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Abstract—Identifying the associations between head impact
biomechanics and clinical recovery may inform better head
impact monitoring procedures and identify athletes who may
benefit from early treatments aimed to enhance recovery. The
purpose of this study was to test whether head injury
biomechanics are associated with clinical recovery of symp-
tom severity, balance, and mental status, as well as symptom
resolution time (SRT) and return-to-participation (RTP)
time. We studied 45 college American football players
(n = 51 concussions) who sustained an incident concussion
while participating in a multi-site study. Player race/ethnic-
ity, prior concussion, medical history, position, body mass
index, event type, and impact location were covariates in our
multivariable analyses. Multivariable negative binomial
regression models analyzed associations between our study
outcomes and (1) injury-causing linear and rotational head
impact severity, (2) season repetitive head impact exposure

(RHIE), and (3) injury day RHIE. Median SRT was 6.1 days
(IQR 5.8 days, n = 45) and median RTP time was 12.3 days
(IQR 7.8 days, n = 36) across our study sample. RTP time
was 86% (Ratio 1.86, 95% CI [1.05, 3.28]) longer in athletes
with a concussion history. Offensive players had SRTs 49%
shorter than defensive players (Ratio 0.51, 95% CI [0.29,
0.92]). Per-unit increases in season RHIE were associated
with 22% longer SRT (Ratio 1.22, 95% CI [1.09, 1.36]) but
28% shorter RTP time (Ratio 0.72, 95% CI [0.56, 0.93]). No
other head injury biomechanics predicted injury recovery.

Keywords—Angular, Injury severity, Mechanics, NCAA--

DOD CARE Consortium, Head impact sensors.

INTRODUCTION

Sport-related concussions remain a challenging in-
jury for clinicians and scientists. Despite the Berlin21

guidelines amending the first stage in the return-to-
sport strategy from complete rest to ‘‘symptom-limited
activity,’’ evidence-based clinical treatment options
have not been fully explored. Scientifically, traditional
time-of-injury clinical factors (e.g., loss of conscious-
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ness, post-traumatic amnesia) have not equivocally
predicted an injury’s physiological severity or its clin-
ical recovery.17

The scientific community has responded to these
uncertainties by exploring how to reduce head injury
risk in American football. Several incursions have
resulted in our broader understanding of these con-
cepts. These range from policy/rule changes,33,35 player
behavior (e.g., anticipation14,31 and style), and play
type23 among others; and all have been soundly in-
formed by studying both individual head impact
biomechanics as well as repetitive head impact expo-
sure (RHIE). Despite these advances, much remains
unknown about the clinical implications associated
with subinjurious RHIE and injurious head impacts
sustained by athletes.

Surprisingly, few biomechanical studies have
explored clinical injury outcomes following incident
sport-related concussions.12,30 No correlations between
impact magnitude (linear or rotational acceleration) or
impact location and changes in symptoms, balance,
and neurocognitive performance were previously
reported.12 Injury biomechanics were not correlated
with individual symptom severity in American college
football players,30 or symptom resolution time in
American high school football players.3 A number of
additional studies have explored risk curves based on
on-field biomechanical data;9,29 however, the clinical
utility of employing injury thresholds has been ques-
tioned in the literature.11,22 Additionally, no studies
have investigated whether injury biomechanics are
predictive of clinical trajectories and recovery time in a
single study of American college football players.
Thus, the purpose of this study was to determine
whether head injury biomechanics predicted clinical
injury recovery as measured by symptom resolution
time (SRT), return-to-play (RTP) time, symptom
severity, balance, and mental status in a multi-site
American college football study. We studied injury-
causing biomechanics as well as season and injury day
RHIE.

MATERIALS AND METHODS

Study Design and Participants

We studied 941 Division I collegiate American
football players from four civilian universities and two
military service academies. These participants com-
prised a subset of 2232 athletes participating in the
Advanced Research Core arm of the NCAA-DOD
Concussion Assessment, Research, and Education
(CARE) Consortium. All the local sites’ institutional
IRBs authorized a reliance agreement with the Medical

College of Wisconsin’s Human Research Protection
Program and the Department of Defense’s Human
Research Protections Office (HRPO). All participants
provided informed consent prior to participating in the
study. A total of 51 concussive injuries sustained by 45
different athletes were examined in this study. This
sample represented every concussion observation for
which we had head impact data. In addition to the
clinical measures we describe below, we also collected
data related to athlete characteristics (Table 1) and
injury-causing impact characteristics (Table 2).

Instrumentation

Head Impact Telemetry (HIT) System

The HIT System (Riddell, Elyria, OH) was used to
collect head impact biomechanics. The HIT System
comprises two primary components: (1) six spring-
loaded single-axis accelerometers inserted into Riddell
branded helmets, and (2) the Sideline Response Sys-
tem. The in-helmet accelerometers measured linear
accelerations, computed component and resultant
peak linear and rotational accelerations, and identified
impact location. The HIT System was triggered when
at least one accelerometer detected a linear accelera-
tion exceeding 9.6 g. The accelerometers collected data
at 1 kHz for 40 ms when triggered (pre-trigger 8 ms;
post-trigger 32 ms). These data were then date- and
time-stamped, encoded, and transmitted by radiofre-
quency telemetry link to the Sideline Response System.
In special circumstances when the real-time data
transmission was absent (e.g., signal interruptions,
sideline system not set up, etc.), head impacts were
locally stored in non-volatile memory built into the
monitoring system. The data were processed through a
novel algorithm to determine impact magnitude and
location.6 Resultant linear accelerations greater than
or equal to 10 g were retained for subsequent analyses.
The accelerometers were verified regularly for func-
tionality, battery replacements, and head impact data
were exported and transmitted to a central data
repository for periodic auditing and data consolidation
purposes across the study sites. The HIT System was
validated in a laboratory setting using hybrid dummies
equipped with American football helmets.18

Symptom Inventory

We evaluated 22 symptoms based on the Sport
Concussion Assessment Tool 3 (SCAT3) symptom
inventory to determine symptom severity. The SCAT3
symptom score demonstrated high sensitivity (72.2%)
and specificity (91.7%) in a sample of Canadian uni-
versity athletes.7 Participants ranked each symptom
using a seven-point Likert scale from 0 to 6: none (0),
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mild (1), through severe (6). We recorded symptom
severity score as our primary measure, which is the
sum of all the individual symptom severities reported
(possible range: 0 to 132). Higher symptom severity

scores are interpreted to mean an overall increase in
symptom severity.

Balance Error Scoring System (BESS)

The BESS13,25 is an objective assessment tool to
evaluate balance we employed in this study. The BESS
has demonstrated strong intratester reliability (intra-
class correlation coefficients ranging from 0.74 to 0.98)
for scoring BESS errors.8,26 The BESS measures bal-
ance in six 20-second trials consisting of three stances
(double-leg, single-leg, and tandem) on two surfaces
(firm and medium density foam).10,15 Participants were
asked to stand as still as possible with hands on iliac
crests and eyes closed with feet together (double-leg),
balancing on their non-dominant limb (single-leg), or
heel-to-toe with non-dominant limb in back (tandem).
Leg dominance was defined as whichever leg the pa-
tient would use to kick a ball for maximum distance.
The BESS was scored based on the number of errors
committed by the participant during the 20-second
trials. Errors included (1) lifting hands off iliac crests,
(2) opening eyes, (3) stepping, stumbling or falling, (4)
moving the hip into greater than thirty degrees of
flexion or abduction, (5) forefoot or heel losing contact
with the ground, or (6) remaining out of the testing
position for more than 5 s.24 We recorded the BESS
total error score (the sum across all six trials) as our
outcome measure (possible range: 0 to 60). Higher
BESS total error scores are interpreted as worse per-
formance.

TABLE 1. Characteristics for the 45 injured athletes retained
in study analyses.

Participant characteristic N (%)

Race/ethnicity

Non-Hispanic White 18 (40.0)

Black 16 (35.6)

Other 11 (24.4)

Academic yeara

Freshman 25 (56.8)

Sophomore 7 (15.9)

Junior 3 (6.8)

Senior 9 (20.5)

Prior concussionsa

None 25 (56.8)

One 17 (38.6)

Greater than one 2 (4.6)

Prior medical conditions

None 31 (68.9)

ADD/ADHD 7 (15.6)

Other medical conditions 7 (15.6)

Primary position subgroup

Offense 23 (51.1)

Defense 22 (48.9)

aOne observation with missing data for these participant

characteristics.

TABLE 2. Injury characteristics for the 51 injuries retained in study analyses.

Injury characteristic N (%) Median (IQR)

Event type

Practice 36 (70.6) –

Competition 15 (29.4) –

Injury sitea

Home 42 (76.5) –

Away 6 (12.5) –

Reported injury immediately

No 27 (52.9)

Yes 24 (47.1)

Impact locationb

Back 13 (25.5) –

Front 26 (51.0) –

Side 6 (11.8) –

Top 6 (11.8) –

Head injury biomechanics

Linear acceleration – 66.7 g (48.2 g)

Rotational acceleration – 2963.0 rad/s2 (2759.2 rad/s2)

Season RHIE – 0.30 (1.54)

Injury day RHIE – 0.24 (0.86)

RHIE Repetitive head impact exposure.
aThree observations with missing data for injury site.
bPercentages add to 100.1% due to rounding.
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Standardized Assessment of Concussion (SAC)

We employed the SAC to evaluate mental status.
Extensive research1,20 has demonstrated that the SAC
is a sensitive and specific means to detect concussion,
and is a sensitive and specific measure of post-con-
cussion recovery. Several alternate forms were
administered sequentially across the injury time points
(described below) to minimize the SAC learning ef-
fects. Lower SAC total scores (possible range: 0 to 30)
indicate decreased mental status.

Procedures

All study participants participated in American
football throughout the study period. This included
practices and both home and away competitions.
Home practices/competitions were defined as those
taking place at athletic facilities maintained by the
athletes’ academic institution. Every participant was
asked to complete preseason clinical testing, which
included completing the 22-item symptom inventory,
BESS, and SAC among other measures. Readers
interested in learning more about the CARE Consor-
tium and all the measures collected but not included in
this particular analysis can find them described in more
detail elsewhere.5

Concussions for this study were operationally de-
fined 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 indi-
viduals with measures of neurologic and cognitive
dysfunction.’’5 Each site’s research and medical staff
(team physicians and athletic trainers) identified,
assessed, and diagnosed concussions in our study
participants. If the athlete was immediately removed
from play, we identified the most plausible impacts
sustained within the last few minutes of participation
according to the HIT System output. If the concussion
occurred earlier and was not reported until the session
end (or even later), we identified the plausible impacts
around the time the athlete believed the concussion
occurred through follow-up interviews with the study
participants by site personnel. These time-stamped
data were then compared to video footage when
available to identify the injurious impacts. In all cases,
these represented the highest magnitude impacts within
the time windows reviewed by our study and site
clinical teams. Pre- and post-injury testing, which re-
peated the symptom inventory, BESS, and SAC de-
scribed above, occurred at the following five time
points: (1) pre-injury baseline, (2) time of injury
(< 6 h), (3) 24–48 h post-injury, (4) cleared for RTP
progression (asymptomatic), and (5) unrestricted RTP.
When data were sufficiently available for accurate

computations, we employed these time points to derive
two primary study outcomes in addition to symptom
severity, balance, and mental status outcomes: com-
plete symptom resolution time (SRT) and return-to-
play (RTP) time. Additionally, we adapted Rowson
et al.28 and Stemper et al.34 methods to derive our
RHIE outcomes. Season RHIE included all impacts
sustained by the injured athlete up to and including the
session they sustained their injury. Injury day RHIE
included all impacts (including any that may have oc-
curred after the incident concussion) sustained by the
injured player. We rescaled the injury day RHIE by a
factor of 10 to facilitate results interpretation.

Data Analyses

Data collected from 51 concussive injuries were
examined in this analysis. Athlete characteristics (race/
ethnicity, prior concussions, academic year at time of
injury, previously diagnosed medical conditions, pri-
mary position, weight, height, body mass index [BMI]),
injury-causing impact characteristics (event type/injury
situation, impact location, injury linear acceleration,
injury rotational acceleration, season RHIE, and in-
jury day RHIE), clinical measures of interest (symp-
tom severity score, BESS total error score, SAC total
score) as well as injury outcomes (SRT, RTP time)
were examined using frequencies (and percentages) for
categorical variables and means (and SDs) as well as
medians (and IQRs) for continuous variables. Clinical
measures collected at the aforementioned five time
points were used for our analyses.

We employed negative binomial regression models
to analyze our data. We chose the negative binomial
distribution for SRT and RTP time in the interest of
expressing time-related outcomes as they are naturally
observed by clinicians and practitioners (i.e., days until
SRT, or days lost following injury). Negative binomial
regression models were used to examine the clinical
measures due to the inherently discrete nature of the
respective clinical scores. Univariate negative binomial
regression models were used to examine associations
between each explanatory variable of interest (race/
ethnicity, prior concussions, previously diagnosed
medical conditions, BMI, injury event type, head im-
pact location, injury linear acceleration, injury rota-
tional acceleration, season RHIE, injury day RHIE),
and the following injury outcomes: SRT and RTP
time. Multivariable negative binomial regression
models were then used to identify associations between
linear and rotational accelerations of the injury-caus-
ing impact and injury outcomes, after adjusting for all
non-biomechanical explanatory effects. These multi-
variable analyses were repeated two more times, one
each for season RHIE and injury day RHIE.
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Unadjusted mixed effects (random intercepts) neg-
ative binomial regression models were used to identify
associations between the explanatory variables and
clinical measure trajectories for symptom severity,
balance, and mental status. Multivariable mixed effects
(random intercepts) negative binomial regression
models were used to identify associations between
linear and rotational acceleration of the injury-causing
impact and trajectories of the aforementioned clinical
measures over the time points of interest. This proce-
dure was also repeated for season RHIE and injury
day RHIE. Mixed effects models were used to make
inferences with regard to differential clinical recovery
trajectories for ‘similar athletes’ (i.e., athletes with the
same level of the random effect). Quadratic patterns in
response trajectories were represented using two time-
dependent terms (i.e., time and time2) in these models.
We employed this approach to ensure that the overall
behavior of response variables over the non-constant
effect of time on the response variables (which were
apparent upon visual inspection of the response tra-
jectories), were appropriately accommodated in the
analyses. In suspect cases of compromised model sta-
bility (particularly models of mental status recovery
trajectories), models were fit using a repeated structure
with compound symmetry covariance in lieu of tradi-
tional estimation using a random intercept to improve
model stability. Effect estimates (expressed as ratios)
with 95% confidence intervals (CI) excluding 1.00 were
considered significant. Empirical Wald tests based on
the robust sandwich covariance estimator were used to
confirm statistical significance. Statistical significance
was evaluated at the 0.05 level, and all analyses were
conducted in SAS 9.4 (SAS Institute, Cary NC).

RESULTS

Fifty-one concussions sustained by 45 athletes were
examined in this analysis (mass = 108.3 ± 23.2 kg;
height = 188.0 ± 7.9 cm; BMI = 30.6 ± 6.3 kg/m2).
Injured athlete characteristics (race/ethnicity, academic
year, concussion history, medical history, and primary
position group) are provided in Table 1. Most con-
cussions occurred during practice sessions (n = 36,
70.6%) and at home sites (n = 42, 76.5%). Over half
of all injury-causing impacts were to the front of the
head (n = 26, 51.0%). Median injurious linear and
rotational accelerations were 66.7 g (IQR 42.8 g) and
2963.0 rad/s2 (IQR 2759.2 rad/s2), respectively. Med-
ian season and rescaled injury day RHIE were 0.30
(IQR 1.54) and 0.24 (IQR 0.86), respectively. These
and other injury characteristics (event type, injury site,
and impact location) are described in Table 2.

Median SRT was 6.1 days (IQR 5.8 days, n = 45)
and median RTP time was 12.3 days (IQR 7.8 days,
n = 36) for those injuries with data available to
accurately compute these outcomes. In our unadjusted
analyses, per-unit increases in season RHIE were
associated with 22% longer SRT (Ratio 1.22, 95% CI
[1.09, 1.36]) and 28% shorter RTP time (Ratio 0.72,
95% CI [0.56, 0.93]). Side impacts were associated with
54% shorter RTP time (Ratio 0.46, 95% CI [0.23,
0.93]) than injurious impacts to front of head. Offen-
sive players had SRTs 49% shorter than defensive
players (Ratio 0.51, 95% CI [0.29, 0.92]). The RTP
time was 86% longer in athletes with a concussion
history compared to those without a concussion his-
tory (Ratio 1.86, 95% CI [1.06, 3.28]). All univariate
results related to SRT and RTP time can be found in
Table 3.

We examined clinical recovery trajectories for
symptom severity, balance, and mental status out-
comes captured at 5 time points: (1) pre-injury base-
line, (2) time of injury (< 6 h), (3) 24–48 h post-injury,
(4) cleared for RTP progression (asymptomatic), and
(5) unrestricted RTP. In unadjusted analyses, balance
outcomes varied by race/ethnicity and for rotational
acceleration for similar athletes but did not vary across
any other explanatory variable (Table 4). Additionally,
trajectories for symptom severity and mental status did
not vary across the levels of the explanatory variables
of interest for athletes assumed to be at comparable
levels of the random effect. No differences in symptom
severity, balance, and mental status clinical recovery
trajectories were observed in our unadjusted analyses
for injury-causing linear acceleration, rotational
acceleration (except balance), season RHIE, and injury
day RHIE.

In multivariable models, greater season RHIE sig-
nificantly predicted longer SRT (Ratio 1.25, 95% CI
[1.05, 1.48]) and shorter RTP time (Ratio 0.80, 95% CI
[0.66, 0.97]) while controlling for our explanatory
variables of interest. Linear acceleration, rotational
acceleration, and injury day RHIE did not significantly
predict SRT or RTP time while controlling for our
explanatory variables of interest. Greater rotational
acceleration significantly predicted worse balance
(Ratio 0.90, 95% CI [0.85, 0.95]) recovery but did not
affect symptom severity (Ratio 0.92, 95% CI [0.61,
1.40]) or mental status (Ratio 1.00, 95% CI [0.96,
1.04]) recovery trajectories. Neither linear acceleration,
season RHIE, or injury day RHIE predicted symptom
severity, balance, or mental status recovery trajecto-
ries. All multivariable findings conducted on injury-
causing linear acceleration, rotational acceleration,
season RHIE, and injury day RHIE after controlling
for explanatory variables in SRT, RTP time, and tra-
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jectories for symptom severity, balance, and mental
status are presented in Table 5.

DISCUSSION

Head injury biomechanics (linear acceleration,
rotational acceleration, season RHIE or injury day
RHIE) did not predict clinical recovery trajectories for
symptom severity, balance, or mental status. Among
these biomechanical values, only season RHIE pre-
dicted longer SRT and shorter RTP time. These out-
comes were measured in 45 concussed American
college football athletes representing 51 concussions
across six study sites. This overall finding generally
agrees with previous preliminary head injury biome-
chanics studies attempting to address this important
clinical research question. Those previous studies
demonstrated no correlations between linear and

rotational accelerations and post-injury changes in
symptoms,12,30 balance,12 and neurocognitive perfor-
mance.12 Our data additionally support work that has
previously addressed American football injury thresh-
olds.11,22 Our findings and those available in the extant
literature suggest various additional factors may con-
tribute to individual recovery characteristics including
individual tolerability,30 pre-injury head impact expo-
sure,4 and both pre-injury and sub-acute symptom
presentations.17

We limited our study of injury-causing head impact
biomechanics to those impacts known to cause inci-
dent concussion, and to the season RHIE and injury
day RHIE sustained by those athletes. Adding RHIE
to our study was an important consideration because
we must acknowledge that for every injury-causing
impact an athlete sustains, they may be exposed to
hundreds or even thousands more across a single sea-

TABLE 3. Differential symptom resolution time (SRT) and return-to-play (RTP) time represented as ratios [95% confidence
intervals] obtained using unadjusted negative binomial regression models across all explanatory variables of interest (injury

characteristics).

Injury characteristics Symptom resolution time Return-to-play time

Race/ethnicity

Non-Hispanic White Referent level Referent level

Black 1.13 [0.64, 2.01] 1.32 [0.67, 2.61]

Other 2.41 [1.13, 5.17] 1.62 [0.68, 3.90]

Prior concussions

No Referent level Referent level

Yes 1.13 [0.62, 2.04] 1.86 [1.06, 3.28]

Medical history

No Referent level Referent level

Yes 0.79 [0.46, 1.38] 1.21 [0.60, 2.45]

Position subgroup

Defense Referent level Referent level

Offense 0.51 [0.29, 0.92] 0.89 [0.45, 1.75]

Body mass index (BMI)a 1.01 [0.96, 1.08] 1.03 [0.99, 1.06]

Event type

Practice Referent level Referent level

Competition 1.50 [0.69, 3.27] 1.03 [0.45, 2.35]

Impact location

Front Referent level Referent level

Back 0.62 [0.36, 1.07] 0.67 [0.37, 1.20]

Side 0.45 [0.22, 0.92] 0.46 [0.23, 0.93]

Top 1.08 [0.44, 2.68] 1.36 [0.62, 3.00]

Head injury biomechanics

Linear accelerationb 0.97 [0.91, 1.03] 0.96 [0.89, 1.04]

Rotational accelerationc 0.93 [0.80, 1.08] 0.86 [0.73, 1.00]

Season RHIEd 1.22 [1.09, 1.36] 0.72 [0.56, 0.93]

Injury day RHIEd 0.93 [0.82, 1.06] 0.92 [0.84, 1.01]

Ratios to be interpreted as percentage differences in days until SRT and RTP time, respectively, compared to the referent level unless

otherwise noted.

RHIE Repetitive head impact exposure.
aRatio estimates represent differential SRT and RTP time for each unit increase in BMI.
bRatio estimates represent differential SRT and RTP time for each 10-unit increase in linear acceleration.
cRatio estimates represent differential SRT and RTP time for each 1000-unit increase in rotational acceleration.
dRatio estimates represent differential SRT and RTP time for each unit increase in Season RHIE or Injury day RHIE. Injury day RHIE has

been rescaled by a factor of 10 to ease interpretation.
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son or playing career. We cannot discount the role that
subinjurious head impact exposure may play in defin-
ing individual athlete tolerability to concussion.
Rowson et al.30 describe individual-specific tolerance
as similar biomechanical inputs producing different
clinical manifestations between athletes. Injured
American college football players, on average, experi-
enced approximately 94 more head impacts, 10 more
high-magnitude impacts (i.e., impacts exceeding the
peak acceleration leading to their incident concussion)
and a two-fold increase in overall risk-weighted expo-
sure than physically matched controls.27 Our study did
not support these Rowson et al.27,30 studies suggesting
that pre-injury head impact exposure may play a role
in accounting for different recovery trajectories (i.e.,

symptom severity, balance, and mental status)
observed between individuals in large prospective
studies such as ours.

Our overall sample median difference between RTP
time (12.3 days) and SRT (6.1 days) suggests that most
individuals progress through a 6-day RTP strategy
consistent with international guidelines.21 However,
increases in season RHIE were predictive of longer
SRT and shorter RTP time. There may have been
mitigating factors beyond the control of our study that
led some asymptomatic athletes to progress through
their RTP strategy at a quicker rate to return to
competition status sooner. It is likely those with higher
season RHIE were generated from those athletes who
participated more frequently than others (starters vs.

TABLE 4. Differential symptom severity, balance, and mental status recovery trajectories represented as ratios [95% confidence
intervals] obtained using unadjusted negative mixed effects binomial regression models across all explanatory variables of

interest (injury characteristics).

Injury characteristics Symptom severity Balance Mental status

Race/ethnicity

Non-Hispanic White Referent level Referent level Referent level

Black 1.08 [0.61, 1.92] 0.84 [0.66, 1.09] 0.97 [0.93, 1.01]

Other 1.56 [0.82, 2.95] 1.43 [1.08, 1.88] 0.99 [0.93, 1.05]

Prior concussions

No Referent level Referent level Referent level

Yes 1.05 [0.61, 1.79] 1.20 [0.95, 1.52] 0.99 [0.95, 1.04]

Medical history

No Referent level Referent level Referent level

Yes 0.84 [0.50, 1.41] 0.93 [0.72, 1.21] 1.03 [0.99, 1.08]

Position subgroup

Defense Referent level Referent level Referent level

Offense 0.85 [0.51, 1.42] 0.86 [0.68, 1.09] 1.02 [0.98, 1.06]

Body mass index (BMI)a 1.01 [0.97, 1.04] 1.01 [0.99, 1.03] 1.00 [0.99, 1.001]

Event type

Practice Referent level Referent level Referent level

Competition 0.76 [0.44, 1.33] 1.05 [0.81, 1.36] 1.01 [0.97, 1.05]

Impact location

Front Referent level Referent level Referent level

Back 1.12 [0.58, 2.15] 0.94 [0.74, 1.19] 1.00 [0.96, 1.04]

Side 0.80 [0.42, 1.55] 0.89 [0.67, 1.18] 0.99 [0.90, 1.08]

Top 1.56 [0.87, 2.78] 1.10 [0.87, 1.39] 0.98 [0.93, 1.04]

Head injury biomechanics

Linear accelerationb 0.97 [0.91, 1.04] 0.98 [0.95, 1.01] 1.00 [0.99, 1.002]

Rotational accelerationc 0.94 [0.82, 1.08] 0.94 [0.89, 0.98] 1.00 [0.99, 1.01]

Season RHIEd 1.05 [0.94, 1.18] 1.04 [0.97, 1.12] 1.00 [0.99, 1.01]

Injury day RHIEd 0.96 [0.81, 1.14] 0.96 [0.92, 1.01] 0.99 [0.98, 1.01]

Ratios to be interpreted as percentage differences in recovery trajectories compared to ‘similar athletes’ (athletes with the same level of the

random effect).

RHIE Repetitive head impact exposure.
aRatio estimates represent differential recovery trajectories in symptom severity, balance and mental status for each unit increase in BMI.
bRatio estimates represent differential recovery trajectories in symptom severity, balance and mental status for each 10-unit increase in linear

acceleration.
cRatio estimates represent differential recovery trajectories in symptom severity, balance and mental status for each 1000-unit increase in

rotational acceleration.
dRatio estimates represent differential recovery trajectories in symptom severity, balance, and mental status for each unit increase in Season

RHIE or Injury day RHIE. Injury day RHIE has been rescaled by a factor of 10 to ease interpretation.

Note All mental status models were fit with a repeated structure (compound symmetry covariance) in lieu of traditional estimation using a

random intercept to improve model stability.
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reserves). Additionally, the time of season when in-
juries occurred may have also adjusted site-specific
RTP strategies, converting from more conservative
approaches early in the season (e.g., fall camp) com-
pared to later in the season. Unfortunately, our study
did not capture these details and we can only present
reasonable and plausible explanations for the phe-
nomena we observed. Future studies should explore
the contrast between an athlete’s symptom duration
and resolution time with his or her RTP duration.

The mechanics causing an incident concussion may
be plausibly lowered by understanding an athlete’s pre-
existing head impact exposure in the context of its
temporal distribution. Broglio et al.4 introduced head
impact density as a temporally-dependent head impact
exposure metric in a cohort of American high school
football athletes. Head impact density was higher for
injured high school athletes compared to controls de-
spite not observing any differences in head impact
magnitudes. Stemper et al.34 additionally studied the
effect head impact exposure may have between those
who did and did not sustain an incident concussion.
Our data support that season RHIE are predictive of
longer SRT and shorter RTP time, but do not predict
differential recovery trajectories for symptom severity,
balance, and mental status. In light of these season
RHIE findings, future studies should explore the role
impact frequency, chronic exposures (i.e., season and/
or career), and timing of these exposures have in
contributing to injury risk and subsequent clinical
recovery. Future study is warranted to better under-
stand the neurobiopsychosocial underpinnings associ-
ated with head impact biomechanics.

Head impact biomechanics alone cannot fully de-
scribe the variability we and others have observed in
studies addressing clinical outcomes and injury recov-
ery. We studied a number of pre-injury explanatory
variables including race/ethnicity, concussion history,
medical history, playing position, BMI, event type, and
head impact location. Our univariate analyses sug-
gested that non-white/non-black athletes demonstrate
longer SRT and longer balance recovery trajectory.
Unfortunately, there are no published studies on racial
disparities in concussion symptom resolution. How-
ever, recent studies have identified that Non-Hispanic
Whites perform better on baseline neurocognitive
testing,36 demonstrate greater odds of better concus-
sion symptom knowledge and more positive care-
seeking attitudes,16 and are more likely to recall and
report a possible concussive injury37 than their Black
and African American peers. Given racial disparities
are pervasive across the medical care continuum, this
would be an interesting area for further research.
While concussion history did not predict differential
clinical recovery trajectories or SRT, we observed an
86% longer RTP time for athletes with a concussion
history. These results suggest the clinicians at our study
sites likely managed these cases more conservatively
than athletes with no injury history. Unfortunately, we
do not have data on why clinicians may or may not
have elected to follow typical Berlin RTP strategies. A
number of unstudied factors may explain this includ-
ing, but not limited to, symptom exacerbation during
one or more steps in the RTP strategy, comorbid
conditions (e.g., visual issues not identified until athlete
was exposed to more functional activities), or even
psychological and mental health considerations. Our

TABLE 5. Differential symptom resolution time (SRT), return-to-play (RTP) time, and recovery trajectories for symptom severity,
balance, and mental status represented as ratios [95% confidence intervals] obtained from multivariable negative binomial
regression models after controlling for explanatory variables (race/ethnicity, concussion history, medical history, position

subgroup, BMI, event type, and head impact location).

Head injury biomechanics Symptom resolution time Return-to-play time Symptom severity Balance Mental status

Linear accelerationa 0.98 [0.94, 1.02] 0.97 [0.90, 1.04] 1.01 [0.93, 1.10] 1.02 [0.99, 1.04] 1.00 [0.99, 1.002]

Rotational accelerationb 1.03 [0.90, 1.18] 0.92 [0.80, 1.04] 0.92 [0.61, 1.40] 0.90 [0.85, 0.95] 1.00 [0.99, 1.01]

Season RHIEc 1.25 [1.05, 1.48] 0.80 [0.66, 0.97] 1.03 [0.84, 1.26] 0.96 [0.87, 1.05] 0.99 [0.97, 1.02]

Injury day RHIEc 0.99 [0.88, 1.12] 0.96 [0.90, 1.03] 0.97 [0.85, 1.11] 0.96 [0.92, 1.00] 0.99 [0.98, 1.001]

Ratios to be interpreted as percentage differences in SRT, RTP time, and recovery trajectories compared to ‘similar athletes’ (athletes with

the same level of the random effect).

RHIE Repetitive head impact exposure.
aRatio estimates represent differential SRT, RTP time, and recovery trajectories in symptom severity, balance and mental status for each 10-

unit increase in linear acceleration.
bRatio estimates represent differential SRT, RTP time, and recovery trajectories in symptom severity, balance and mental status for each

1000-unit increase in rotational acceleration.
cRatio estimates represent differential SRT, RTP time, and recovery trajectories in symptom severity, balance, and mental status for each unit

increase in Season RHIE or Injury day RHIE. Injury day RHIE has been rescaled by a factor of 10 to ease interpretation.

Note Select mental status models were fit with a repeated structure (compound symmetry covariance) in lieu of traditional estimation using a

random intercept to improve model stability.
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study suggests that head injury biomechanics alone are
insufficient predictors for clinical recovery. We submit
a deeper understanding of neurobiopsychosocial
underpinnings can only result from a pan-discipline
approach. For example, future studies should intersect
head impact biomechanics with advanced neuroimag-
ing and/or biomarkers to better inform clinical recov-
ery characteristics. Incorporating psychosocial
outcomes (e.g., Brief Symptom Inventory, anxiety,
depression) would complement existing objective out-
comes to encompass a holistic neurobiopsychosocial
approach to studying sport-related concussion.

Limitations

Despite being one of the largest multi-site studies of
its kind, our study was limited to a small sample size
that did not permit us to fully explore the scope of
potential multivariable analyses described in the dis-
cussion. Coupled with our outcomes’ distributional
properties, this resulted in analytical instabilities
requiring us to tune model parameters (such as the
covariance pattern) to find the most appropriately fit-
ting model on an outcome basis. We did not perform a
formal power analysis to justify our study’s sample
size. Rather, we included all cases for which we had
relevant data available. Despite this limitation, we
observed several statistically significant differences
suggesting our study was adequately powered to sup-
port the analyses we conducted. Additionally, partici-
pant retention across study time points introduced a
pragmatic challenge to our multi-site study. Underre-
porting concussion symptoms is a known phenomenon
among athletes.19 Despite each site’s best efforts, it is
possible that our participants chose not to fully dis-
close their injury symptoms. Additionally, 52% of our
injuries were not immediately reported to the site’s
clinical staff. Despite this, we describe in our methods
the procedures employed for assigning incident im-
pacts to diagnosed injuries and are confident in these
assignments. We acknowledge limited video footage
available for practice injuries. Our study sample was
limited to elite Division I college American football
players. We are unable to generalize to other American
football levels (professional, high school, youth, etc.)
nor are we able to generalize to other helmeted and
unhelmeted sports. We also excluded computerized
neurocognitive testing for several reasons: (1) com-
puterized neurocognitive testing is not used at all col-
leges, (2) different platforms were employed by the
institutions involved in our study introducing pan-
platform compatibility and sample size issues, and (3)
data missingness would have compromised our ana-
lytical assumptions. Accurately measuring head impact
biomechanics presents a continued technical challenge

to the scientific community. We acknowledge openly
the HIT System is an imperfect system associated with
some measurement error2,32 but has been used most
frequently in helmeted sports (particularly American
football) since 2003.

CONCLUSIONS

Sport-related concussions remain a difficult clinical
condition to manage. Individualized variability across
the injury spectrum (varying injury thresholds, ranging
effects of premorbid conditions, etc.) contribute to
these challenges. Addressing these and other important
clinical research questions also encounter profound
technical challenges. We report that head impact
biomechanics of incident concussions do not predict
recovery in standard clinical outcomes and, with the
exception of season RHIE, do not predict SRT or RTP
time. We propose a need to follow this study with pan-
discipline approaches tying in multiple advanced
research metrics to better describe the neurobiopsy-
chosocial underpinnings associated with sport-related
concussion and its recovery.
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