow-up (n = 4) or discontinued the intervention (n = 2), only one participant was completely removed from the statistical analysis.

Therefore, for the statistical analysis of the primary objectives, both groups had 19 participants.

https://doi.org/10.1371/journal.pone.0276336.g001
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Time to recovery

Time to recovery was modelled as a survival curve with days to medical clearance as the out-

come. The mean estimated time to medical clearance in the SAEP group was 38 days (90%

CI = 26–54), compared to 60 days (95% CI = 41–84) in the UCEP group. The SAEP group had

a 93% posterior probability of an earlier time to medical clearance; the 90% CI of the estimated

difference in time to medical clearance ranged from -3–48 days.

Symptoms

Descriptive statistics for symptom severity, number of symptoms, and participants’ reported

feeling (% of ‘normal’) in both the SAEP and UCEP groups across all four assessments can be

seen in Table 2. Despite being similar at enrolment, the SAEP group had lower symptom

severity scores with 100% posterior probability at each assessment. The estimated 90% com-

patibility interval (CI) of the difference in symptom scores between groups was 9–21 at assess-

ment one, 7–17 at assessment two, 6–14 at assessment three, and 5–12 at assessment four; the

difference was largest at the first assessment (median = 6.5 days from trial enrolment). Please

see Fig 3 for a visual comparison of symptom severity scores between SAEP and UCEP groups

throughout the trial. Compared to the UCEP group, the SAEP group also displayed a lower

total number of symptoms across all four weeks with 99.8% posterior probability, and like

symptom severity, the greatest difference was observed at the first assessment where the 90%

CI of the difference was 2–7. Perceived percent of “normal” was also consistently lower in the

Fig 2. Time to asymptomatic status differs between structured aerobic exercise prescription (SAEP) and usual care exercise prescription (UCEP). (A)

Histograms display the posterior distribution of credible values representing the days to symptom resolution in the UCEP (purple) and SAEP (green) groups,

as well as the difference in days to symptom resolution (orange). (B) Posterior samples of the survival curve representing the complementary cumulative

probability distribution of the proportion of participants in both groups not yet recovered throughout the trial period (Days 1 through 28). The lines represent

the estimated mean for each group, and shaded areas represent the estimated 50%, 70% and 90% Compatibility intervals; the dots represent the raw values.

https://doi.org/10.1371/journal.pone.0276336.g002
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SAEP group at all four assessments with 98.5% posterior probability, although with greater

uncertainty than either symptom severity or total symptoms: at each assessment the 90% CI of

the difference between groups ranged from 2%– 11.%.

Discussion

The primary objective of this trial was to compare two groups on their symptom recovery fol-

lowing sport-related concussion: those undergoing structured aerobic exercise guided by per-

centages of age-predicted maximal heart rate, and those adhering to a usual care exercise

program. We observed that participants who underwent an eight-session structured aerobic

exercise program (SAEP) over 11 days became asymptomatic faster than those who received

usual care exercise prescription (UCEP).

We observed expedited recovery following SAEP on two recovery metrics (days to asymp-

tomatic and medical clearance to RTP) compared to UCEP and found comparatively lower

symptom burden in the SAEP group on a weekly basis throughout the trial. Importantly,

SAEP led to greater uniformity in recovery versus UCEP. For example, the 90% CI for days to

asymptomatic status in the UCEP group was 26–67 days versus 14–31 days in the SAEP group.

This equated to ~ 2.5 times less variability in the latter (model SD = 13 vs. 5, respectively). We

believe this was in part due to the nature of SAEP treatment–that the frequency, intensity, and

duration of exercise sessions was structured uniformly across all participants based on their

age-predicted maximum heart rate. Conversely, the relatively looser exercise guidelines given

to the UCEP group by their physicians may have resulted in greater variance in the frequency,

duration, and intensity of exercise sessions. However, as the UCEP group was treated at a spe-

cialty sport medicine clinic, we believe they performed more, and earlier exercise than is typi-

cal of patients cared for in community settings. As such, the differences observed between the

UCEP and SAEP groups are more striking.

Our results suggest that SAEP does expedite recovery, given that the posterior distribution

favoured a comparatively lower time to recovery in the SAEP group an estimated 93% of the

time. Direct comparisons of recovery time to prior studies should be interpreted with caution,

as there are differences in the operational definitions of clinical recovery. Some recent exercise

trials have defined ‘recovered’ as reaching a symptom severity threshold combined with exer-

cise tolerance [3, 5], and others have used return to baseline levels for symptoms, cognition,

and balance scores [30]. Our study protocol relied on physician determination of recovery

based on aggregate clinical assessments and patient’s tolerance and ability to complete all

Table 2. Participant symptoms across assessments.

Assessment Symptom Severity Total Symptoms % of Normal

SAEP, N = 201 UCEP, N = 191 SAEP, N = 201 UCEP, N = 191 SAEP, N = 201 UCEP, N = 191

Enrolment 30 (12, 50) 29 (16, 46) 14 (8, 18) 13 (10, 18) 65 (59, 70) 65 (55, 74)

Assessment 1 (MED = 6.5 days) 20 (10, 38) 31 (16, 39) 12 (8, 16) 15 (8, 18) 66 (60, 75) 70 (45, 76)

Assessment 2 (MED = 13 days) 11 (6, 19) 22 (9, 39) 9 (5, 11) 11 (7, 18) 80 (72, 85) 73 (58, 85)

Assessment 3 (MED = 20 days) 6 (0, 12) 18 (4, 32) 4 (0, 9) 10 (4, 15) 90 (81, 94) 78 (66, 90)

Assessment 4 (MED = 28 days) 4 (0, 9) 9 (5, 35) 3 (0, 6) 8 (2, 13) 94 (86, 100) 90 (66, 94)

MED, median; SAEP, structured aerobic exercise protocol; UCEP, usual care exercise protocol.

Data presented as the Median (IQR), or n (%); IQR = interquartile range.

Due to loss to follow-up and missing assessments, sample sizes differed across assessments: Enrolment, SAEP = 20 vs, UCEP = 19; assessment 1, SAEP = 19 vs.

UCEP = 19; assessment 2, SAEP = 16 vs. UCEP = 19; assessment 3, SAEP = 16 vs. UCEP = 18; assessment 4, SAEP = 14 vs. UCEP = 18.
1 Median (IQR)

https://doi.org/10.1371/journal.pone.0276336.t002
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functional aspects of activity (e.g., social, school, and sport). We believe this definition and esti-

mate of clinical recovery most closely reflects real-world concussion clearance compared to

other definitions of “recovery.” In view of this, and as Fig 3 and Table 2 illustrate, median

symptom severity scores were 11 and 22 on days 7–13 (Assessment two) for the SAEP and

UCEP, respectively. These findings are well aligned with other studies in a clinical setting [7]

or other Canadian multidisciplinary centres specializing in concussion [31].

It is difficult to compare our results to previous trials looking at the effects of subthreshold

exercise on recovery following concussion due to the differences in both population and meth-

odology [3, 32]. Prior studies have focused specifically on a pediatric/adolescent population,

used a ‘stretching’ control comparison, and have based their exercise protocol on an initial

exercise assessment test [3, 32]. The present study had a comparatively older study sample

population and employed a usual care control group. Regarding the latter, we chose this com-

parator for improved generalizability, as we sought to understand the effect of exercise com-

pared to the standard of care in real-world clinical settings. Finally, the current study used a

relatively more resource-friendly protocol that does not require an initial screening test to

determine exercise intensity. We caution against comparing the effects among trials because

prior studies have used frequentist statistical methods based on significance testing, the deriva-

tion of point estimates, and without the incorporation of a priori knowledge. The current

study utilized a robust Bayesian framework that modeled the complete posterior distribution

rather than the derivation of point estimates and did not employ a significance testing

framework.

Fig 3. Symptom severity differs between structured aerobic exercise prescription (SAEP) and usual care exercise prescription (UCEP). Dots represent

individual symptom severity scores for each subject in the UCEP (purple) and SAEP (green) groups, while the shading represents the mirrored density of the

group symptom severity scores. Each panel represents symptom severity scores at one of five time points: Enrolment, then at Assessments 1–4. The black lines

represent the group medians.

https://doi.org/10.1371/journal.pone.0276336.g003
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While it is unclear why the SAEP group recovered quicker than the UCEP group in our

study, there are various possible underlying causes, and it is likely that the effects of SAEP are

multifactorial. It is believed that concussion can cause alterations to energy metabolism in the

brain [33], cerebral blood flow [34, 35], and inflammation [36–38]. Hence, it is plausible that

exercise may provide some benefit in alleviating dysfunction to one or more of these processes

[39–42]. In addition, exercise can have positive psychological effects which may contribute to

perceived symptom improvement in participants [43, 44]. However, as a rigorous quantitation

of exercise dosing was not performed in the current study, it is not possible to do more than

hypothesize on the potential biological/psychological effects of aerobic exercise on recovery

following concussion; this remains an important and open question.

There were no adverse effects resulting in the removal of individuals from the exercise

intervention. These results are aligned with other trials providing individualized exercise pre-

scription following treadmill assessment [1, 3–5, 45]. Two individuals had temporary exacer-

bation of symptoms during an exercise session. Current best practice to manage symptom

exacerbation following exercise in the acute period is largely determined by the severity and

duration of symptom exacerbation, the specific symptom(s) that were provoked, and the type

of activity that provoked the symptoms. However, recommendations can include reattempting

the same activity after a brief interval period, reducing the intensity or duration of the activity,

and/or modifying or substituting the type of activity. Screening for any comorbid confounding

medical conditions may also be considered [46]. Future studies may consider greater allow-

ance for temporary changes in symptoms during physical exercise sessions or additional mea-

sures of exercise intolerance. Collectively, our results expand on our previous study in a

smaller sample which showed the feasibility of a structured aerobic exercise protocol [8], and

confirms the safety and efficacy of prescribing early aerobic exercise post-SRC based on per-

centage of maximum heart rate, progressing in a stepwise manner.

Limitations

Due to the ongoing COVID-19 pandemic, the trial had to be stopped before reaching our

intended sample target; the University clinic closed, and in-person research was prohibited as

of March 2020. At the onset of the trial, power analysis yielded a target of approximately 50

participants to identify a mean seven-day reduction in time to asymptomatic status with a

moderate effect. Our sample of 39 participants fell short of this sample target, yet at the time of

trial stoppage we had identified a much larger reduction and effect in both days to asymptom-

atic status and time to medical clearance than originally hypothesized. Furthermore, imple-

menting a Bayesian analytical approach was well suited for our modest sample size, and

allowed for conservative posterior estimates by using regularizing priors. While a larger sample

size would have reduced uncertainty, improved the precision in our parameter estimates, and

allowed for estimation of the interacting effects of sex and concussion history, posterior pre-

dictive model checks showed that our models mapped well onto the raw data (Fig 2 and S1

File). Hence, we feel that the results of this trial are both informative and reproducible. Partici-

pants were not blinded to treatment, and thus intervention bias is possible. The SAEP group

received two in-person supervised sessions as well as remote supervision and reminders for

exercise. These sessions may have accounted for some of the differences between groups by

increasing the confidence of study participants in their treatment prescription or ensuring

adherence to study procedures [47]. However, participants in both groups had access to inter-

ventions, academic accommodations, physical therapy, and pharmacological options associ-

ated with sleep, headache, or affective issues, consistent with current guidelines. Finally, the

results may not generalize to younger children or older adults, as well as other mechanisms of
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injury (e.g., assaults, motor vehicle collisions, workplace injuries); trials are warranted to evalu-

ate the utility of structured aerobic exercise across a range of populations and injury

mechanisms.

Conclusion

A structured aerobic exercise intervention following concussion leads to faster symptom

recovery and reduces time to clinical recovery compared to usual care. This is the first study to

show that an aerobic exercise protocol administered during the first week following SRC and

based on percentages of age-predicted maximum heart rate, is a safe and effective treatment

for reducing symptoms. The data provide evidence of an early intervention protocol that

requires few resources and expertise in exercise prescription.

Supporting information

S1 File. Supplementary methods. Full protocols for the Structured Aerobic Exercise and

Usual Care Exercise groups, as well as expanded statistical analysis encompassing model form,

prior selection, and data transformations.

(DOCX)

S2 File. Consort checklist. Consort checklist.

(DOC)

S3 File. Study protocol. Study protocol.

(DOCX)

S1 Fig. Posterior predictive check for days to medical clearance. Exponential model for days

to return to play overlaid on the complementary cumulative distribution of the raw data.

(TIF)

S2 Fig. Prior simulations for exponential models. Prior simulations for exponential models

evaluating days to asymptomatic status and days to medical clearance in the structured aerobic

exercise prescription (SAEP) vs. usual care exercise prescription (UCEP) groups using a gauss-

ian prior of the form α ~ normal(3.15, 0.6). Simulations results yielded an average time to

asymptomatic status/return to play of ~28 days in both the SAEP and UCEP groups, with a

standard deviation (SD) of ~18 days, and 90% compatibility interval (CI) of ~ 8.5–65 days. The

mean difference between groups (contrast) was ~0, with a SD of ~25 days and 90% CI of ~

-40–40 days.

(TIF)

S3 Fig. Prior simulations for symptom comparisons over time. Histograms showing prior

simulations for linear regression models evaluating A) Symptom Severity, B) Total Symptoms,

and C) “% of Normal” at each of the four assessments of the trial (Assessments 1–4), as well as

prior simulation contrasts at each session for the structured aerobic exercise prescription

(SAEP) and usual care exercise prescription (UCEP) groups.

(TIF)

S4 Fig. MCMC traceplots. Traceplots for exponential survival curve models: (A) days to

asymptomatic status, and (B) days to medical clearance. Plots are stratified by varying inter-

cepts for usual care exercise prescription (UCEP) (a[1]) and structured aerobic exercise pre-

scription groups (SAEP) (a[2]). Four chains were run at 20000 iterations per chain. All

Gelman-Rubin values were<1.01.

(PDF)
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