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Structured Abstract

Background: Individuals that sustain their first concussion during childhood may be at greater
risk for sustaining multiple concussions throughout their lifetime, due to a longer window of
vulnerability. Purpose: To estimate the association between age at first concussion with number
of subsequent concussions. Methods: A total of 23,582 collegiate athletes from 26 universities
and military cadets from three military academies completed a concussion history questionnaire
(65% males, age: 19.9+1.4years). Participants self-reported concussions and age at time of each
injury. Participants with a history of concussion (n=3,647, 15.5%) were categorized as having
sustained their first concussion during childhood (<10 years old - yo) or adolescence (>10yo &
<18yo0). Poisson regression was used to model age group (childhood, adolescence) predicting
number of subsequent concussions (0, 1, 2+). A second Poisson regression was developed to
determine whether age at first concussion predicted number of subsequent concussions. Results:
Participants self-reporting their first concussion during childhood had an increased risk of
sustaining subsequent concussions (RR=2.19, 95% CI: 1.82, 2.64) compared to participants self-
reporting their first concussion during adolescence. For every one-year increase in age at first
concussion, we observed a 16% reduction in the risk of subsequent concussion (RR=0.84, 95%
C1:0.82,0.86). Conclusion(s): Individuals self-reporting a concussion at a young age sustained a
higher number of concussions prior to the age of 18. Concussion prevention, recognition, and
reporting strategies are of particular need at the youth level.

Keywords: mild traumatic brain injury; head trauma, head injury; sport; youth injury
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Introduction

Concussion has become a major public health concern due to the emergence of research
suggesting a possible link between injury and long-term emotional and cognitive consequences
(1-4). Concerns regarding concussion span all levels of play and all sports, but youth athletes
may be more vulnerable because they have an increased risk of injury (3, 5-8), a shortage of
access to immediate medical provision (9), and may not be able to easily recognize the signs and
symptoms of a concussion (10, 11). Many definitions of concussion exist, but the injury can be
defined as “A change in brain function following a force to the head, which may be accompanied
by temporary loss of consciousness, but is identified in awake individual with measures of
neurological and cognitive dysfunction” (22).

As is true with many injuries, the strongest predictor of subsequent injury is a history of a
previous injury (12). Concussive injury is no different as high school and college-aged athletes
that sustain a concussion have an increased risk of sustaining a subsequent concussion (13-15).
Schulz et al. (14) found that high school athletes with a history of one or more concussions were
2.25 times more likely to sustain a subsequent concussion compared to high school athletes
without a history after adjusting for sports, body mass index, and year in school. Extrapolating
these findings to youth athletes, Guskiewicz and Valovich McLeod (16) proposed that the longer
the interval of time from first concussion to the end of the playing career, the greater the
potential for sustaining multiple concussions (Figure 1). Theoretically, sustaining a concussion at
a younger age may increase the duration of time (injury exposure) that an athlete participates in
sport leading to a longer window of vulnerability to subsequent concussion. Therefore, athletes
that sustain concussions during childhood may sustain an overall higher number of concussions,

potentially causing prolonged recovery(17), early medical disqualification(17), and cumulative
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effects of multiple concussions(18-20). Yet, even with these multiple areas of concern,
subsequent concussion risk in the child and young adolescent athlete is currently unknown, and
the association between age group/age at first concussion with number of subsequent
concussions has not been previously investigated.

The purpose of this study was to determine if age group (childhood v. adolescence) and
age at first concussion influences number of subsequent concussions sustained prior to the age of
18. We hypothesized that individuals who self-report sustaining a first concussion during
childhood would have a greater number of total concussions compared to those that sustained a
first concussion in adolescence.

Patients and Methods

Data were collected via the Concussion Assessment, Research, and Education (CARE)
Consortium study. Methods for the Consortium have previously been described in further detail
(21). Each participant completed a baseline demographics questionnaire, symptom checklist, a
mental status exam, a computerized neurocognitive assessment, and a balance assessment. For
purposes of this study, data from the baseline demographics questionnaire were used to test our
hypotheses.

Participants

The Consortium involved 26 universities and three military service academies. To be
included in the CARE Consortium, participants had to be a rostered varsity student-athlete and/or
a military cadet at one of the participating sites. Though the CARE Consortium does allow
inclusion of minors (e.g. student-athlete starting college before 18), we excluded all participants
under 18 years of age at time of consent (n=148) to standardize an exposure window from ages

0-18 years across all participants. Demographics questionnaires were administered between July
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2013 and September 2016. All participants signed informed consent forms approved by each
site’s institutional review board and the United States Army Human Research Protection Office.
Variable Definitions

Participants self-reported number of concussions experienced prior to college/university
matriculation, the approximate dates of each injury, the age at time of each injury, whether each
concussion was diagnosed or undiagnosed, and whether each concussion was sport or non-sport
related. The following definition of concussion, endorsed by the 2014-15 National Collegiate
Athletic Association Sports Medicine Handbook (22), appeared on the demographics packet: “A
change in brain function following a force to the head, which may be accompanied by temporary
loss of consciousness, but is identified in awake individuals with measures of neurological and
cognitive dysfunction.” The definition included a list of 12 common concussion symptoms and
clarified that “A concussion can occur without being ‘knocked out’ or unconscious” and that
“getting your ‘bell rung’ and ‘clearing the cobwebs’ is a concussion”.

Participants with concussion histories were categorized as having sustained their first
concussion either during childhood (<10 years old - yo) or adolescence (>10 yo & <18 yo) (23,
24). These age group categorizations are based on chronological age and not markers of
biophysical development associated with passage from childhood to adolescence. We then
determined the number of subsequent concussions sustained up until age 18. Participants were
excluded from analyses if their reported age at time of injury and calculated age based on the
reported date of injury differed by more than two years, or if the discrepancy could have placed
them into a different categorization (childhood, adolescence) (n=447, 8.0%).

Statistical Analyses

Descriptive statistics were used to characterize the study sample. Poisson regression
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models were used to account for the count nature of subsequent concussions (0, 1, 2+) and the
possibility of multiple independent injuries in one participant. We first examined whether age
group (childhood, adolescence) predicted the number of subsequent concussions (0, 1, 2+). A
separate Poisson model was developed to determine whether age at first concussion predicted the
number of subsequent concussions. Unadjusted associations were estimated followed by
multivariable adjusted models including the following covariates: sex, body mass index, and the
number of sports that each participant participated in prior to college (as a proxy for exposure).
We also conducted sensitivity analyses which stratified the sample by military status (varsity
athletes, military cadet), contact level — as defined by the American Academy of Pediatrics (25)
(contact/collision, limited-contact, non-contact), first concussion diagnosis status (diagnosed, not
diagnosed), and first concussion sport-related status (sport-related, not sport related). Level of
significance for all analyses was set a priori at p<0.05.
Results

The dataset included baseline demographics information for a total of 23,582 (15,232 males,
8,335 females, 15 missing) participants from 26 universities and three military academies. In
total, 3,647 (15.5%) of the sample self-reported at least one concussion prior to age 18 and met
all inclusion criteria. Of the 3,647 participants, 267 (7.3%) sustained their first concussion during
childhood and 3,380 (92.7%) sustained their first concussion during adolescence. Subsequent
concussion history dispersion across groups is displayed in Table 1.

In unadjusted models, participants who self-reported sustaining their first concussion during
childhood had roughly double the risk of a subsequent concussion (RR=2.19, 95% CI: 1.82,
2.64) compared to participants who self-reported their first concussion during adolescence (Table

2). Additionally, for every one-year increase in the age at which the first concussion was

Page 7 of 21



sustained, we observed a 16% reduction in the risk of subsequent concussion (RR=0.84, 95% CI:
0.82,0.86). Multivariate analyses that included sex, body mass index, and the number of sports
prior to college revealed similar RR values for all models (Table 2).

Results for all univariate and multivariate sensitivity analyses are presented in Table 2.
When stratified by military status, both varsity athletes (n=2,822, RR=2.34, 95% CI: 1.92, 2.89)
and military cadets (n=825, RR=1.76, 95% CI: 1.13, 2.73) who sustained their first concussion
during childhood had a higher risk of sustaining a subsequent concussion, but the magnitude of
the effect was more pronounced in the varsity athletes. When stratified by contact level, the
effects of sustaining a concussion during childhood were more pronounced in contact/collision
sport athletes (n=1,773, RR=2.59, 95% CI: 1.93, 3.48) and limited-contact (n=488, RR=2.70,
95% CI: 1.83, 3.98) sports, but not significant in non-contact sports (n=556, RR=1.53, 95% CI:
1.00, 2.34). Participants who self-reported sustaining their first concussion during childhood and
had the injury diagnosed still had a greater risk of sustaining subsequent concussions (n=2702,
RR=2.17, 95% CI: 1.72, 2.74), but slightly less pronounced than those that did not have their
first concussion diagnosed (n=698, RR=2.68, 95% CI: 1.55, 4.63). Participants who self-reported
sustaining their first concussion during childhood and that the injury occurred during sport still
had a greater risk of sustaining subsequent concussions (n=2,835, RR=2.03, 95% CI: 1.40, 2.95),
but slightly less pronounced than those that sustained their first concussion outside of sport
activity (n=567, RR=2.39, 95% CI: 1.73, 3.31).
Discussion

Our results indicate that college-aged athletes and military cadets who self-report
sustaining their first concussion during childhood had a two-fold greater risk of sustaining

subsequent concussions compared to those who self-reported sustaining their first concussion
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during adolescence. This study supports the body of literature indicating that prior concussion is
an independent risk factor for subsequent concussion (6, 15, 26), but expands by confirming the
theory that the lengthened window of vulnerability to sustaining subsequent concussion results in
a higher overall number of concussions prior to the age of 18 (16). This risk appeared to be
amplified among varsity student-athletes, contact/collision and limited contact athletes, those
whose first concussion went undiagnosed, and those whose first concussion occurred outside of
sport. Sustaining a concussion at a younger age seemed to lengthen the interval of time that
college athletes and military cadets participated in athletic activities with a greater susceptibility
to concussion. The lengthened interval may mean that college athletes and military cadets that
sustain a concussion at a young age are more likely to report to college with a history of multiple
concussions.

Individuals who sustain a concussion at a young age may accumulate a greater overall
number of concussions over their lifetime. Individuals with a history of concussion may either
have a lower resistance to subsequent traumatic insults, or they may have intrinsic and extrinsic
factors (e.g. sex, risk taking behavior, exposure to contact sport) that predispose them to
sustaining subsequent concussions that are present prior to and following their first concussion
(14). Though we included sex, body mass index, and number of sports played in the adjusted
models, we did not have extensive control over events that occurred throughout the exposure
period that might also influence concussion risk, such as duration of contact sport participation.
However, we included the number of sports that each participant participated in prior to college
into multivariate models as a proxy for exposure and found little effect (RR:1.04, 95% CI: 1.01,
1.07 — Table 2).

Multiple Concussion
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Though the number of subsequent concussions was greater among those self-reporting
their first concussion at a younger age, it is worth noting that a majority of participants never
sustained a subsequent concussion (Table 1). However, 10.9% of participants that self-reported
sustaining their first concussion during childhood had sustained a total of three concussions by
the age of 18, compared to just 3.9% in the adolescent group. A great deal of uncertainty remains
regarding the consequences of sustaining multiple concussions. Previous research in this area has
been limited to cross-sectional studies, has mostly focused on former professional football
players with a wide range of comorbidities, and has not established causal relationships.
However, a growing body of literature that has emerged over the past decade that proposes a
potential link between a history of multiple concussions and risk of late life impairment.
Professional football players reporting concussions have a greater risk for depressive episodes
later in life compared with those retired players reporting no concussions (3). Retired
professional football players reporting three or more previous concussions were three times more
likely to be diagnosed with depression; those with a history of one or two previous concussions
were 1.5 times more likely to be diagnosed with depression (2), and retired rugby players present
with a dose increase on metrics of major depression with each reported concussion (5).
Adolescents with a history of concussion also have a 3.3-fold greater risk for depression
diagnosis (4). Spira et al.(8) reported that multiple lifetime concussions were associated with
greater emotional distress, persistent post-concussive symptoms, and reduced attention. In
addition to mood-related disorders, some studies have shown memory deficits (7) and higher
prevalence of mild cognitive impairment (18) among retired athletes with a history of multiple
concussion. More acutely, athletes sustaining subsequent concussions present with longer

symptom resolution times, are kept out of play longer, and reported loss of consciousness more
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frequently than athletes sustaining new concussions (17). Though more research is needed to
further elucidate the risk associated with multiple concussions, these preliminary studies raise
concern that sustaining a greater number of lifetime concussions may trigger a cascade of
neurological deterioration, warranting efforts to reduce the risk of accumulating a high number
of concussions in a lifetime.
Youth Concussion Prevention and Diagnosis

Our findings highlight the need for focused efforts to improve concussion prevention and
diagnosis efforts among youth. Most research aimed at concussion prevention has focused on
high school and collegiate concussion risk with very few studies examining youth sport. Though
concussion prevention is likely multifactorial, including a wide variety of intrinsic and extrinsic
factors, preliminary evidence supports exploration of specific concussion prevention efforts such
as player conditioning and rule changes. Some preliminary evidence suggests that neck strength
among high school players may play a role in reducing concussion risk (29), but more research is
needed to determine whether neck strengthening interventions effectively reduce concussion
risk, especially in youth sport. Fair play ice hockey leagues, where teams receive season points
for playing without excessive penalties, have been shown to reduce the frequency and severity of
injuries sustained while playing hockey (30). Body contact, such as tackling in football or body
checking in ice hockey, are often debated when discussing concussion prevention in youth
sports. Though eliminating body contact from youth sports would likely decrease the risk of
injury, more research is needed to determine whether players that are not exposed to body
contact at a young age are at greater risk of injury once they later enter contact leagues. The
medical community needs to commit more research efforts towards further identifying

preventative factors and focus concussion prevention efforts across all levels of play, with
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special concern for youth sports. Feasible advancements in youth sport safety are needed in order
to ensure that youth athletes reap the positive benefits of youth sport participation.

We report a slightly greater number and percentage of subsequent concussions among
youth whose first concussion went undiagnosed. It is possible that medical provision received
following concussion diagnosis might play a role in mitigating vulnerability to subsequent
concussions. Immediate access to a health care provider trained in concussion recognition and
management is typically sparse in youth sports (9). Concussed individuals that seek medical care
may be managed more conservatively and held from sport. This is evidenced by the finding that
youth athletes have 6.2 greater odds of returning to play within 24 hours compared to high
school athletes (9). We also found that childhood concussions that were sustained while playing
a sport were slightly less likely to result in subsequent concussion compared to those that
occurred outside of sport. We lack detail on how non sport-related concussions occurred, but it is
possible that the mechanisms of injury for childhood concussion (e.g. motor vehicle accident, fall
on playground) result in a slightly greater risk for subsequent concussion.

There were limitations to our study. This was a retrospective, self-reported injury history
using a demographics questionnaire developed by the CARE Consortium. Participants may not
have been able to accurately recall the details of their prior concussions. We partially controlled
for this by excluding participants that had discrepancies between the reported age and
approximate date of the concussion. Information about events that occurred throughout the
exposure period that might also influence concussion risk, such as duration of contact sport
participation was not available. We used chronological age to establish age groups (childhood v
adolescence). These periods are necessarily arbitrary and do not perfectly represent the actual

biological and psychosocial changes associated with passage from childhood to adolescence. We
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did not have access to a good measure of duration of exposure to primary and secondary sports
that would allow us to control for how long participants played or when participants first
enrolled in certain high risk sports during youth. Risk factors that increased participants’ injury
risk may have been present both prior to, and following initial injury. Some youth athletes may
be at greater risk of sustaining a concussion at a young age because they possess higher risk
seeking behaviors (31) or have personal medical histories that predispose them to concussion.
We lacked full control over all factors that might influence concussion risk. Future studies
should consider determining how risk seeking behavior may modify risk of sustaining a
concussion at a young age.
Conclusions

Individuals that sustained their first concussion during childhood had a two-fold greater
risk of sustaining subsequent concussions compared to those who self-reported sustaining their
first concussion during adolescence. Sustaining a concussion at a younger age increases the
duration of time that an athlete participates in sport with a greater susceptibility to subsequent
concussions. Feasible advancements in concussion prevention, recognition, and reporting at the

youth sport level are needed.
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Legends for Figures

Figure 1. Reproduced with permission from Guskiewicz and Valovich-McLeod 2011. Theoretically, sustaining a

concussion at a younger age may increase the duration of time (injury exposure) that an athlete participates in sport

leading to a longer window of vulnerability to subsequent concussion. Therefore, athletes that sustain concussions

during childhood may sustain an overall higher number of concussions.
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Table 1. Frequencies and percentages of subsequent concussion history by childhood versus

adolescence.

No subsequent 1 subsequent 2+ subsequent
concussions concussion concussions
Age Group
Childhood n=267 165 73 29
% within group 61.8 27.3 10.9
Adolescence n=3380 2755 494 131
%w within group 81.5 14.6 3.9

Table 2. Rate ratios and 95% confidence intervals for unadjusted and adjusted age group at first

concussion
Unadjusted 95% ClI Multivariate- 95% CI
RR adjusted RR*

Age Group

Childhood | 2.19 1.82, 2.64 2.21 1.84, 2.66

Adolescence | Reference Reference
Covariates
Sex
Male 0.73 0.63, 0.84
Female Reference

Body Mass Index 1.00 0.98, 1.02
Number of Sports 1.04 1.01, 1.07
Sensitivity analyses
Military Cadets 1.76 1.13,2.73 1.88 1.21,2.94
Varsity Athletes 2.34 1.92, 2.89 2.32 1.88, 2.85
Contact/Collision 2.59 1.93, 3.48 2.60 1.93, 3.50
Limited-contact 2.70 1.83, 3.98 2.80 1.89,4.16
Non-contact 1.53 1.00, 2.34 1.49 0.98, 2.28
Diagnosed 2.17 1.72,2.74 2.19 1.73,2.76
Undiagnosed 2.68 1.55, 4.63 2.71 1.57, 4.69
Sport-related 2.03 1.40, 2.95 2.05 1.41,2.98
Non sport-related 2.39 1.73,3.31 2.47 1.78, 3.43

*Included sex, body mass index, and total number of sports played prior to college.
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