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Relationship between anxiety and
concussion symptoms among adolescents
enrolled in a randomized controlled trial of
aerobic exercise
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Abstract.
BACKGROUND: Affective symptoms, specifically, anxiety, are often overlooked after sport-related concussion (SRC), and
may contribute to prolonged recovery.
OBJECTIVE: To examine the impact of anxiety during clinical recovery among adolescents (13–18y) enrolled in a
randomized trial of aerobic exercise for SRC.
METHODS: Patients at three sites were randomized into aerobic exercise or stretching arms, and enrolled in the 4-week
intervention. The relationship between PROMIS Anxiety score at initial visit and time to symptom resolution was evaluated
with survival analysis. The relationship between weekly PROMIS Anxiety score and Post-concussion Symptom Inventory
(PCSI) score was evaluated with Linear Mixed Models. Analyses adjusted for study arm and baseline covariates.
RESULTS: Among 54 adolescents (median age = 15.8y, initial visit PCSI score = 32, pre-injury PROMIS Anxiety score = 2),
median time to symptom resolution was 10 days (25th-75th percentiles: 6-24) in the Low-PROMIS Anxiety group and 12
days (25th-75th percentiles: 5-21) in the High-PROMIS Anxiety group (p = 0.62). Each additional unit of PROMIS Anxiety
score corresponded to a 1.52-unit higher PCSI total score (p < 0.01). Neither effect varied by aerobic exercise/stretching
group.
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CONCLUSION: Higher initial PROMIS Anxiety score was not significantly associated with delayed symptom resolu-
tion. However, over time, PROMIS Anxiety score was significantly associated with elevated PCSI score, regardless of
exercise/stretching group.
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1. Introduction

1.1. Background

There is growing interest among clinicians and
researchers to investigate the role of mental health on
recovery following concussion. Affective symptoms,
anxiety in particular, represent an important and often
overlooked symptom domain, and a potentially mod-
ifiable risk factor for prolonged recovery (Harmon
et al., 2019). Just as providers evaluate and man-
age concussion-related vestibular, vision, headache,
and nausea symptoms, clinical recognition and treat-
ment of affective symptoms and anxiety may improve
concussion treatment outcomes (Ellis et al., 2015;
Kapadia et al., 2019).

Investigations into the role of anxiety and depres-
sion after concussion have been limited and focused
predominantly on college-aged athletes, and on cog-
nitive performance and return-to-play outcomes (Ali
et al., 2021; Covassin et al., 2013; D’Alonzo et al.,
2022; Thomas, Guty, et al., 2021). Findings suggest
a positive correlation between anxiety and depres-
sive symptoms, and overall concussion symptom
burden (Edmed & Sullivan, 2012; Thomas, Riegler,
et al., 2021). Athletes with anxiety and depressive
symptoms also performed worse on attention and pro-
cessing speed measures in neurocognitive outcomes
compared to healthy controls (Thomas, Riegler, et al.,
2021), and experienced longer timelines to symptom
resolution and return-to-play (D’Alonzo et al., 2022).
Regarding youth specifically, one study reported
positive correlations between pre-existing anxiety
disorders and symptom burden following concussion
(Martin et al., 2020), and a second study reported rela-
tionships between pre-existing emotional distress and
delayed recovery outcomes (Rosenbaum et al., 2020).

Research is warranted to better understand anx-
iety and the possible relationship with symptoms
after concussion in the pediatric population. The
lifetime prevalence of at least one diagnosed con-
cussion is 20% (Veliz et al., 2017), and is increasing
(Veliz et al., 2021), and by age 16, roughly 10% of
children and adolescents meet criteria for an anx-

iety disorder (Costello et al., 2003; Kessler et al.,
2012). Importantly, it is estimated that only 5-15%
of children and adolescents utilize services for men-
tal health problems, including anxiety (Eijgermans
et al., 2021). This study focuses on pediatric athletes
in particular, where sport-related concussions (SRC)
occur relatively often (Halstead et al., 2010; Veliz et
al., 2017; Yaramothu et al., 2019); and account for
approximately 15% of injuries among high school
athletes (Meehan et al., 2011). While recent studies
have examined the influence of symptom burden and
symptom type on clinical recovery (Ali et al., 2021;
Putukian et al., 2021; Schilling et al., 2020; Sicard et
al., 2021) and return-to-play trajectories (D’Alonzo et
al., 2022), it is unclear how certain symptom domains,
including physical, cognitive, emotional, and sleep
factors respond to current approaches to treatment
following concussion. Given the burden of SRC and
increasing efforts to inform and create multidimen-
sional clinical care teams (Polinder et al., 2018) to
treat concussion symptoms in this population, ado-
lescent athletes are well-positioned as an appropriate
group in which to study these complex relationships.

1.2. Objective

The purpose of this study was to determine the
nature and impact of reported anxiety on clinical
recovery in the context of a cohort of adolescent
athletes with SRC, enrolled in a randomized trial of
aerobic exercise. Our approach to evaluate these rela-
tionships was two-fold. First, we explored the effect
of adolescents’ reported anxiety at the initial visit
after SRC on time to symptom resolution. We hy-
pothesized that higher initial anxiety would be associ-
ated with longer time to symptom resolution. Second,
we investigated how reported anxiety over time
related to symptom burden over time, hypothesizing
that higher anxiety during follow-up would be asso-
ciated with higher overall symptom burden. We also
evaluated whether study arm assignment – random-
ization to aerobic exercise compared to stretching–
affected either analysis.
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2. Methods

2.1. Data source

We conducted a secondary analysis of data from a
parallel-design, multi-center randomized controlled
(RCT) trial of aerobic exercise, funded by the Amer-
ican Medical Society for Sports Medicine (AMSSM).
The purpose of the RCT was to examine the effect of
prescribing sub-threshold aerobic exercise early after
injury as a treatment approach for adolescent ath-
letes with SRC (Leddy et al., 2021). From July 2018
to April 2020 (Clinicaltrials.gov: NCT02959216),
patients aged 13–18 years with SRC were enrolled
from three sites with concussion programs in Buf-
falo, NY (University at Buffalo, UB), Philadelphia,
PA (Children’s Hospital of Philadelphia, CHOP),
and Boston, MA (Boston Children’s Hospital, BCH)
(Leddy et al., 2021). The study was approved by
the Institutional Review Board (IRB) of the Chil-
dren’s Hospital of Philadelphia with reliance of the
Boston Children’s and University at Buffalo IRBs on
the CHOP IRB. All eligible patients, and the par-
ents of minors (aged 13–17 years), provided written
informed consent to participate in the study.

Across sites, male and female adolescents (aged
13–18 years) presenting within 10 days of injury
and diagnosed with SRC by an experienced sports
medicine physician using standardized criteria were
invited to participate in the trial (Leddy et al.,
2021; McCrory et al., 2017). Exclusion criteria
consisted of the following: (1) 3-point or less dif-
ference between current and pre-injury symptoms
as measured by the PCSI (Sady et al., 2014); (2)
moderate or severe TBI as indicated by a score < 13
on GCS, lesion on CT/MRI, and/or focal neurologic
signs consistent with intracerebral lesion; (3) injury
involving loss of consciousness for ≥ 30 minutes or
post-traumatic amnesia for ≥ 24 hours; (4) inability
to exercise because of lower-extremity orthopedic
injury, significant vestibular or visual dysfunction,
or increased cardiac risk; (5) pre-existing comor-
bidities that prevent participation in active testing
and/or rehabilitation; (6) history of more than 3
diagnosed concussions; (7) currently on medications
that affect autonomic function, such as ADHD med-
ications or mood stabilizers; (8) active substance
abuse/dependence; (9) unwillingness to participate in
research; and (10) limited English proficiency.

Participants were randomized into prescribed sub-
threshold aerobic exercise or stretching exercise
arms, and the intervention lasted up to 4 weeks

after injury with weekly visits, and a 4-month
post-injury follow-up visit. In the aerobic exer-
cise arm, participants received a new target HR
exercise prescription each week based on reassess-
ment of exercise tolerance until recovered. If a
participant did not recover by the conclusion of
the study 4 weeks post-injury, further comprehen-
sive clinical treatment was provided. In addition
to the clinical characteristics collected at each
weekly visit, concussion symptoms were collected
three times per day using ecological momentary
assessment (EMA) via the LifeData smartphone
application platform, ReCoUPS (Recovering Con-
cussion Update on Progression of Symptoms) (Wiebe
et al., 2021), which prompted participants to complete
the Post-Concussion Symptom Inventory (PCSI;
scored 0–120) (Rabinowitz & Fisher, 2020; Sady et
al., 2014).

The primary study outcome of the AMSSM trial
was clinical recovery, defined as 1) a return to pre-
injury symptoms (two or fewer new mild symptoms
on the current PCSI compared with pre-injury), 2)
exercise tolerance without exacerbation of concus-
sion symptoms, and 3) a normal visio-vestibular
physical examination.

2.2. Study sample

The sample for this analysis consisted of a subset of
the AMSSM study population: out of a total 118 ado-
lescents recruited into the trial, 54 male and female
adolescents with SRC with complete initial visit anx-
iety data from the PROMIS Anxiety pediatric short
form. This instrument was introduced one year into
the AMSSM trial. A retrospective recall of pre-injury
PROMIS Anxiety pediatric short form score was also
collected at initial visit and included in this analy-
sis. Symptom data were collected via daily symptom
scores via EMA using the PCSI, as described ear-
lier. Both the PROMIS Anxiety pediatric short form
and PCSI are established and validated instruments
for measuring anxiety and concussion symptoms in
the pediatric population (Bevans et al., 2018; Iverson,
Marsh, et al., 2021; Sady et al., 2014).

2.3. Variables and definitions

PROMIS Anxiety pediatric short form score. The
primary exposure in the present analysis and main
measure of anxiety in the study was the PROMIS
Anxiety pediatric short form, which consists of 8
items that assess the domain of anxiety in children
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Fig. 1. Directed Acyclic Graph (DAG) to demonstrate the relationships between PROMIS Anxiety pediatric short form score (exposure)
and PCSI score (outcome), and potential covariates and confounders to be included in the model.

and adolescents in the past 7 days on a 5-point scale
(Bevans et al., 2018). The PROMIS Anxiety pediatric
short form was administered to participants at each of
the study visits. Initial visit (IV), follow-up visit #1
(F1), follow-up visit #2 (F2) and 4-week post-injury
follow-up (F4) only were included in the analysis
since very few in the sample (<5%) attended a third
follow-up visit or completed a 4-month post-injury
follow-up visit. Participants were included in the cur-
rent analysis if they completed the PROMIS Anxiety
pediatric short form during at least 75% of the four
visits.

PCSI symptoms. The primary outcomes for this
analysis were based on the Post- Concussion Symp-
tom Inventory (PCSI), where responses for each of 20
symptoms can range from 0–6. Scores are summed
and reported as total PCSI, on a scale of 0–120. For
this analysis, we selected the maximum total PCSI
score reported through ReCOUPS on each day for
each participant. From these scores, we selected the
score that each participant reported one day follow-
ing the day that PROMIS Anxiety pediatric short form
score was collected at each weekly study visit date.

Covariates of interest for this analysis were study
site (UB, CHOP, BCH), intervention group (aerobic
exercise or stretching), sex, age, pre-injury PROMIS
Anxiety pediatric short form score (collected retro-
spectively), initial PCSI score, concussion history
(≥1 previous concussions), history of diagnosed anx-
iety, family history of diagnosed anxiety, and time
from injury (in days) to initial study visit. Char-
acteristics were identified as covariates, potential

confounders, and effect modifiers prior to analysis
based on earlier work and clinical expertise of the
study investigators (Leddy et al., 2021; Wiebe et al.,
2021) (Fig. 1).

2.4. Statistical analysis

Descriptive statistics of the study sample at initial
visit were conducted with proportions for categorical
variables, using chi-square and Fisher’s exact test,
and median and 25th-75th percentiles for continuous
variables using Wilcoxon rank-sum test. Our thresh-
old for statistical significance was p < 0.05, and we
also examined effect estimates, standard errors, and
confidence intervals. We considered model assump-
tions and prior contextual and clinical knowledge to
be instrumental throughout our analysis and inter-
pretation. Analysis was performed using Stata17
(StataCorp, 2021).

2.4.1. Survival analysis
Survival analysis was conducted to examine

the relationship between initial PROMIS Anxiety
pediatric short form score and time to symptom res-
olution. Survival time was defined as time (in days)
from intervention start to symptom resolution date,
with time origin as the date of the initial visit. Partici-
pants experienced a failure if they achieved symptom
resolution during the study period, defined as the first
date when the participant reported two or fewer new
symptoms on the PCSI for two consecutive days.
Participants were considered (right-censored) if they
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did not have symptoms resolve within the four-week
intervention period, that is, before their interven-
tion end date. The primary exposure of interest was
PROMIS Anxiety pediatric short form score at the
initial visit. We examined the overall distribution of
the PROMIS Anxiety pediatric short form scores and
split this exposure into 2-High/Low categories at the
median. The purpose of this analysis was to compare
time from intervention start to symptom resolution
among those with High compared to Low PROMIS
Anxiety pediatric short form scores at the initial visit.

Kaplan Meier curves are presented by PROMIS
Anxiety pediatric short form score at initial visit
and also stratified by intervention group (aerobic
exercise versus stretching). The overall difference in
survival between groups was tested with Log-rank
tests. We then modeled the relationship with Cox
proportional hazards regression to estimate the haz-
ard ratio (i.e., rate ratio) for symptom resolution,
adjusting for potential confounders and covariates
of interest (Fig. 1). We conducted post-hoc tests to
evaluate the assumption of proportional hazards by
examining observed-predicted plots and results of
the Schoenfeld test, and model fit by estimating the
cumulative hazard and examining Cox-Snell residu-
als plot (see Appendix).

2.4.2. Longitudinal analysis
Standard analyses such as logistic or linear regres-

sion models provide us with cross-sectional effects
and associations, and assume the outcome measure of
interest is independent. However, longitudinal data,
or data collected over time, are by nature corre-
lated and between-subject differences, within-subject
biological variability, and measurement error are all
sources that can lead to potential variability in data.

In our study, in order to examine the relation-
ship between PROMIS Anxiety pediatric short form
and PCSI scores, accounting for individual trajec-
tories over time, we needed to use linear models
with random effects. By doing this, we were able to
interpret the models in terms of effects and associ-
ations over time (i.e., rates). We used Linear Mixed
Model (LMM) with unstructured covariance struc-
ture to model the relationship between PROMIS
Anxiety pediatric short form score weekly during
follow-up and total PCSI score weekly during follow-
up (assessed one day after each PROMIS Anxiety
pediatric short form score was obtained, creating a
one-day lag between exposure and outcome).

To identify the best-fitted model for our data,
we modeled the random effect terms with random

intercept, and also with random intercept and ran-
dom slope for time. This means that in the random
intercept model, we allowed for between-individual
variance in total PCSI at initial visit, and in the model
with random intercept and slope, we allowed for
between-individual variance of the rates of change
of total PCSI over visits/time. We performed an
unadjusted LMM, and adjusted for covariates includ-
ing group, sex, age, concussion history, initial PCSI
score, and site. We also tested for effect modification
by study arm (i.e., aerobic exercise versus stretching
exercise). We selected our final model, the LMM with
random intercept and random slope, as this model
resulted in the lowest AIC (Akaike information crite-
rion) value, representative of model fit (Liang et al.,
2008). The LMM model is valid under the assumption
that data are Missing at Random (MAR), meaning
that the probability of missing data is independent of
missing values, but could depend on observed values.
We believed this to be a reasonable assumption and
took necessary steps.

To help address missing data, we used General-
ized Estimating Equations (GEE) with unstructured
covariance structure to examine the association
between the outcome, missing PCSI symptom score,
and covariates of interest: group, sex, age, and ini-
tial PCSI score, accounting for correlation among
repeated measures for the same patient. GEE mod-
els are valid under the assumption that all missing
data are Missing Completely at Random (MCAR),
meaning that the probability of missing is indepen-
dent of observed and missing values. The goal of the
GEE analysis was to identify covariates that may help
to explain the missingness of our outcome variable,
total PCSI score over time. We set statistical signifi-
cance at p < 0.05, and also examined effect estimates,
and confidence intervals, and considered prior con-
textual and clinical knowledge in deciding whether to
include covariates in the LMM. We chose to model
our missing data with GEE as the most parsimonious
way to identify factors that would inform our main
model of the outcome, PCSI, permitting us to adjust
for these factors in the LMM, which allows us to
reduce bias due to missingness.

3. Results

3.1. Description of sample

Our sample consisted of 54 adolescents with SRC.
The majority of participants were recruited from
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Table 1
Description of sample by initial visit PROMIS Anxiety pediatric short form score

PROMIS Anxiety pediatric short
form score at initial visit

Characteristic, n(%) Overall Low,≤3 High,>3 p-value*

Total 54(100.0) 29(53.7) 25(46.3)
Clinical characteristics
Pre-injury PROMIS Anxiety pediatric short form
score (med, 25th-75th percentiles)

2(0-4) 0(0-0) 4(3-6) p < 0.001

Pre-injury PCSI score (med, 25th-75th percentiles) 1(0-3) 1(0-3) 2(0-3) 0.43
Initial visit PCSI score (med, 25th-75th percentiles) 32(18-48) 27(16-45) 39(22-54) 0.16
Sex, male 34(61.8) 20(60.6) 13(39.4) 0.20
Age (years; med, 25th-75th percentiles) 15.8(14.4-16.7) 15.1(14.3-16.1) 16.1(15.6-17.3) 0.03
Mechanism of injury

Fall 9(16.4) 3(37.5) 5(62.5)
Struck by person 22(40.0) 12(54.6) 10(45.5) 0.70
Struck by or against object 24(43.6) 14(58.3) 10(41.7)

Lost consciousness, yes 5(9.1) 2(40.0) 3(60.0) 0.65
Concussion history (1+) 27(49.1) 15(57.7) 11(42.3) 0.57
Med history, diagnosed anxiety 2(3.6) 0(0) 2(100.0) 0.21
Family med history, diagnosed anxiety 14(25.5) 6(42.9) 8(57.1) 0.37
Study characteristics
Injury to 1st visit (days; med, 25th-75th percentiles) 6(4-9) 6(4-8) 6(4-9) 0.26
Study site 0.18

CHOP 23(41.8) 3(33.3) 6(66.7)
Boston Children’s 4(7.3) 1(33.3) 2(66.7) 0.59
Univ Buffalo 28(50.9) 15(50.0) 19(50.0)

Intervention group, aerobic exercise 33(60.0) 17(51.5) 16(48.5) 0.67

*Chi-square test, Fisher’s Exact test, Wilcoxon rank-sum.

the concussion clinics at the University at Buffalo
(50.9%) and Children’s Hospital of Philadelphia
(41.8%). 60% participated in the aerobic exercise
regimen and 61.8% were male. The median age at
enrollment was 15.8 years (25th-75th percentiles:
14.4-16.7). Nearly half (49.1%) had experienced at
least one previous concussion. The median time
between injury and enrollment in the study was 6
(25th-75th percentiles: 4-9) days. Median PROMIS
Anxiety pediatric short form score at initial visit
was 3 (25th-75th percentiles: 0-8). Overall, median
pre-injury PROMIS Anxiety pediatric short form
score differed significantly between the two PROMIS
Anxiety pediatric short form scores at initial visit
groups (p < 0.001), as did age (p = 0.03). No other
characteristics of interest demonstrated statistically
significant differences between the two groups. Com-
plete descriptive characteristics are presented in
Table 1.

3.2. Survival analysis results

Overall, 28 participants achieved symptom reso-
lution during the 4-week study period and 11 were
censored, in that they did not reach symptom resolu-
tion prior to the end of the study period, either due
to persisting symptoms or loss to follow-up. Median

time to symptom resolution was 10 days (25th-75th
percentiles: 6-24) among the Low-PROMIS Anxi-
ety pediatric short form score group and 12 days
(25th-75th percentiles: 5-21) in the High-PROMIS
Anxiety pediatric short form score group (Fig. 2).
The difference in overall time to symptom res-
olution was not statistically significant (p = 0.62).
Median time to symptom resolution was longest
among participants in the High-PROMIS/Stretching
(median = 20; 25th-75th percentiles: 12-21 days)
and Low-PROMIS/Stretching groups (median = 20;
25th-75th percentiles: 8-26 days), followed by the
High-PROMIS/Aerobic group (median = 9; 25th-
75th percentiles: 5-12 days). Those with initial
High-PROMIS Anxiety pediatric short form scores
and randomized to the Exercise group exhibited the
shortest time to symptom resolution (median = 7;
25th-75th percentiles: 5-17 days; Fig. 3). These dif-
ferences were not statistically significant (p = 0.57).

In the unadjusted Cox regression, the hazard of
symptom resolution was lower for High-PROMIS
Anxiety pediatric short form score at initial visit as
compared to Low-PROMIS Anxiety pediatric short
form score at initial visit, although not statistically
significant; HR = 0.83, 95% CI 0.39-1.76, p = 0.63).
The hazard of symptom resolution was higher for
High-PROMIS Anxiety pediatric short form initial
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Fig. 2. Kaplan Meier plot displaying time from concussion injury
to symptom resolution, stratified by PROMIS Anxiety level at the
initial visit.

Fig. 3. Kaplan Meier plot displaying time from concussion injury
to symptom resolution, stratified by PROMIS Anxiety level at the
initial visit and randomization group.

visit score as compared to Low-PROMIS Anxiety
pediatric short form initial visit score, adjusting for
initial visit PCSI score, pre-injury PROMIS Anxi-
ety pediatric short form score, randomization group,
sex, injury to time to initial visit, concussion his-
tory (1+), and study site, although not statistically
significant; HR = 1.44, 95% CI 0.40-5.29. Results of
the observed-predicted plot (Appendix Figure 1) and
Schoenfeld test revealed no violations to the assump-
tion of proportional hazards (p > 0.05, Global test
p = 0.95). The cumulative hazard Cox-Snell resid-
uals plot indicated reasonable model fit (Appendix
Figure 2).

3.3. Longitudinal analysis results

PROMIS Anxiety pediatric short form scores and
PCSI scores for individuals in the study over time are

Fig. 4. Individual PROMIS Anxiety and PCSI scores over time.
Note: IV = initial visit, F1 = follow-up visit #1, F2 = follow-up visit
#2, F4 = week-4 follow-up visit.

depicted in Fig. 4. Higher PROMIS Anxiety pedi-
atric short form scores corresponded to higher PSCI
total scores on the subsequent day, with each addi-
tional unit of PROMIS Anxiety pediatric short form
score corresponding to a 1.52- unit higher PCSI total
score (95% CI 0.08-1.61), adjusting for study assign-
ment group, sex, age, concussion history, time from
concussion to initial visit, PCSI total score at IV, and
study site (p = 0.03). The variance among participants
at IV is 160.99, and across time is 121.06. 52.8%
of the total variance at baseline is due to variabil-
ity between-participants. Complete LMM results are
displayed in Table 2.

The proportion of missingness in the outcome, total
PCSI score, increased over time from 42% at the
initial visit to 94% by the week-4 follow-up visit.
The odds of missing outcome PCSI score for partic-
ipants in the aerobic exercise group over time was
–0.48 times that of the stretching exercise group, and
was not statistically significant (p = 0.54). The odds
of missing outcome PCSI score for male participants
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over time was 1.21 times that of females, and was
not statistically significant (p = 0.11). The associa-
tions between missingness over time and higher age
and baseline PCSI score were also not statistically
significant.

4. Discussion

By examining the presence and influence of anxi-
ety symptoms both at initial visit and with follow-up
over time, this study makes novel contributions to
the literature on pediatric concussion and the role
of anxiety during SRC recovery. We explored these
relationships in the context of a robust, multi-site
randomized trial of adolescents with SRC.

Our results suggest that anxiety symptoms reported
at the initial visit (here, within 10 days of injury) may
not be a clear prognostic indicator for recovery dura-
tion among adolescents following SRC, at least in
the context of an overall PROMIS Anxiety pediatric
short form score. This finding aligns with the work
of Ali et al. (2021), who found that, among those
with diagnosed depression or anxiety, the existence
of pre-morbid depression or anxiety alone did not
influence post-injury cognitive or symptom recovery.
Current studies have focused on the acute course of
concussion-related anxiety, while few have consid-
ered the role of pre-injury anxiety or the influence
of anxiety on long-term symptoms (Arnett et al.,
2019; Gornall et al., 2021). The nature of our study
allowed us to examine these relationships longitudi-
nally, with measurements of daily PCSI and weekly
PROMIS Anxiety symptom data. We observed an
association between reported anxiety and concussion
symptom burden, where higher PROMIS Anxiety
pediatric short form scores corresponded to higher
PCSI total scores on the subsequent day, adjusting
for covariates of interest. This finding builds upon

recent studies, reporting greater overall concussion
symptom burden among adolescents with an anxious
profile (Champigny et al., 2021; Iverson, Greenberg,
et al., 2021), and supports a potential relationship
between anxiety and symptom burden over time. As
discussed previously, literature shows that children
and adolescents with higher symptom burden expe-
rience longer recovery (Houck et al., 2019; Schilling
et al., 2020). This area warrants continued study to
identify how anxiety over time may reflect increased
symptom burden or function as an effect modifier in
the relationship between symptom burden and clini-
cal recovery.

An important finding from our longitudinal analy-
sis is the high variance among adolescents at initial
visit and over time. Even after adjustment for fac-
tors that may influence concussion symptom burden,
over half of the total variance at baseline was due
to variability between participants, suggesting that
unmeasured confounding is likely present. Still, our
results indicate anxiety, measured at initial visit and
over time contributes to concussion symptom burden
and therefore may be a modifiable risk factor that
could be addressed in a comprehensive approach to
treatment of concussion, with appropriate screening
and management of anxiety conceivably improving
recovery outcomes.

Our findings also have implications for identifying
anxiety symptoms in adolescents after concussion.
Without the use of screening and management pro-
tocols that have been shown to work well in this
population, adolescents with anxiety symptoms may
go undiagnosed and, therefore, untreated. Our find-
ings demonstrate the importance of implementing
anxiety screening measures within concussion treat-
ment models. The relatively low PROMIS Anxiety
pediatric short form scores reported by our partic-
ipants also should inspire future work and closer
examination of adolescents with lower levels of anx-

Table 2
Linear mixed effects model for total PCSI score with two random effects (random intercept and

random slope for time)

Variable � 95% CI p

PROMIS Anxiety pediatric short form score 1.52 0.08-1.61 <0.01
Aerobic exercise group 3.04 –7.16-13.24 0.56
Male sex –0.73 –11.13-9.68 0.89
Age –6.74 –11.00- –2.48 <0.01
Concussion history (1+) –8.59 –19.77-2.59 0.13
Time injury to initial visit (days) –1.33 –3.50-0.84 0.23
Initial PCSI score 0.74 0.44-1.03 <0.001
Site

Boston Children’s 1.57 –18.66-21.80 0.88
University at Buffalo 4.93 –6.69-12.56 0.41
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iety that may still be clinically meaningful.
We hope that our analysis informs and motivates

future studies to, not only better estimate prevalence,
but also examine the nature and source of anxiety
for adolescents following concussion. Future studies
should also seek to identify and test novel treatments.
Observational and experimental designs utilizing
mixed-methods could be leveraged to explore these
complex relationships. In the present study, the
potential effect of aerobic exercise on anxiety after
concussion was limited by sample size. Social sup-
port has been suggested to be an effective strategy to
reduce anxiety after concussion. Specifically, Cov-
assin et al. (2014) found that concussed athletes with
greater satisfaction with social support had lower
state-anxiety levels, particularly during return to play.
Todd et al. (2018) published additional qualitative
evidence of this, showing that ice hockey players
cited support from peers, family, and health care
providers as mitigating factors in their experience of
compromised identify, isolation, and anxiety follow-
ing concussion. Integrating social support and other
psychological interventions into concussion manage-
ment may be beneficial and should be studied further.

4.1. Limitations

There are several limitations to this analysis. The
overall sample size was small for several reasons;
namely, PROMIS Anxiety pediatric short form was
added to the study protocol and began being col-
lected from enrolling participants nearly one year
into the RCT. In addition, recruitment and enrollment
for the RCT was stopped in March 2020 due to the
COVID-19 pandemic. Finally, sample size varied sig-
nificantly across sites, where there were challenges
to recruitment. This study also had a sizeable amount
of missing data. We used a GEE model to help us
identify covariates that predict missingness in our
data and included these in our main LMM. Still, the
threat of unmeasured confounding may exist. Date of
symptom resolution during the study period was not
taken into account in this analysis, and future analy-
ses should adjust for this since participants may have
chosen to stop reporting PCSI symptoms when their
symptoms had improved or resolved.

Overall, study participants experienced relatively
low levels of anxiety as measured via the pediatric
PROMIS Anxiety pediatric short form. However, the
field has yet to understand or establish which levels
of anxiety are statistically significant versus clini-
cally meaningful during concussion recovery; thus,

this project contributes new knowledge. Finally, there
is a potential for selection bias given that inclusion
criteria for the trial required participants be enrolled
within 10 days of concussion (median = 6 days); that
is, this criterion may select for adolescents whose
symptoms have already largely resolved in the days
after their injury or adolescents who are experiencing
prolonged symptoms, and are still symptomatic.

5. Conclusion

Higher anxiety at initial visit, measured here with
the PROMIS Anxiety pediatric short form, was not
significantly associated with time to symptom res-
olution in this analysis. As the nature of anxiety
and affective symptoms is changeable, we exam-
ined the relationship of anxiety to overall symptom
burden over time. In this sample, PROMIS Anxiety
pediatric short form score was significantly asso-
ciated with a modest increase in PCSI symptoms
over time following SRC. The difference between
aerobic and stretching groups was not statistically
significant. Future work should aim to better under-
stand the relationship between concussion symptoms
and the influence of the affective symptom domain
upon recovery, in addition to the effect of aerobic
exercise.
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Appendix Fig. 1. Observed-predicted plot. Appendix Fig. 2. Cumulative Hazard plot.


