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ABSTRACT

BECKWITH, J. G., R. M. GREENWALD, J. J. CHU, J. J. CRISCO, S. ROWSON, S. M. DUMA, S. P. BROGLIO, T. W.

MCALLISTER, K. M. GUSKIEWICZ, J. P. MIHALIK, S. ANDERSON, B. SCHNEBEL, P. G. BROLINSON, and M. W. COLLINS.

Timing of Concussion Diagnosis Is Related to Head Impact Exposure Prior to Injury.Med. Sci. Sports Exerc., Vol. 45, No. 4, pp. 747–754,

2013. Purpose: Concussions are commonly undiagnosed in an athletic environment because the postinjury signs and symptoms may be

mild, masked by the subject, or unrecognized. This study compares measures of head impact frequency, location, and kinematic response

before cases of immediate and delayed concussion diagnosis. Methods: Football players from eight collegiate and six high school teams

wore instrumented helmets during play (n = 1208), of which 95 were diagnosed with concussion (105 total cases). Acceleration data

recorded by the instrumented helmets were reduced to five kinematic metrics: peak linear and rotational acceleration, Gadd severity

index, head injury criterion, and change in head velocity ($v). In addition, each impact was assigned to one of four general location

regions (front, back, side, and top), and the number of impacts sustained before injury was calculated over two periods (1 and 7 days).

Results: All head kinematic measures associated with injury, except peak rotational acceleration (P = 0.284), were significantly higher

for cases of immediate diagnosis than delayed diagnosis (P G 0.05). Players with delayed diagnosis sustained a significantly higher

number of head impacts on the day of injury (32.9 T 24.9, P G 0.001) and within 7 d of injury (69.7 T 43.3, P = 0.006) than players with

immediate diagnosis (16.5 T 15.1 and 50.2 T 43.6). Impacts associated with concussion occurred most frequently to the front of the

head (46%) followed by the top (25%), side (16%), and back (13%) with the number of impacts by location independent of temporal

diagnosis (W2(3) = 4.72, P = 0.19). Conclusions: Concussions diagnosed immediately after an impact event are associated with

the highest kinematic measures, whereas those characterized by delayed diagnosis are preceded by a higher number of impacts.

Key Words: HIT SYSTEM, IMPACT BIOMECHANICS, MILD TRAUMATIC BRAIN INJURY (mTBI), TRAUMATIC BRAIN

INJURY (TBI), INJURY THRESHOLD, SYMPTOMATOLOGY

S
ports-related concussion, a type of mild traumatic
brain injury, is diagnosed after assessment of several
clinical domains including athlete-reported symptoms,

physical signs (e.g., change in behavior, balance, and sleep),
and cognitive functioning (26). Current strategies for injury
management suggest that abnormalities in any one or more

of these domains should place an athlete in the category
of suspected concussion. On the athletic field, loss of con-
sciousness (LOC) is arguably the most identifiable sign of
concussion; however, it has been well documented that most
sports-related concussions do not result in LOC (7,14,27,29).
Because the postinjury changes in signs and symptoms used
for identification may be mild, masked by the athlete, or go
unreported, it is common for concussions to go undiagnosed
(25). It is also not uncommon for an athlete to self-report
signs and symptoms in the day or days after their onset, fur-
ther confounding efforts to understand the circumstances
surrounding the injury (12).

Although most sports-related concussion cases are attrib-
uted to a single impact, in many cases, the athlete has been
exposed to multiple head impacts before injury and poten-
tially multiple head impacts after initial onset of symptoms
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when the injury goes unreported (3). For example, it has
been reported that college football players sustain up to 2400
head impacts per season (10) with the average player sus-
taining 14.3 impacts per game (9). At this time, it is unknown
whether multiple head impacts influence the pathophysiology
of the brain and the clinical manifestation of the injury,
but, at the very least, a player’s history of head impact ex-
posure (HIE) (frequency, location, and kinematics of head
impact) makes associating a single impact with injury a
complicated task (2,3,31), and if an athlete does not recall
when onset of symptoms occurred, the reliability of cor-
rectly identifying a single impact associated with injury is
likely to be quite low.

Published research to date has demonstrated that single
head impact kinematic measures (e.g., peak linear accele-
ration and peak rotational acceleration) are sensitive to di-
agnosed concussion; however, these measures have low
specificity. Injuries typically occur after an impact with ki-
nematics in the highest percentile of all impacts, but there
are many impacts with similar characteristics that do not
result in diagnosed injury (4,19). Both the sensitivity and
specificity increase when kinematic measures are combined
with additional factors such as head impact location, into
composite measures (5,17,32), but a single concussive in-
jury threshold that is specific to all cases of injury has
remained elusive because of the wide variance in values
reported for single head impacts associated with injury.

To better understand the association between head impact
and diagnosed concussion, we previously reported the fre-
quency and associated kinematic response of head impacts
sustained by football players on days with and without di-
agnosis of concussion (2). Ninety-five of 1208 athletes
participating on 14 collegiate and high school football teams
who wore instrumented helmets to record their HIE during
play sustained at least one diagnosed concussion, yielding
105 distinct cases of recorded injury (nine players sustained
multiple injuries). Players sustained both an increase in
impact frequency and magnitude of kinematic parameters
(linear and rotational acceleration magnitude, change in
head velocity ($v), and composite measures Gadd severity
index (GSI) and head injury criterion (HIC15) on days of
diagnosed concussion than on days without). In addition,
kinematic measures derived from linear head acceleration
were the most sensitive predictors of immediately diag-
nosed concussion. We also reported that 57% of the 105
cases of concussion were not diagnosed immediately after a
single, identifiable head impact but rather reported and di-
agnosed later that day or in the following days. These cases
(n = 60) have been termed ‘‘delayed diagnosis of concus-
sion’’ for this study.

There are several potential explanations for why delayed
concussion diagnosis occurs, including, but not limited to,
athletes not wanting to be removed from play, athletes not
knowing they were injured, or symptoms developing at a
later time (18,23,25). In our previous study, we postulated
that variation in HIE may be associated with this observed

difference in clinical presentation (i.e., immediate vs delayed
diagnosis). The aim of this study was to test that theory by
comparing measures of HIE before cases of immediate
and delayed diagnosis of concussion. Specifically, we tested
the hypotheses that impacts associated with immediate di-
agnosis of concussion would have greater kinematic values
than impacts associated with delayed diagnosis, that players
would sustain more impacts before delayed diagnosis of
concussion than immediate diagnosis, and that the location
distribution of impacts associated with concussion would
not depend on whether the injury was diagnosed immedi-
ately or delayed.

PARTICIPANTS AND METHODS

Methodology review. As part of a multiinstitutional
study to examine the biomechanical basis of mild traumatic
brain injury, football players from eight collegiate and six
high school teams wore instrumented helmets (Head Impact
Telemetry (HIT) System; Simbex, Lebanon, NH) to record
measures of HIE (frequency, location, and kinematic re-
sponse of head impacts) while playing football (Fig. 1). The
following analyses focus on 105 cases of diagnosed con-
cussion experienced by 95 of those players who were diag-
nosed with injury during a 6-yr period (2005–2010) (2).
Nine of the players were diagnosed with concussion multi-
ple times during the study period, with eight players sus-
taining two injuries and one player sustaining three. At all
institutions participating in the research, approval for data
collection and reduction was received by an institutional
review board and informed consent was obtained, including
parental consent in the case of minors.

Helmet instrumentation. Description of the HIT Sys-
tem technology has been reported in the literature including
discussion of algorithmic (8,30), laboratory (1,13,15,24),
and on-field descriptions of system performance (5,6,9–
11,13,17,28,31). Briefly, helmets were fitted with a wireless,
sealed in-helmet unit designed to isolate head from helmet
acceleration (24). The in-helmet unit contains six single-axis
accelerometers, data acquisition hardware, and a recharge-
able battery. When any one of the six accelerometers ex-
ceeded a threshold of 14.4g, data from all accelerometers
were recorded, time stamped, and transmitted to a sideline
computer. Once downloaded, acceleration data were pro-
cessed for impact location and linear and angular accelera-
tion of the head center of gravity (8 ms pretrigger and 32 ms
posttrigger) (8,30). Additional measures derived from the
linear acceleration time series data, HIC15 (21,22), GSI (16),
and $v, were then computed. Head impact data from all
schools were consolidated into a single database and redacted
of personal identifiers for all subsequent analyses.

Measures of HIE. HIE is a broad term used to describe
the frequency, location, and kinematic response (both ac-
celeration and measures derived from acceleration) to head
impacts (9–11). For analyses presented here, acceleration
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data were used to compute five kinematic metrics: peak
linear acceleration, peak rotational acceleration, HIC15,
GSI, and $v. To allow for comparison by impact location,
each impact was assigned to one of four general location
regions—front, back, side, and top—from the continuous
impact location measurement provided by the in-helmet unit
(9,17). Impact frequency was defined as the number of
impacts sustained over two periods, 1 d and 7 d. For each of
these periods, both the total number of impacts (Freq) and
the number of impacts exceeding the 50th (Freq50) and 95th
percentile (Freq95) peak linear acceleration level for all
players are reported. Peak linear acceleration was selected
as the measure of interest because it was previously shown
to be the best predictor of immediately diagnosed concus-
sion (2). The cutoff values for peak linear acceleration
(50th = 20.5g, 95th = 62.2g) used in this study were previ-
ously established by Crisco et al. (10) and represent levels at
which only 50% and 5% of all impacts sustained during play
are expected to exceed.

Clinical diagnosis. Diagnosis of concussion was made
by the medical staff at each participating institution (athletic
trainer, team physician, etc.). After symptom resolution, each
institution provided the date of injury, the suspected time of
injury, the approximate time of diagnosis, day of symptom
resolution, and player’s age, height, and weight. Anecdotal
descriptions of the events surrounding injury (e.g., descrip-
tion of the impact, method of identifying the injury, and on-
field observations regarding clinical presentation) were also
provided by each team when available (2).

Although it was common for teams to associate a single
impact with injury, it was observed that concussion was not
always diagnosed immediately after head impact. For these
cases, the diagnosis did not occur until later that day or in the
days following when signs of injury were observed by the
staff or symptoms were self-reported by the athlete. Because
of this observation, injury cases were classified into two
timing categories: 1) immediate diagnosis—a case of diag-
nosed concussion where a single identifiable head impact
preceded onset of symptoms that led to the player being
immediately removed from play without reentry; 2) delayed
diagnosis—a case of diagnosed concussion where the player
was not immediately identified with injury, continued to
play, and was diagnosed later that day or the following days.
No distinction was made between players who indicated a
delayed onset of symptoms and those who failed to imme-
diately report symptoms to medical personnel. For single
impact analyses, cases of immediate diagnosis were associ-
ated with the head impact sustained before diagnosis, and
delayed diagnosis cases were associated with the highest
level impact, by peak linear acceleration, sustained on the
day of injury.

Statistical analysis. Descriptive statistics (mean, SD,
and range) are provided for single-impact kinematic measures
and impact frequency and location by timing category. Before
statistical comparison of impact kinematics and frequency,
Lilliefors tests were first conducted to verify assumptions of
normality. If normality assumptions were met, distributions
of kinematic measures and impact frequency were compared

FIGURE 1—Hypotheses tested within this communication are based on a subset of biomechanical and clinical data that were collected as part of a
longitudinal study to investigate the biomechanical bases of mild traumatic brain injury. Data reported in this study are derived from the samples
highlighted in the above flowchart.
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using a Student’s t-test. If the distributions of data for either
immediately or delayed cases were found to be skewed, a
Kruskal–Wallis nonparametric one-way ANOVA was used.
A chi-squared test for independence was used to determine
whether the location of impacts associated with concussion
is dependent on whether the injury is diagnosed immediately
or delayed. All statistical analyses were performed using
MATLAB (version 7.11; The MathWorks Inc., Natick,
MA). A significance level of > = 0.05 was set a priori for all
statistical tests.

RESULTS

A total of 161,732 head impacts were recorded over
10,972 player days (day where an athlete sustained at least
one head impact) from 95 athletes clinically diagnosed with
concussion (Fig. 1). Eight of the subjects sustained two di-
agnosed concussions and one had three, yielding 105 iden-
tified cases of injury (2). Forty-five (43%) of all injury cases
were classified as immediate diagnosis, with seven of these
cases involving LOC. Of the 60 cases of delayed diagnosis,
seven were reported during the period of play, but after
the stated onset of symptoms, 16 were reported on the same
day, but after the practice or game, 22 were reported in the
days following, and in 5 cases, the player was not removed
from play, but it was indeterminable from available clinician
notes whether the injury was reported after play on the same
day or in the days following. Time between injury and
symptom resolution was reported for 89 of the 105 cases,
and, of these, symptoms resolved in 5.9 T 7.4 d (15 min to
59 d). No statistical difference in length of symptom reso-
lution was found between cases of immediate (35 reported,
6.1 T 5.8 d) and delayed (54 reported, 5.8 T 8.3 d) diagnosis
(P = 0.56).

The average peak linear and angular acceleration values for
all impacts associated with diagnosis of concussion (n = 105)
were 102.5g T 33.8g (29.3g–205.3g) and 3977 T 2272 radIsj2

(183–10,484 radIsj2), respectively. The average HIC15, GSI,
and $v were 249 T 203 (11–994), 345 T 270 (14–1188), and
3.74 T 1.55 mIsj1 (1.32–8.99 mIsj1), respectively. The dis-
tributions of peak linear and rotational acceleration and $v for
the impact associated with concussion diagnosis were nor-

mally distributed for both the immediate and delayed diag-
nosis classifications. Measures of these three kinematic
metrics were higher for immediately diagnosed cases, but
only peak linear acceleration (P = 0.011) and $v (P = 0.001)
were statistically significant (Table 1). HIC15 and GSI were
not normally distributed, and measures for both metrics were
significantly higher for cases of immediate diagnosis than
those associated with delayed diagnosis (Table 1).

Impacts associated with diagnosed concussion occurred
most frequently to the front of the head (46% of all, 16 im-
mediate and 32 delayed diagnosis), followed by the top
(25% of all, 11 immediate and 15 delayed diagnosis), side
(16% of all, 10 immediate and 7 delayed diagnosis), and
back (13% of all, 8 immediate and 6 delayed diagnosis)
(Fig. 2). The frequency of impacts by location did not differ
by classification of immediate or delayed concussion diag-
nosis, W2(3) = 4.72 (P = 0.19).

Players diagnosed with concussion sustained an average
of 25.8 T 22.7 (1–108) impacts on the day of injury and
61.3 T 44.3 (1–216) impacts within 7 d previous to the in-
jury. Impact frequency was nonnormally distributed for both
1- and 7-d time windows and at all levels of acceleration
evaluated (all impacts, top 50th percentile, and top 95th
percentile). On the day of injury, players with delayed di-
agnosis sustained twice as many total head impacts (Table 2)
and significantly more impacts with peak linear accelera-
tion higher than the 50th percentile of all impacts than
players with immediate diagnosis (P G 0.001); however, the
number of head impacts above the 95th percentile of all
impacts did not differ by diagnosis classification (P = 0.135).
Players with delayed diagnosis also sustained a higher num-
ber of total impacts (P = 0.006) and 50th percentile impacts
(P = 0.006) over the 7 d before injury, but again, the number
of top 95th percentile impacts did not differ statistically
during this time (P = 0.129).

DISCUSSION

Recently, several studies have attempted to identify a
biomechanical threshold for concussive injury in sports
(4,17,19). Although the sporting environment offers a unique
opportunity to study concussion, identifying a single head
impact associated with injury is often difficult because athletes
are frequently exposed to repetitive head impacts over the
course of practices and games (9,10). In addition, the diag-
nosis of sports concussion is often difficult because of vari-
ability in on-field presentation of signs and symptoms
(27,31), the athletes’ willingness to report (25), and the po-
tential for delayed symptom onset (18,23). This investigation
is the second in a series of analyses designed to elucidate the
biomechanical basis of mild traumatic brain injury and fo-
cuses on the relationship between HIE and timing of clinical
diagnosis. Specifically, HIE recorded from collegiate and
high school football players diagnosed with concussion by
medical personnel was separated into cases of immediate and
delayed diagnosed concussion and compared.

TABLE 1. Mean (SD) values of head kinematics after single head impacts associated with
diagnosis of concussion.

Single-Impact Kinematics

Timing of Diagnosed
Concussion

P ValueImmediate Delayed

Peak linear acceleration (g) 112.1 (35.4) 95.3 (30.9) 0.011
Peak angular acceleration

(radIsj2)
4253 (2287) 3771 (2258) 0.284

HIC15 331.2 (239.4) 194.8 (150.6) 0.004
GSI 439.3 (315.2) 274.2 (206.4) 0.005
$v (mIsj1) 4.29 (1.71) 3.33 (1.29) 0.001

Immediately diagnosed concussions were associated with significantly higher mean
head kinematics (all measures except peak angular acceleration) than that injuries with
delayed diagnosis.
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All evaluated kinematic measures of impact, except peak
rotational acceleration, were found to be significantly higher
for impacts associated with immediately diagnosed con-
cussions than the highest severity impact recorded on the
day of delayed diagnoses injury (Fig. 3). In addition, the
frequency of impacts by head impact location was not found
to be significantly dependent on injury classification. Con-
sidering rotational acceleration is more likely to be influ-
enced by impact location than linear acceleration and no
dependence on location was found, it is understandable that
kinematic measures derived from linear acceleration differed
between cases of immediate and delayed diagnosis, whereas
rotational acceleration did not. Sixty-nine percent of all
concussion-related impacts were to either the front or top of
the head. These ratios of injury are similar to those reported
by Crisco et al. (10) who, when evaluating HIE from three

collegiate football teams, found that the highest peak linear
accelerations occur for athletes not diagnosed with concus-
sion after impacts to the top, front, back, and side of the
head, respectively. Because the impacts associated with both
injury timing categories are in the highest percentile of all
impacts by linear acceleration, it is not altogether surprising
that the most frequent locations for concussive injury are
the same as the locations where subconcussive impacts re-
sult in the highest accelerations.

A key finding from our initial report was that athletes
sustained significantly more head impacts on days of diag-
nosed concussion (25.8 T 22.7 impacts per day) than on days
without (14.6 T 15.6 impacts per day) (2). When separated
into cases of immediate and delayed diagnosis, however, a
sharper contrast emerges. Athletes with immediate diagnosis
sustain a similar number of impacts on injury days (16.5 T

TABLE 2. The mean (SD) number of head impacts sustained on the same day and within 7 d of injury.

Days Before Injury

All Impacts Top 50th Percentilea Top 95th Percentileb

Immediate Delayed P Immediate Delayed P Immediate Delayed P

Same day 16.5 (15.1) 32.9 (24.9) G0.001 8.7 (8.9) 18.7 (15.6) G0.001 1.8 (1.2) 2.6 (2.5) 0.135
e7 d of injury 50.2 (43.6) 69.7 (43.3) 0.006 24.3 (38.4) 38.4 (26.2) 0.006 3.9 (3.5) 5.3 (5.4) 0.129

Delayed diagnosis concussions were preceded by more total impacts and impacts with peak linear acceleration higher than the median (top 50th percentile) of all impacts than that
injuries with immediate diagnosis.
a 50th percentile linear acceleration = 20.5g.
b 95th percentile linear acceleration = 62.2g.

FIGURE 2—Locations of impacts associated with immediate (top, N = 45) and delayed (bottom, N = 60) concussion diagnosis. The percentage of
impacts by location did not differ by classification of immediate or delayed diagnosis, W2(3) = 4.72 (P = 0.19).
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15.1 impacts per day) as on noninjury days (2), but athletes
with delayed diagnosis sustain twice as many impacts
(32.9 T 24.9 impacts per day) on days of injury than on
days without. In addition, athletes with delayed diagnosis
sustain more impacts in the week preceding the injury than
those with immediate diagnosis. By isolating this analysis
to only include impacts in the top 50th and 95th percentile,
it can be seen that the additional impacts sustained by ath-
letes with delayed diagnosis are primarily of lower severity.

The first step in evaluating the relationship between head
impact biomechanics and concussion is to make an associ-
ation between an impact event and injury. During this pro-
cess, we unexpectedly found that many injuries were not
easily identifiable because of the frequency of head impacts
experienced by football players and a high propensity for
delayed injury reporting. Others reporting an association
between head impact and injury have correlated video with
data recorded from instrumented helmets to best identify the
time of injury (17,20); however, this method requires a re-
liable athlete report of approximate time of injury and is still
confounded by the potential influence of head impacts
within a temporal proximity. Because of this, we chose to
separate cases of diagnosed concussion into two general
categories, those that were clearly associated with a single
impact because the player was immediately removed from
play and those diagnosed concussions that did not have an
easily identifiable impact because diagnosis was delayed.
This distinction is not based on the number or severity of
symptoms experienced by the athlete or the length of those
symptoms, so it cannot be assumed that athletes with im-
mediate diagnosis had a higher severity of injury than those
with delayed diagnosis; rather, the symptoms associated
with these injuries appear to differ in presentation and over
time and/or illicit a different subject response, which leads to
immediate removal from play for some, but not others.

For impact kinematics and location comparisons, biome-
chanical measures associated with delayed concussion di-
agnosis were linked with the impact, resulting in the highest

peak linear acceleration sustained on the day of injury. Al-
though it cannot be certain that the injury did not result from
another impact, or a series of cumulative impacts, this con-
servative, systematic approach of associating impact with
injury does allow us to illustrate differences between these
two groups. By implementing this method, we potentially
overestimate the head impact severity associated with de-
layed diagnosis, but the statistical significance between the
two groups would be unaffected. This approach is also
supported by 22 cases of delayed diagnosis where an ap-
proximate time of symptom onset was identified by the
player, even though they continued to play. In 16 of these
cases, the approximate time of injury corresponded with the
recorded time for the highest peak linear acceleration impact
of the day. In each of the six remaining cases, the athlete was
initially evaluated by the team’s medical staff after the impact
where the symptom onset was thought to occur, but the player
was not initially diagnosed with injury and was allowed to
reenter play. Each athlete then sustained an impact with higher
linear acceleration later that day before being diagnosed with
concussion. Further support is found in the immediately di-
agnosed cases, where 38 (84.4%) of the impacts associated
with concussion were the highest peak linear acceleration
impact of the day. Although any of the impact severity
measures could have been chosen for these analyses, peak
linear acceleration was used because it has previously been
shown to be the most predictive of diagnosed concussion
(2). The same impact would have been chosen in 36, 47,
50, and 38 cases of delayed diagnosis if peak rotational
acceleration, HIC15, GSI, or change in head velocity would
have been used.

This study has several limitations that should be consid-
ered when interpreting the results. First, variability in injury
diagnosis and methods used to identify injury most likely
exists because of the large number of represented teams,
inclusion of teams from two levels of play, and the pro-
gressively increasing public emphasis placed on concussion
awareness during the 6-yr period of this study. Although

FIGURE 3—Peak linear and rotational acceleration for impacts associated with immediate and delayed cases of diagnosed concussion compared with
the highest severity impact recorded for those players on each playing day without diagnosed injury. Nondiagnosis day data previously reported by
Beckwith et al. (2).
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level of play might be thought to have a significant influence
on the number of cases with immediate versus delayed di-
agnosis based on the theory that collegiate athletes may be
more reluctant to self-report symptoms and that high school
teams may not have the same resources to identify injuries
immediately as they occur, this was not the case. The ratio
of immediate to delayed cases of injury was nearly identical
for high school (16 immediate and 21 delayed) and colle-
giate players (29 immediate and 39 delayed).

In addition, the analyses presented focus on individual
athletes who were selected for inclusion based solely on
whether they sustained a diagnosed concussion while wearing
an instrumented helmet. Because of this, extrinsic variables
associated with these players such as position group and
session participation (i.e., games vs practices) were not
matched to the general football population. This focus on
individual players provides a means for identifying which
biomechanical variables are most related to concussion di-
agnosis but, unfortunately, is not particularly well suited for
directly correlating extrinsic variables to concussion risk.
From a qualitative perspective, however, it does appear
that linemen (offensive line, defensive line, and linebackers)
tend to sustain a higher percentage of delayed diagnosis
cases (70.4% delayed diagnosis) than skill position players
(defensive backs, quarterbacks, running backs, and wide
receivers; 46.6% delayed diagnosis), and the percentage of
immediate and delayed cases associated with games, prac-
tices, and scrimmages is similar (immediate diagnosis: game,
j62.2%; practice, j33.3%; scrimmage, 4.5%; delayed di-
agnosis: game, j58.3%; practice, 33.3%; scrimmage, 8.4%).
These numbers suggest that linemen, who have been shown
to sustain more head impacts than skill position players (9),
are more likely to sustain concussions with delayed diag-
nosis than skill position players who typically sustain
impacts with higher kinematic response (11), but further
analysis on cohorts controlled for normal distributions of
athletes are required to determine whether these trends are
statistically significant.

Finally, the study design only tracked concussion history
during the period players wore instrumented helmets. Of the
105 cases, there were nine subjects who sustained multiple
concussions. This sample or repeat concussions is currently
not large enough to draw meaningful conclusions on how
concussion history affects either injury tolerance or clinical
presentation; however, we do plan to present these data as
individual case studies within separate communications.

This communication is the second in a series exploring
the biomechanical basis of mild traumatic brain injury.
This analysis compared HIE for two groups of concussed

athletes, those that were immediately diagnosed with injury
and those with delayed diagnosis. Although both injured
groups sustained impacts with higher associated kinematic
measures on days of diagnosed injury than on days without
diagnosed injury, a clear differentiation between these cases
exists, with immediately diagnosed cases more closely as-
sociated with single impacts with high kinematic response
and delayed cases associated with moderately high kine-
matic response and an increased number of impacts with low
kinematic response. These data suggest that differences in
HIE can result in different clinical presentation, and there-
fore, diagnosed concussion should not be treated as a di-
chotomized outcome variable when determining injury risk.
In addition, further exploration into the relationship between
HIE and other aspects of clinical presentation (e.g., balance,
cognition, and neuroimaging) is warranted.

This manuscript is the second in a series of communications
within Medicine & Science in Sports & Exercise� by the collaborating
authors investigating the biomechanical basis of mild traumatic brain
injury through the use of in-vivo biomechanical data obtained from
on-field head impact monitoring in sports.
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