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Abstract

Objective: To determine the efficacy of early physical activity and behavioral management for 

acute concussion in pediatric patients.

Study design: A multicenter, prospective, 2 × 2 factorial randomized controlled trial was 

conducted among patients aged 11-24 years who presented within 72 hours of injury. Participants 

were randomized into 4 groups based on early physical activity (or usual care [UC]) and 

behavioral management (or none). The early activity (EA) group was encouraged to meet step 

targets despite symptoms. The primary outcomes were postconcussion symptom severity and 

quality of life at 14 days postenrollment.

Results: A total of 239 participants were randomized, and 210 completed all study procedures. 

The EA group demonstrated higher daily step counts compared with the UC group. However, no 

significant differences were observed in postconcussion symptom severity or quality of life at 14 
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days between groups. The EA group experienced higher daily postconcussion symptom severity 

during the first 7 days and took longer to recover compared with the UC group. Behavioral 

management showed no effect on outcomes.

Conclusions: Early prescribed physical activity and behavioral management did not improve 

postconcussion outcomes in the first 2 weeks following injury. Early prescribed activity despite 

symptoms was associated with delayed symptom resolution.

Trial registration: ClinicalTrials.gov NCT03869970.

Mild traumatic brain injury (mTBI) affects nearly 2 million youths annually in the US, 

with most recovering within a month.1 Optimizing acute management is essential as 

both physiological and psychological factors influence recovery, with psychological factors 

gaining prominence over time. Accurate injury assessment and outpatient guidance can 

reduce recovery time and complications. Current guidelines recommend up to 48 hours 

of relative rest, followed by a gradual subsymptom return to physical and cognitive 

activity.2 Prolonged strict rest (eg, ≥5 days) has been associated with greater symptom 

burden and delayed recovery.3 A recent meta-analysis found that active interventions 

slightly increased symptoms without significantly affecting recovery time, raising concerns 

about the quality and quantity of existing clinical trials.4 Cohort studies suggest early 

light physical activity promotes recovery, while prescribed individualized subsymptom 

threshold exercise has been successful in clinical settings.5–8 The efficacy of standardized 

activity instructions despite symptoms vs individualized symptom-guided activity after acute 

concussion diagnosis has not been established. Given the role of psychological factors, 

cognitive behavioral interventions improve symptoms and quality of life, with face-to-face 

psychoeducation reducing fatigue, symptoms, and post-traumatic stress in children.9–11 Yet, 

evidence supporting mobile health (mHealth)–based behavioral interventions is limited.12,13

This study aims to evaluate the efficacy of standardized physical activity, behavioral 

management, or both, vs usual care (UC) discharge instructions in youth with acute mTBI 

presenting to an emergency department (ED) or concussion clinic. We hypothesized that 

early activity (EA) and behavioral management would be beneficial (ie, result in lower 

symptom scores, more rapid and complete recovery, and higher quality of life [QoL] 

scores) at 14 days (primary time point) and at one and 2 months (secondary time points) 

postenrollment.

Methods

Study Design

This was an unblinded, phase II factorial, multisite randomized controlled trial (RCT) of 

patients with acute (<72 hours) mTBI.14 Participants were recruited from pediatric EDs 

and concussion clinics at 2 sites: Children’s Wisconsin (Medical College of Wisconsin) 

and Children’s Hospital of Pittsburgh (University of Pittsburgh Medical Center). mTBI 

was defined using the Acute Concussion Evaluation-ED.15 The study enrolled participants 

from June 11, 2019, to June 22, 2023, with final follow-up completed on August 11, 

2023, and primary analysis performed on December 14, 2023. This trial is registered on 
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Clinicaltrials.gov (NCT03869970) and was approved by the Medical College of Wisconsin 

Institutional Review Board (IRB#PRO33221).

Study Sample

Eligible patients were aged 11-24 years and met mTBI criteria within the past 72 hours (ie, 

signs, symptoms, and/or impairment following direct or indirect brain trauma). Exclusions 

included non-English speakers, conditions impairing assessment or consent, history of mTBI 

within past 6 months, need for hospital admission, orthopedic injuries limiting activity, 

history of moderate-severe TBI or brain surgery, developmental delay, substance abuse, 

major psychiatric disorders (except anxiety or depression), or lack of smartphone access. 

Neuroimaging was obtained at clinicians’ discretion.

Study Procedures

Participants completed baseline assessments of demographics, injury details, symptoms, 

physical activity, and QoL. They were randomized into 1 of the following 4 groups: 

1) UC; 2) EA; 3) UC plus mHealth; or 4) EA plus mHealth. All participants received 

standardized discharge instructions covering postconcussion self-care, symptom recognition, 

reasons for ED return, and school reintegration. They were advised to avoid high-risk and 

sport-specific activities until cleared by a health care provider. Each site provided printed, 

comic-based and video instructions tailored to group assignment. Research coordinators 

guided families through study procedures, assisted with baseline assessments, and observed 

discharge process using a structure checklist to ensure consistency across sites. Participants 

received Fitbit trackers (Flex or Inspire 2; Fitbit, Inc) and the active injury management app 

to track symptoms, cognitive activity, and compliance, both validated in preliminary studies. 

Follow-ups occurred at 3-5 days, 14 days (in person or virtual), and at 1 and 2 months (See 

Figure 1 for study overview).

Interventions

Prescribed Activity. UC participants followed standard recommendations of 48 hours of 

rest followed by a symptom-guided return to activity. EA participants were instructed begin 

light-to-moderate physical activity with the goal of reaching daily step targets (eg, aiming 

for 10 000 steps per day for 3 days in the first week and 5 days in the second week). EA 

participants were instructed specifically to increase activity regardless of current symptoms 

but should not push through worsening symptoms. They were encouraged to engage in 

low-risk activity (eg, walking) while avoiding activities that may increase reinjury risk (eg, 

biking, sports). Pedometer-based programs have shown that 10 000-step goal effectively 

improves health and increase physical activity in adolescents.16,17 This simple clear target 

is accessible to all patients, regardless of health literacy, and real-time feedback provides 

continuous motivation.

Behavioral Management. mHealth participants used the SuperBetter app to foster a 

positive recovery framework. SuperBetter is a gamified app designed to build psychological 

resilience, promote social and emotional learning, and reduce anxiety and depression. The 

app engages users with game mechanics (eg, points, levels, “power-ups”) to encourage 

mental, physical, social, and emotional resilience represented as a resilience score. The 
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app provides preprogrammed and customizable goals (eg, deep breathing, hydration, social 

interaction) to reinforce progress and create a positive recovery mindset. SuperBetter has 

been shown to improve depression, anxiety, and postconcussive syndrome in clinical trials 

and outpatient pediatric concussion populations.18,19 The EA + mHealth group received 

both interventions, integrating physical activity goals into the SuperBetter app. Groups not 

assigned to mHealth had no access to the application.

Outcome Measures

Compliance. Compliance with the activity intervention was assessed using participants’ 

Fitbit step counts over the first 7 days postenrollment. This was specifically defined 

as whether participants met step goals 3 or more days within the first 7 days. Step 

counts below 1000 steps per day were excluded as incomplete. Step count averages were 

calculated using data from complete days within the first 7 days. Compliance with the 

behavioral management intervention was gauged by evaluating weekly resilience scores on 

the Superbetter app over the 14-day assessment period. Achievement of treatment goals was 

reviewed by analyzing Fitbit step counts and Superbetter resilience scores.

Efficacy. The primary study outcomes were the total symptom burden and QoL scores at 14 

days. Symptom burden was determined using the Post-Concussive Symptoms Scale (PCSS), 

which measures 22 self-reported symptoms from 0 (none) to 6 (severe).20 QoL was assessed 

using the Pediatric Quality of Life Inventory (PedsQL), featuring 23 items rated on a 4-point 

scale, providing total PedsQL scores and domain scores for physical, emotional, social, and 

school functioning.21

The secondary outcomes used to determine patient-centered outcomes included symptoms 

at 3 days; neurocognitive, balance, and vestibular/ocular motor impairment; and symptom 

resolution at 14 days (defined as a PCSS ≤ 7)22; PedsQL measures; time to symptom 

resolution; and return to normal activity at 1 and 2 months. All outcome measures were 

National Institute of Neurological Diseases and Stroke Common Data elements for mTBI.23

Neurocognitive. Neurocognitive performance was assessed using the ImPACT Quick 

Test, a 5-7 minute iPad-based tool evaluating symbol matching, letter sequences, and 

attention tracking, with age- and gender-adjusted percentile scores for memory, motor speed, 

and attention.24

Balance. Balance was assessed using the modified Balance Error Scoring System, 

measuring errors in 3 stance conditions (double leg, single leg, tandem) on firm flooring. 

Scores were the sum of errors across 3 trials (0-30).25

Vestibular. Vestibular/ocular impairment was assessed with the Vestibular Oculomotor 

Screen, including 7 tests (eg, saccades, vestibular reflex, and motion sensitivity). Symptoms 

were rated on a 10-point scale, and average near point of convergence distance was 

measured.26

Additional Assessments Included. The International Physical Activity Questionnaire 

short form27 which measures physical activity recall over the last 7 days, Brief Symptom 

Thomas et al. Page 4

J Pediatr. Author manuscript; available in PMC 2026 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Inventory- 1828 which measures internalizing psychopathology (depression, anxiety, and 

somatization), and Somatization Subscale of Child Behavior Checklist29 which captures 

somatic symptoms.

Randomization and Blinding: The randomization schema was generated by the study 

statisticians (C.N.S., C.G.P.) with permuted blocks stratified by site using SAS sampling 

procedures. The schema was submitted to the data manager who uploaded the list into an 

electronic database for implementation to preserve allocation concealment. Participants and 

clinical providers could not be masked and clinical research team conducting follow-up were 

not explicitly blinded from group assignment during follow-up as assessment of compliance 

required knowledge of group assignment. Other study team members including data analysis 

and principal investigators were blinded from group assignment as best as possible.

Statistical Analysis

Sample Size Calculation. A priori, we calculated a total sample size of 388 participants 

to detect differences among the 4 groups in the PCSS over time (day 0, 5, 10, 14, 30, 

and 60) among those deemed high-risk accounting for repeated measures within person and 

20% attrition. We assumed 60% of participants were high-risk (eg, history of somatization, 

migraines, or multiple concussions) and the PCSS had a SD of 10.15 In October 2022, due 

to lower-than-expected recruitment, the lead statistician conducted a revised power analysis 

to evaluate the main effects of each intervention given the recruitment rate and expected 

enrollment stop date. With a total sample size of n = 190 and complete data, the study would 

achieve 90% power to detect half a SD between 2 groups for symptom burden and QoL (α = 

0.05). As a result, the analysis plan was adjusted to focus on the main effects of EA vs UC 

and mHealth vs no mHealth, without prioritizing the high-risk subgroup analysis.

Analysis Plan. All efficacy analyses used an intention-to-treat approach. Adjusted mean 

differences with 95% CIs were calculated using baseline constrained linear mixed models, 

including fixed effects for site, time point, and group time point interaction, and a random 

participant effect, in which baseline outcomes were included in the outcome vector while 

assuming treatment means are equal at baseline.30 Unstructured and AR(1) covariance 

structures were considered with model selection based on Akaike Information Criterion and 

the Bayesian Information Criterion. The unstructured covariance matrix was chosen as it 

provided a better model fit based on these criteria. Analyses focused on main effects of each 

factor (two-sided α = 0.05, no multiple comparison adjustment) with exploratory testing of 

EA-mHealth interactions. Kaplan-Meier plots assessed time to reach PCSS ≤7 over 2 weeks, 

with group comparisons via log-rank test. All analyses were performed in SAS 9.4 (SAS 

Institute Inc).

Results

Demographics

Out of 719 screened patients, 549 met the inclusion/exclusion criteria (see Figure 2 Consort 

diagram). Of these, 310 patients declined participation and 239 were randomized (UC = 59, 

EA = 60, UC/mHealth = 60, and EA/mHealth = 60). Follow-up was 90.8%, 85.8%, and 
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81.2% at 14 days, 1 month, and 2 months, respectively; 85% of participants were recruited 

from the pediatric ED, while 15% were recruited from concussion clinic. For the factorial 

analysis, 118 participants were given UC recommendations compared with 117 given EA 

recommendations, while 117 participants were given the mHealth intervention compared 

with 118 who did not (Figure 3). Each group was approximately 50% female with an 

average age of 14.5 years (SD 2.3 years). There were no clinically meaningful differences 

among our intervention groups at time of evaluation including PCSS total score, mechanism 

of injury, symptoms at presentation, previous mTBI, acute evaluation, and acute treatment 

(Table I).

Compliance

Participants who were prescribed EA were more likely to achieve the prescribed step goal 

of 10 000 steps per day for 3 days in the first week (33/86 [38%] vs 10/81 [12%]; P < 

.01) and have higher average Fitbit step counts over the first 7 days compared with those 

prescribed UC (n = 99; 7008 steps/day [SD = 2968] vs n = 94; 5697 steps/day [SD = 2595]; 

P < .01). Participants prescribed mHealth interacted with the app a median of 5 days (IQR 

= 6), with half of participants meeting recommended treatment goals (Superbetter resilience 

score goals met in week 1 = [49%] and week 2 = [50%]).

Outcomes

We did not detect differences in primary outcomes (PCSS and PedsQL) at 14 days between 

the EA and UC. However, participants prescribed activity experienced more symptoms in 

the first 7 days postinjury (see Figure 4, A) and were less likely to achieve early symptom 

resolution (see Figure 4, B). Participants prescribed UC had lower mean balance errors 

compared with participants prescribed EA (4.7 [2.6] vs 6.1 [4.1] P = .02) (Table II). No 

differences were detected in neurocognitive, vestibular/oculomotor, or anxiety/depression 

outcomes between the EA and UC groups. Similarly, there were no differences in primary 

outcomes or symptom trajectory between mHealth and no mHealth groups (see Figure 4, C 

[PCSS], Figure 4, D), nor in any secondary outcomes. No interaction was detected for the 2 

factors (mHealth, activity) over time for either primary outcome (PCSS P = .24; PedsQL P = 

.66).

Adverse Events

There were 4 patients who experienced adverse events during the trial. In the UC group, 

1 participant reported suicidal ideation on Brief Symptom Inventory-18. Within the UC/

mHealth group, 1 participant fainted and another participant sustained a subsequent head 

injury, both requiring return visits to the ED. The only study related adverse event was in 

the EA group, when 1 participant, overexerted themself attempting to exceed step count 

recommendations, exacerbating symptoms and consequently returned to the ED.

Discussion

This study found no added benefit of prescribed EA or mHealth interventions over UC for 

acute concussion in youth. Although our findings did not support a positive effect of EA, 

multiple RCTs have shown that controlled, subsymptom threshold aerobic exercise initiated 
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within 24-48 hours can facilitate recovery.6,8 These studies emphasize that structured 

aerobic exercise, rather than general physical activity, is the key factor, with causality 

well established, though the underlying mechanisms remain unclear.31 Current guidelines 

recommend gradual return to activity as symptoms improve, a strategy supported by trials 

favoring subsymptom threshold exercise over passive rest. However, prior studies often 

involve small sample sizes (16-118 participants), clinic-based recruitment, and a focus on 

subacute or chronic recovery, limiting applicability to the acute phase.32–34 Few RCTs 

have specifically evaluated exercise interventions within the first 72 hours postinjury in 

youth. In a 2019 RCT by Leddy et al,5 103 adolescents seen in 2 community sports 

medicine clinics within a week of sport-related concussion were assigned to 20 minutes of 

daily subsymptom threshold aerobic exercise or a placebo-like stretching program. Exercise 

intensity was individualized using the Buffalo Concussion Treadmill Test, targeting 80% of 

the heart rate threshold for symptom exacerbation. The aerobic exercise group recovered 

significantly faster compared with the stretching group. A 2021 follow-up RCT replicated 

these findings across multiple sites with an intention-to-treat analysis, confirming that early 

(within 10 days) tailored aerobic exercise accelerated recovery and reduced risk of persistent 

symptoms.35 Our study differed in several ways. We recruited from pediatric EDs within 72 

hours of injury and provided standardized activity goals regardless of symptom status, rather 

than prescribing individualized, subsymptom threshold exercise. In contrast to the structured 

protocols used in prior trials, our general activity recommendations were unsupervised and 

not symptom-guided. A similar ED-based trial by Ledoux et al36 randomized 456 youth 

to resume activity at 72 hours postinjury or follow UC. Although the primary analysis 

showed no group differences at 2 weeks, a per protocol analysis revealed that those who 

adhered to activity recommendations had fewer symptoms. Adherence, therefore, may be 

key. In our trial, although the activity group increased average daily step counts, only 

38% met target step goals. This high nonadherence likely limited potential benefits and 

raises questions about the practicality of broadly recommending EA in acute care. Unlike 

structured, supervised exercise programs with tailored, subsymptom activity, both our study 

and Ledoux et al relied on general activity guidance without supervision or adjustments, 

which may explain the variability in outcomes. Additional differences, such as patient 

population (acute ED vs outpatient), timing of intervention (hours vs days postinjury), 

broader inclusion criteria, and differing outcome measures, may have contributed further to 

contrasting findings. Notably, our activity group transiently reported increased symptoms, 

which resolved by day 14, while the UC group showed better balance scores at follow-up. 

Together, these findings suggest that while physical activity is an essential component 

of concussion recovery, its benefits depend on timing and individualization. Prescribing 

a fixed activity level shortly after injury, without adjusting for symptom response, may 

be suboptimal. Current evidence supports tailored symptom-guided subsymptom threshold 

exercise after a brief period of relative rest.37

Regarding the behavioral intervention, our commercially available mHealth app self-guided 

program showed no benefit, with only half the patients engaging with the app for a median 

of 5 days and meeting resilience goals. This limited acceptability suggests a need for 

more engaging or personalized digital tools. In addition, our mHealth programming lacked 

concussion-specific goals, symptom monitoring, recommendations, or direct health care 
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team communication. While this approach did not show benefit, the app also did not cause 

harm, which contrasts with evidence suggesting increased screentime postpediatric mTBI 

may worsen symptoms.38 Future concussion-specific programs integrating symptom-guided 

return to activity could prove beneficial. A planned subanalysis of a high-risk populations 

and a per protocol analysis may clarify further the benefits of prescribed activity or 

behavioral intervention.

Our study supports the current standard of care for acute concussion management. 

mTBI triggers a neurometabolic cascade leading to a brain energy crisis and functional 

impairments.39 Rest theoretically restores brain energy stores. In our prior trial comparing 

prolonged rest (5 days) with UC (24-48 hours), prolonged rest worsened symptom outcomes 

without affecting neurocognitive outcomes.3 DiFazio et al40 noted psychological and 

physical deconditioning effects contributing to symptom persistence in youth post-mTBI. 

Our study found 24-48 hours of rest followed by symptom-guided return to activity led to 

faster symptom resolution compared with early, symptom-independent activity. Combined 

with existing literature, these findings suggest personalized concussion guidance postinjury 

could prevent excessive rest or premature return to activity. Most patients can naturally 

increase activity as symptoms improve over 10-14 days postinjury. For those with variable 

symptoms or slow recovery, early referral to primary or specialty care may ensure smooth 

recovery and timely interventions. Future studies should focus on tailoring interventions 

to individual symptom thresholds, such as developing methods to determine personalized 

subsymptom threshold activity goals in acute care settings or utilizing remote patient 

monitoring to provide timely symptom-guided recommendations.

Our study was not without limitations. This trial encountered challenges common to studies 

conducted during the COVID-19 pandemic. Recruitment and retention difficulties prompted 

adaptations such as enhanced compensation and flexible follow-up options (eg, in-home and 

remote assessments), which were necessary for social distancing but limited our ability to 

capture secondary outcomes. Changes in care-seeking behavior during the pandemic may 

also have influenced our sample. Increased loss to follow-up may have introduced attrition 

bias, impacting the robustness of findings. Requiring smartphone ownership excluded 7% 

of eligible participants. Outcome assessors were not blinded, which may have introduced 

bias. Most participants were recruited from the ED or a specialty clinic within 72 hours of 

injury, whereas many adolescents with concussion present to primary care days to weeks 

later, limiting generalizability. Symptom resolution was self-reported and not confirmed with 

objective balance or oculomotor testing, potentially missing residual deficits. Adherence to 

early physical activity recommendations was low, and most injuries occurred in nonsport 

settings, in contrast to RCTs showing benefit in athletic populations.

Overall, our study found no evidence that early prescribed activity or mHealth interventions 

added benefit over standard care for youth with acute concussion. While prior work, 

including Ledoux et al’s per protocol analysis, suggests that individualized goal-directed 

exercise may support recovery, high nonadherence in our study limits conclusions about 

efficacy. These findings raise concerns about universal recommendations to resume physical 

activity within 72 hours postinjury, regardless of symptom burden. Instead, they support 

an individualized approach that emphasizes early, light physical activity below the symptom-
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exacerbation threshold to avoid both excessive rest and premature return to full activity. 

Despite 2022 Amsterdam Consensus guidance recommending on light activity within 24 

hours, real-world adherence remains a barrier.2 Future work should refine strategies to 

improve both effectiveness and uptake of tailored interventions.
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Glossary

EA Early activity

ED Emergency department

mHealth Mobile health

mTBI Mild traumatic brain injury

PedsQL Pediatric Quality of Life Inventory

PCSS Post-Concussive Symptoms Scale

QoL Quality of life

RCT Randomized controlled trial

UC Usual care

References

1. Bryan MA, Rowhani-Rahbar A, Comstock RD, Rivara F, Collaborative SSCR. Sports- 
and Recreation-Related Concussions in US Youth. Pediatrics 2016;138:e20154635. 10.1542/
peds.2015-4635 [PubMed: 27325635] 

2. Patricios JS, Schneider KJ, Dvorak J, Ahmed OH, Blauwet C, Cantu RC, 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. 10.1136/BJSPORTS-2023-106898 [PubMed: 37316210] 

Thomas et al. Page 9

J Pediatr. Author manuscript; available in PMC 2026 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.jpeds.com


3. Thomas DG, Apps JN, Hoffmann RG, McCrea M, Hammeke T. Benefits of strict rest 
following acute concussion: a randomized controlled trial. Pediatrics 2015;135:213–23. 10.1542/
peds.2014-0966 [PubMed: 25560444] 

4. Kontos AP, Eagle SR, Braithwaite R, Preszler J, Manderino L, Turner RL, et al. The effects of rest 
on concussion symptom resolution and recovery time: a meta-analytic review and subgroup analysis 
of 4329 patients. Am J Sports Med 2023;51:3893–903. 10.1177/03635465221150214 [PubMed: 
36847271] 

5. Leddy JJ, Haider MN, Ellis MJ, Mannix R, Darling SR, Freitas MS, et al. Early subthreshold 
aerobic exercise for sport-related concussion: a randomized clinical trial. JAMA Pediatr 
2019;173:319–25. 10.1001/JAMAPEDIATRICS.2018.4397 [PubMed: 30715132] 

6. Leddy JJ, Burma JS, Toomey CM, Hayden A, Davis GA, Babl FE, et al. Rest and exercise 
early after sport-related concussion: a systematic review and meta-analysis. Br J Sports Med 
2023;57:762–70. 10.1136/BJSPORTS-2022-106676 [PubMed: 37316185] 

7. Lempke LB, Teel EF, Lynall RC, Hoffman NL, Buckley TA, Eckner JT, et al. Early exercise 
is associated with faster concussion recovery among collegiate athletes: findings from the NCAA-
DoD CARE consortium. Sports Med 2023;53:1987–99. 10.1007/S40279-023-01861-W [PubMed: 
37209368] 

8. Carter KM, Pauhl AN, Christie AD. The role of active rehabilitation in concussion management: 
a systematic review and meta-analysis. Med Sci Sports Exerc 2021;53:1835–45. 10.1249/
MSS.0000000000002663 [PubMed: 33787531] 

9. McNally KA, Patrick KE, LaFleur JE, Dykstra JB, Monahan K, Hoskinson KR. Brief cognitive 
behavioral intervention for children and adolescents with persistent post-concussive symptoms: 
a pilot study. Child Neuropsychol 2018;24:396–412. 10.1080/09297049.2017.1280143 [PubMed: 
28125932] 

10. Russo K, Cirincione L. Brief cognitive behavioral therapy to promote recovery from pediatric 
concussion. J Health Serv Psychol 2024;50:87–96. 10.1007/s42843-024-00107-1

11. Simpson TS, Peterson RL, Forster JE. Concussion symptom treatment and education program: a 
feasibility study. J Head Trauma Rehabil 2021;36:E79–88. 10.1097/HTR.0000000000000592

12. Kurowski BG, Wade SL, Dexheimer JW, Dyas J, Zhang N, Babcock L. Feasibility and 
potential benefits of a web-based intervention delivered acutely after mild traumatic brain 
injury in adolescents: a pilot study. J Head Trauma Rehabil 2016;31:369–78. 10.1097/
HTR.0000000000000180 [PubMed: 26360000] 

13. Wade SL, Sidol C, Babcock L, Schmidt M, Kurowski B, Cassedy A, et al. Findings from a 
randomized controlled trial of SMART: an EHealth intervention for Mild traumatic brain injury. J 
Pediatr Psychol 2023;48:241–53. 10.1093/JPEPSY/JSAC086 [PubMed: 36565462] 

14. Thomas DG, Erpenbach H, Hickey RW, Waltzman D, Haarbauer-Krupa J, Nelson LD, et al. 
Implementation of active injury management (AIM) in youth with acute concussion: a randomized 
controlled trial. Contemp Clin Trials 2022;123:106965. 10.1016/J.CCT.2022.106965 [PubMed: 
36252936] 

15. Gioia G, Collins MW. Acute Concussion Evaluation (ACE), Emergency Department (ED) Version 
v1.4 [PDF], 2016, Centers for Disease Control and Prevention. Accessed May 7, 2025. https://
www.cdc.gov/heads-up/media/pdfs/providers/ace_ed-a.pdf

16. Bravata DM, Smith-Spangler C, Sundaram V, Gienger AL, Lin N, Lewis R, et al. Using 
pedometers to increase physical activity and improve health: a systematic review. JAMA 
2007;298:2296–304. 10.1001/JAMA.298.19.2296 [PubMed: 18029834] 

17. Isensee B, Suchert V, Hansen J, Weisser B, Hanewinkel R. Effects of a school-based pedometer 
intervention in adolescents: 1-year follow-up of a cluster-randomized controlled trial. J Sch Health 
2018;88:717–24. 10.1111/JOSH.12676 [PubMed: 30203479] 

18. Worthen-Chaudhari L, Logan K, McGonigal J, Yeates K, Mysiw WJ. Concussion symptoms 
in adolescents are alleviated through use of a gamified health app. Arch Phys Med Rehabil 
2015;96:e8. 10.1016/j.apmr.2015.10.015

19. Roepke AM, Jaffee SR, Riffle OM, McGonigal J, Broome R, Maxwell B. Randomized controlled 
trial of SuperBetter, a smartphone-based/internet-based self-help tool to reduce depressive 
symptoms. Games Health J 2015;4:235–46. 10.1089/g4h.2014.0046 [PubMed: 26182069] 

Thomas et al. Page 10

J Pediatr. Author manuscript; available in PMC 2026 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Karr JE, Zuccato BG, Ingram EO, McAuley TL, Merker B, Abeare CA. The post-concussion 
symptom scale: normative data for adolescent student-athletes stratified by gender and preexisting 
conditions. Am J Sports Med 2023;51:225–36. 10.1177/03635465221131987

21. Varni JW, Burwinkle TM, Seid M, Skarr D. The PedsQL 4.0 as a pediatric population health 
measure: feasibility, reliability, and validity. Ambul Pediatr 2003;3:329–41. [PubMed: 14616041] 

22. Eagle SR, Womble MN, Elbin RJ, Pan R, Collins MW, Kontos AP. Concussion symptom cutoffs 
for identification and prognosis of sports-related concussion role of time since injury. Am J Sports 
Med 2020;48:2544–51. 10.1177/0363546520937291 [PubMed: 32693612] 

23. National Institute of Neurological Disorders and Stroke. (n.d.). NINDS Common Data Elements: 
Concussion/Mild TBI. https://www.commondataelements.ninds.nih.gov/cde-catalog. (Accessed in 
2016).

24. Elbin RJ, D’Amico NR, McCarthy M, Womble MN, O’Connor S, Schatz P. How do ImPACT 
Quick test scores compare with ImPACT online scores in non-concussed adolescent athletes? Arch 
Clin Neuropsychol 2020;35:326–31. 10.1093/ARCLIN/ACZ072 [PubMed: 32044991] 

25. Bell DR, Guskiewicz KM, Clark MA, Padua DA. Systematic review of the balance error scoring 
system. Sports Health 2011;3:287–95. 10.1177/1941738111403122 [PubMed: 23016020] 

26. Mucha A, Collins MW, Elbin RJ, Furman JM, Troutman-Enseki C, DeWolf RM, et al. A Brief 
Vestibular/Ocular Motor Screening (VOMS) assessment to evaluate concussions: preliminary 
findings. Am J Sports Med 2014;42:2479–86. 10.1177/0363546514543775

27. Lee PH, Macfarlane DJ, Lam TH, Stewart SM. Validity of the international physical activity 
Questionnaire short form (IPAQ-SF): a systematic review. Int J Behav Nutr Phys Act 2011;8:115. 
10.1186/1479-5868-8-115 [PubMed: 22018588] 

28. Lancaster MA, McCrea MA, Nelson LD. Psychometric properties and normative data for the 
Brief Symptom Inventory-18 (BSI-18) in high school and collegiate athletes. Clin Neuropsychol 
2016;30:338–50. 10.1080/13854046.2016.1138504 [PubMed: 26924037] 

29. Lengua LJ, Sadowski CA, Friedrich WN, Fisher J. Rationally and empirically derived dimensions 
of children’s symptomatology: expert ratings and confirmatory factor analyses of the CBCL. J 
Consult Clin Psychol 2001;69:683–98. 10.1037/0022-006X.69.4.683 [PubMed: 11550734] 

30. Coffman CJ, Edelman D, Woolson RF. To condition or not condition? Analysing 
‘change’ in longitudinal randomised controlled trials. BMJ Open 2016;6:e013096 10.1136/
BMJOPEN-2016-013096

31. Grool AM, Aglipay M, Momoli F, Meehan WP 3rd, Freedman SB, Yeates KO, et al. 
Association between early participation in physical activity following acute concussion and 
persistent postconcussive symptoms in children and adolescents. JAMA 2016;316:2504–14. 
10.1001/jama.2016.17396 [PubMed: 27997652] 

32. Gauvin-Lepage J, Friedman D, Grilli L, Sufrategui M, De Matteo C, Iverson GL, et al. 
Effectiveness of an exercise-based active rehabilitation intervention for youth who are slow to 
recover after concussion. Clin J Sport Med 2020;30:423–32. 10.1097/JSM.0000000000000634 
[PubMed: 30095507] 

33. Howell DR, Wingerson MJ, Kirkwood MW, Grubenhoff JA, Wilson JC. Early aerobic 
exercise among adolescents at moderate/high risk for persistent post-concussion symptoms: a 
pilot randomized clinical trial. Phys Ther Sport 2022;55:196–204. 10.1016/J.PTSP.2022.04.010 
[PubMed: 35489100] 

34. Chrisman SPD, Whitlock KB, Mendoza JA, Burton MS, Somers E, Hsu A, et al. Pilot randomized 
controlled trial of an exercise program requiring minimal in-person visits for youth with persistent 
sport-related concussion. Front Neurol 2019;10:623. 10.3389/FNEUR.2019.00623 [PubMed: 
31316446] 

35. Leddy JJ, Master CL, Mannix R, Wiebe DJ, Grady MF, Meehan WP, et al. Early 
targeted heart rate aerobic exercise versus placebo stretching for sport-related concussion in 
adolescents: a randomised controlled trial. Lancet Child Adolesc Health 2021;5:792–9. 10.1016/
S2352-4642(21)00267-4 [PubMed: 34600629] 

36. Ledoux AA, Barrowman N, Bijelić V, Borghese MM, Davis A, Reid S, et al. Is early activity 
resumption after paediatric concussion safe and does it reduce symptom burden at 2 weeks 
post injury? The Pediatric Concussion Assessment of Rest and Exertion (PedCARE) multicentre 

Thomas et al. Page 11

J Pediatr. Author manuscript; available in PMC 2026 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



randomised clinical trial. Br J Sports Med 2022;56:271–8. 10.1136/BJSPORTS-2021-105030 
[PubMed: 34836880] 

37. Griesbach GS. Exercise after traumatic brain injury: is it a double-edged sword? PM R 2011;3(6 
Suppl 1):S64–72. 10.1016/J.PMRJ.2011.02.008 [PubMed: 21703583] 

38. Cairncross M, Yeates KO, Tang K, Madigan S, Beauchamp MH, Craig W, et al. Early 
postinjury screen time and concussion recovery. Pediatrics 2022;150:e2022056835. 10.1542/
PEDS.2022-056835 [PubMed: 36250231] 

39. Giza CC, Hovda DA. The neurometabolic cascade of concussion. J Athl Train 2001;36:228–35. 
[PubMed: 12937489] 

40. DiFazio M, Silverberg ND, Kirkwood MW, Bernier R, Iverson GL. Prolonged activity 
restriction after concussion: are we worsening outcomes? Clin Pediatr (Phila) 2016;55:443–51. 
10.1177/0009922815589914

Thomas et al. Page 12

J Pediatr. Author manuscript; available in PMC 2026 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Study overview. ACE-ED, acute concussion evaluation-ED; BSI-18, brief symptom 

inventory-18; ED, emergency department; ImPACT QT, immediate post-concussion 

assessment and cognitive test; IPAQ, International Physical Activity Questionnaire; mBESS, 

modified balance error scoring system; PedsQL, pediatric quality of life inventory; PCSS, 

post-concussive symptoms scale; SS-CBCL, somatization subscale of child behavior 

checklist; VOMS, vestibular oculomotor screen.
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Figure 2. 
Consort diagram. mHealth, mobile health; mTBI, mild traumatic brain injury.
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Figure 3. 
Randomization groups.
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Figure 4. 
A, The mean difference in PCSS over time between usual care and early activity 

demonstrates a difference in PCSS for the first 5 days, which is no longer statistically 

significant after day 14. B, The usual care group median symptom resolution time of 5 

days compared to early activity group median symptom resolution time 10 days (P= .03). 

C, There were no mean differences in PCSS between the mHealth and non-mHealth teams, 

nor D, were there differences in time to symptom resolution. mHealth, mobile health; PCSS, 

Post-Concussive Symptoms Scale.
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