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Abstract
The purpose of this study was to quantify the severity of head impacts sustained by individual
collegiate football players and to investigate differences between impacts sustained during practice
and game sessions, as well as by player position and impact location. Head impacts (N = 184,358)
were analyzed for 254 collegiate players at three collegiate institutions. In practice, the 50th and
95th percentile values for individual players were 20.0 g and 49.5 g for peak linear acceleration,
1187 rad/s2 and 3147 rad/s2 for peak rotational acceleration, and 13.4 and 29.9 for HITsp,
respectively. Only the 95th percentile HITsp increased significantly in games compared with
practices (8.4%, p= .0002). Player position and impact location were the largest factors associated
with differences in head impacts. Running backs consistently sustained the greatest impact
magnitudes. Peak linear accelerations were greatest for impacts to the top of the helmet, whereas
rotational accelerations were greatest for impacts to the front and back. The findings of this study
provide essential data for future investigations that aim to establish the correlations between head
impact exposure, acute brain injury, and long-term cognitive deficits.
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Concussion injuries are a growing and important health care problem in sports (Gerbeding,
2003), affecting approximately 5% of athletes of all ages and at all levels of participation
(Collins et al., 1999; Gerbeding, 2003; Guskiewicz et al., 2000; Langlois et al., 2006;
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Meehan et al., 2010; Powell & Barber-Foss, 1999a, 1999b; Shankar et al., 2007; Thurman et
al., 1998). The current definition of concussion injury is a change in cognitive state preceded
by an impact to the head (McCrory et al., 2009); however, to date, the specific association
between the biomechanics of a head impact and a concussion injury remains unclear.
Developing and documenting measures of head impact biomechanics is one critical step to
understanding the cause of concussion injuries.

In sports, exposure to the risk of injury is often reported by the number of athlete-exposures
(Dick et al., 2009), defined as one student athlete participating in one practice or competition
in which he or she was exposed to the possibility of athletic injury. The athlete-exposure is
valuable for assessing the risk of injury due to participation, but it does not account for
specific injury mechanisms. With respect to concussion injuries, athlete-exposures cannot
capture the magnitude or the frequency of head impacts. For example, two athletes who
participate in the same number of games would have the same athlete-exposures, yet they
would most likely be exposed to a different number and severity of head impacts.

In our approach to understanding the biomechanical basis of concussion injury we have
defined head impact exposure as a multifactorial term that includes the frequency of head
impacts (e.g., number of head impacts per practice), magnitude of the impacts (e.g., peak
linear acceleration), the location (e.g., front of the helmet), and cumulative history of head
impacts for an individual athlete. A multifactorial measure of exposure is critical at this
juncture because a specific variable or combination of head impact variables that correlate
with the risk of brain injury has not yet been determined.

There have been several efforts to measure head impacts in helmeted sports, dating back to
the 1970s (Moon et al., 1971; Reid et al., 1971). These early efforts required football players
to wear obtrusive data acquisition hardware that interfered with normal play. Consequently,
these studies were limited by the number of athletes and the head impact data that were
collected. More recently, an accelerometer-based system mounted inside football helmets,
the Head Impact Telemetry (HIT) System (Simbex, Lebanon, NH, marketed commercially
as Sideline Response System by Riddell, Elyria, OH) (Beckwith et al., 2007; Crisco et al.,
2004; Manoogian et al., 2006), has been used to directly measure the magnitude of head
acceleration and helmet impact location in football players (Broglio et al., 2009; Brolinson
et al., 2006; Duma et al., 2005; Funk et al., 2007; Greenwald et al., 2008; Mihalik et al.,
2007; Schnebel et al., 2007) during practices and games without interfering with normal
play. These studies have provided new insights into the biomechanics of head impacts in
football by examining the number of impacts and the magnitude of the resulting head
accelerations aggregated within teams and player position.

Previously, we reported that the frequency of head impacts that individual collegiate football
players were exposed to varied significantly with player position, team session (game vs.
practice), and impact location (Crisco et al., 2010). The majority of players received
between 200 and 400 head impacts per season, while some players were exposed to more
than 1400. The average number of head impacts sustained in games was nearly three times
greater than the number of impacts received in practices. While this study was the first to
report the frequency of head impacts for individual collegiate players, the magnitude of
those impacts was not reported.

The purpose of this study was to quantify the severity of head impacts to which individual
collegiate football players were exposed during practices and games over two seasons. We
tested the hypotheses that head impact magnitude differed by team, season, session, player
position, and helmet impact location.
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Methods
Players from three National Collegiate Athletic Association (NCAA) football programs
(Brown University, Dartmouth College, and Virginia Tech) were provided the opportunity
to participate in this IRB-approved observational study after informed consent was obtained.
During the 2007 and 2008 fall football seasons, a total of 254 male players from the three
teams, denoted arbitrarily as Team A (n = 85 players), Team B (n = 83 players), and Team C
(n = 86 players), participated in this study. Of these players, 116 were monitored in both
seasons. This participant turnover was expected, and due primarily to typical roster
fluctuations on a collegiate team (e.g., graduation, incoming freshman, and injuries). Each
player was assigned a unique identification number and categorized in one of eight position
units defined by the team staff as the player’s primary position: defensive line (DL, n = 39),
linebacker (LB, n = 38), defensive back (DB, n = 46), offensive line (OL, n = 60), offensive
running back (RB, n = 29), wide receiver (WR, n = 26), quarterback (QB, n = 10), and
Special Teams (ST, n = 6).

All players wore Riddell (Riddell, Chicago, IL) football helmets instrumented with the HIT
System (Figure 1A), a device capable of recording the acceleration–time history of an
impact from six linear acceler-ometers at 1000 Hz. Impact data from all participating
institutions were uploaded to a secure central server with a consolidated database, and
subsequently exported for statistical analysis. Data were reduced in postprocessing to
exclude any impact event with a peak resultant linear head acceleration less than 10 g
(Mihalik et al., 2007) to eliminate events that had been determined during initial system
development to be inconsequential, nonimpact events (e.g., running and jumping). Any
impact event in which the acceleration–time history pattern of the six linear accelerometers
did not match the theoretical pattern for rigid body head acceleration (Crisco et al., 2004),
such as a spike in a single accelerometer signal that can occur when a player removes his
helmet and throws or kicks it, was also excluded. These data reduction methods have been
previously verified (Brolinson et al., 2006; Duma et al., 2005; Funk et al., 2007; Manoogian
et al., 2006), as was the accuracy of the HIT algorithm (Crisco et al., 2004). Laboratory tests
have determined that the linear and rotational accelerations measured by the HIT system
were within ± 4% of a helmet-equipped Hybrid III dummy (Duma et al., 2005).

A team session (session) was defined as either a formal team practice (players wore
protective equipment with the potential of head contact) or a game (competitions and
scrimmages). An individual player was defined to have participated in a session when at
least one head impact was recorded for that given player. Impacts that were recorded outside
the time of the team session, as defined by the team staff, were excluded from the analysis.

Head impact magnitude was quantified by peak linear acceleration (g) and peak rotational
acceleration (rad/s2). Each recorded impact event was processed using a simulated annealing
optimization algorithm to solve for the linear acceleration magnitude at the head center of
gravity (CG) (Crisco et al., 2004). Peak rotational acceleration was calculated as the vector
product of peak linear acceleration and a point of rotation estimated to be 10 cm inferior to
the CG of the head. Laboratory testing has confirmed that this location is consistent with the
impact response of the Hybrid III dummy (Duma et al., 2005). Helmet impact location for
each impact was computed as azimuth and elevation angles in an anatomical coordinate
system relative to the CG of the head (Crisco et al., 2004) and then categorized into one of
five helmet impact locations: front (F), left (L), right (R), back (B), and top (T) (Figure 1B).
Four equally spaced regions centered on the anatomical midsagittal and coronal planes
defined front, left, right, and back impact locations. All impacts occurring above an
elevation angle of 65°, where 0° elevation was defined as a horizontal plane through the
center of gravity of the head, were defined as impacts to the top of the helmet. In addition, a
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nondimensional measure of head impact severity, HITsp (Greenwald et al., 2008), was
computed. HITsp transforms the computed head impact measures of peak linear and peak
angular acceleration into a single latent variable using principal component analysis, and
applies a weighting factor based on impact location (Greenwald et al., 2008).

Statistical Analysis
The 50th and 95th percentile values of the peak linear and peak rotational acceleration were
first calculated across the entire study, independent of player. For analysis, individual
players’ 50th and 95th percentiles were calculated for each impact location (front, left, right,
top, and back) within all their practices and within all their games. For HITsp, the 50th and
95th percentiles were calculated for practices and for games without consideration of
location. HITsp was not analyzed among impact locations because impact location is a
factor in computing HITsp values. The 50th and 95th percentile values were positively
skewed (normality test failed, p < .05), making general linear models that assume normally
distributed variances inappropriate. Therefore, generalized estimating equations for log-
normally distributed data were used to model the 50th and 95th percentiles, with repeated
measures within players treated as having correlated error with a heterogeneous compound
symmetrical variance–covariance matrix for session type × location, block diagonal by
season. For peak linear and rotational accelerations, the predictive factors were team,
season, season × team, session type, impact location, player position, and the two- and three-
way interactions among session type, impact location, and player position. The interactions
between season and team were also included to allow for differences in the changes across
seasons between institutions. For HITsp, the factors were team, season, team × season,
session, player position, and session × player position.

Statistical significance was set at α = .05. Given the large number of hypotheses, to
minimize type II error, α was only adjusted for multiple comparisons within families of
effects (e.g., differences by player position were adjusted without consideration of
differences by helmet impact location). These post hoc tests used the Holm-simulated
adjustment procedure. All statistical analyses were performed using SAS version 9.2 (SAS
Institute, Cary, NC).

Results
Impacts Across Study

A total of 184,358 head impacts, recorded during 412 sessions (330 practices and 82 games),
were included in the analysis. The distributions of each measure were heavily skewed (p < .
001) toward lower values (Figure 2). Across the study, independent of player, the 50th
percentile values for peak linear acceleration, peak rotational acceleration, and HITsp were
20.3 g, 1392 rad/ s2, and 13.7, respectively. The 95th percentile values for peak linear
acceleration, peak rotational acceleration, and HITsp were 62.2 g, 4289 rad/s2, and 32.1,
respectively.

Impacts Among Players
A player’s position and helmet impact location were the largest factors associated with the
differences in the magnitudes of 50th and 95th percentile peak linear acceleration, peak
rotational acceleration, and HITsp. Season (2007 vs. 2008) and team (A vs. B vs. C) also
differed significantly, but the differences were smaller (Table 1).

Season and Team—Head impact magnitudes decreased from the 2007 to the 2008
season. Significant decreases were in 50th percentile peak linear acceleration (1.8 g, 8.5%),
rotational acceleration (99.2 rad/s2, 8.0%) and HITsp (0.93, 6.7%) (Table 1). Among teams,
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there were no differences in the 50th peak linear accelerations, 50th and 95th peak rotational
accelerations, or 95th HITsp (Table 1). Differences between teams were marginally
significant but small (< 3 g) for 95th percentile peak linear accelerations, with individual
team confidence intervals overlapping: 50.8 g (95%CI: 48.6–53.0 g), 47.7 g (95%CI: 45.8–
9.8 g), and 50.2 g (95%CI: 48.1–52.4 g) for Teams A, B, and C, respectively. Similarly, the
differences in 50th percentile HITsp with Team A (12.9, 95%CI: 12.6–13.1) were
significantly less than Teams B (13.6, 95%CI: 13.4–13.8) and C (13.6, 95%CI: 13.4– 13.9),
who did not differ. The interactions between season and team were not statistically
significant (Table 1).

Practice vs. Games—There were no increases (< 1%) from practices to games in the
head impact magnitude, except in the 95th percentile HITsp, which increased significantly
in games (Table 1). In practice, the 50th and 95th percentile values were 20.0 g (95%CI:
19.7–20.3 g) and 49.5g (95%CI: 48.0–51.1 g) for peak linear acceleration, 1187 rad/s2

(95%CI: 1166–1210 rad/s2) and 3147 rad/s2 (95%CI: 3043–3253 rad/s2) for peak rotational
acceleration, and 13.4 (95%CI: 13.3–13.6) and 29.9 (95%CI: 29.1–30.8) for HITsp,
respectively. In games, the 50th and 95th percentile values were 20.2 g (95%CI: 19.8–20.5
g) and 49.6 g (95%CI: 47.7–51.5 g) for peak linear acceleration, 1197 rad/s2 (95%CI: 1170–
1225 rad/ s2) and 3145 rad/s2 (95%CI: 3011–3285 rad/s2) for peak rotational acceleration,
and 13.3 (95%CI: 13.1–13.5) and 32.4 (95%CI: 30.9–33.9) for HITsp, respectively. The
95th percentile HITsp during practices increased significantly, by 8.4%, when compared
with games (Table 1).

Positions—There were statistically significant differences in head impact magnitude
among player position (Table 1; Figure 3). There were no statistically significant differences
in the 50th peak linear acceleration among running backs (RB), linebackers (LB), or
quarterbacks (QB), whereas each had significantly greater 50th percentile peak linear
acceleration than offensive linemen (OL) and wide receivers (WR) (Figure 3A). The 50th
percentile peak linear acceleration was also significantly greater for RB than for defensive
backs (DB). These significant differences ranged between 5% (LB over OL) to 16% (QB
and RB over ST). Running back had the greatest 95th peak linear acceleration, followed by
LB (3.5% less than RB), and DB (8.8% less than RB). The 95th peak linear acceleration for
RB, LB, and DB were significantly greater than for OL, WR, and ST. These differences
ranged from 13% (DB over OL) to 42% (RB over ST). The DL were 11% less than RB, and
DL were significantly greater than WR by 20%. The pattern of differences between player
positions in peak rotational acceleration was essentially the same as the pattern of
differences between player positions in peak linear acceleration (Figure 3B).

Defensive back, LB, OL, and RB each had significantly greater 50th percentile HITsp than
ST and WR (Figure 3C). There were no statistically significant differences in 50th HITsp
among DB, LB, OL, and RB. Running back also had significantly greater 95th HITsp than
DL, OL, and WR. These differences ranged from 18.5% (RB over DL) to 25% (RB over
WR). The 95th percentile HITsp was 19% greater for RB than for QB, but this difference
was not statistically significant.

Impact Locations—The magnitude of the head impacts differed significantly among
impact locations (Table 1). Peak linear accelerations were greatest for impacts to the top of
the helmet, followed by the front, back, and sides (Figure 4A). The 50th percentile peak
linear acceleration differed significantly among all helmet impact locations, except between
the left and right sides. For the 95th percentile data, the statistical relationships were similar
to the 50th percentile except that impacts to the front were not significantly different from
those to the back. The 95th percentile peak linear acceleration for impacts to the top were
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9.6% (95%CI: 5.9–14%) and 11.5% (95%CI: 6.6–16.1%) greater than the front and the
back, respectively, and approximately 30% (95%CI: 26–35%) greater than the sides.

Impacts to the front and to the back (which did not differ from each other) had the greatest
peak rotational acceleration (Figure 4B). The 95th percentile peak rotational acceleration for
the front and back were both significantly greater (approximately 33%) than for the left and
right sides (which did not differ from each other) and for the top (approximately 109%
greater).

In games, impacts to the front of the helmet tended to have greater 95th percentile peak
linear acceleration than in practice. The 95th percentile peak linear acceleration for impacts
to the front of the helmet increased the most among all helmet impact locations in games
compared with practice for most player positions (17% for DB, 11.5% for DL, 12.5% for
LB, 8.6% for OL). For WR and ST, the increases varied by location, and there was no clear
pattern. There were no notable increases for the 95th percentile peak rotational acceleration
in games compared with practice for the various impact locations.

Impact Location by Position—There were statistically significant differences in the
magnitude of impacts among helmet locations by player position (Table 1). Linebacker and
RB, which did not differ significantly from each other, had the greatest 95th percentile peak
linear acceleration for front impacts (Table 2). Running back had the greatest 95th percentile
peak linear acceleration for the side impact location among all player positions, and this
value was significantly greater than OL by approximately 29% and WR by 57%.
Quarterback had the greatest 95th percentile peak linear acceleration for impacts to the back
of the head among all player positions, but the differences were not statistically significant,
and ranged from approximately 34% for ST to 7% for RB.

The 95th peak rotational acceleration from impacts to the front of the helmet was greatest
for RB and LB, which did not differ (Table 3). Running back and LB had significantly
greater peak rotational accelerations at the front location than OL by approximately 15%.
Running back and LB had significantly greater peak rotational acceleration at the side
impact location than OL by approximately 36% and WR by approximately 60%.

Discussion
In this study, we examined the magnitude (peak linear acceleration and peak rotational
acceleration) and HITsp severity of the head impacts received players from three NCAA
collegiate football teams. In our previous study, we found that the median number of head
impacts for individual players per practice and per game ranged from 4.8 to 7.5 and 12.1 to
16.3, respectively (Crisco et al., 2010). In addition, we found that offensive linemen had a
higher percentage of impacts to the front than to the back of the helmet, whereas
quarterbacks had a higher percentage to the back than to the front of the helmet. The present
study focused on impact magnitude and the relationships among magnitude, session, player
position, and impact location.

The question remains as to what magnitudes and/or quantities of impact accelerations are
important clinically, both acutely and cumulatively. The magnitude of the majority of the
impacts received by college football players in this study were less than 20 g and 1389 rad/
s2. The 95th percentile values for peak linear acceleration and peak rotational acceleration
were 61 g and 4245 rad/s2, respectively. These values are below brain injury tolerance levels
commonly cited in the literature. Pellman et al. (2003) suggested that impacts greater than
98 g had an 80% probability of resulting in a concussion in NFL players based on 25
laboratory reconstructions of NFL impacts that resulted in a diagnosed concussion. Zhang et
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al. (2004) predicted that linear accelerations of 66, 82, and 106 g, and rotational
accelerations of 4600, 5900, and 7900 rad/s2 were associated with 25%, 50%, and 80%
probability of clinical diagnosis of concussion based on computer modeling of the NFL data
using the Wayne State brain injury model. We propose that impact magnitude, frequency,
and location are all critical measures of head impact exposure, and theorize they can be used
to more accurately quantify the risk of sustaining concussion or other potentially clinically
consequential brain injuries in helmeted athletes than measures based upon participation
levels. The current study is one important step in quantifying this risk.

Head impact magnitudes were generally not different for games compared with practices.
Broglio et al. (2009) reported that head impacts during games resulted in greater mean linear
and rotational accelerations than in practice for high school athletes; however, these
differences were small (approximately 1.5 g and 200 rad/ s2). Their mean values for
practices (23.3 ± 14.5 g and 1469 ± 1055 rad/s2) were similar to our 50th percentile values
for individual players. We are cautious about using these values for comparison because of
the skewness in the data. We did not detect differences in the magnitude of impacts between
games and practices for individual players, except for the 95th percentile HITsp values,
although it has been reported that injury rates are greater in games than in practices (Shankar
et al., 2007).

A strong association was found between head impact magnitude and player position. This is
not unexpected given the different skills and strategies of play required for each position.
Running backs (RB) had significantly greater 50th percentile peak linear and peak rotational
acceleration than offensive lineman (OL), wide receivers (WR), special teams (ST), and
defensive backs (DB), as well as the greatest 95th percentile peak linear acceleration and
HITsp. These findings are consistent with those of Mihalik et al. (2007), who reported that
offensive backs (OB) were more likely to sustain impacts greater than 80 g than defensive
lineman (DL), defensive backs (DB), offensive lineman (OL), linebackers (LB), and wide
receivers (WR). Similarly, Schnebel et al. (2007) reported that skilled players (QB, RB, WR,
LB, DB) were more likely to sustain impacts with greater magnitude than lineman (OL,
DL). Broglio et al. (2009) reported that high school linemen had greater peak rotational
acceleration when compared with offensive and defense skill positions. They also reported
that defensive linemen and offensive skill players sustained similar-magnitude linear
accelerations, but only the defensive line players had greater linear accelerations than the
defensive skill and offensive line players. Whether these differences with our findings are
due to differences between collegiate and high school players or to our approach in
analyzing specific positions require further studies in both populations.

In addition to player position, head impact magnitudes differed by location. Consistent with
previous findings (Mihalik et al., 2007, 2008) and (Broglio et al., 2009), peak linear
accelerations were greatest to the top of the helmet. Broglio et al. reported that front impacts
resulted in greater rotational accelerations than any other impact location (Broglio, et al.,
2009). We found no difference in peak rotational accelerations between impacts to the back
and to the front of the helmet, but we did find that these impact locations resulted in greater
peak rotational accelerations than any other impact location.

The interaction of player position and helmet impact location had a significant effect on
head impact magnitude. Linebackers and running backs (LB, RB) had the greatest 95th
percentile peak linear and peak rotational accelerations for impacts to the front of the
helmet. Running backs (RB) also had the greatest 95th percentile peak linear acceleration
for side impacts. For all positions (except for ST), impacts to the top of the helmet had the
greatest peak linear acceleration. These data may prove useful in developing a rationale for
position-specific helmet designs or protective strategies in the future.
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In the current study, we focused our analysis on head impact magnitude for individual
players. Our previous study (Crisco et al., 2010) focused specifically on head impact
frequency and helmet impact location. Further analysis is needed to determine the
relationship between impact frequency and magnitude. If such a relationship is found, it may
be possible to reduce head impact exposures, and hence the risk of concussion injury,
without significantly altering the sport. In addition, the risk of sustaining a concussion injury
may depend not only on a threshold to a single impact but also on an individual’s impact
history. We are examining cumulative measures of repetitive head impacts as another
measure of head impact exposure. Signs and symptom reports from medically diagnosed
concussion injuries and other measures of cognitive deficits were not reported here, as a
suitably sized cohort of players with diagnosed injuries is still being accumulated and
analyzed.

In summary, we found that an individual collegiate football player receives head impacts of
varying magnitudes during play, and that the magnitudes of these impacts are heavily
skewed toward lower values. Interestingly, the magnitude of impacts during games was not
significantly greater than the magnitude of the impacts during practices except for the 95th
percentile HITsp. We also found that there were significant differences in the magnitude of
impacts among different player positions. Impact location was found to be a factor strongly
associated with the differences in magnitude of peak linear acceleration and peak rotational
acceleration. The interaction of player position and impact location also yielded statistically
significant differences in impact magnitude. This study has provided a detailed description
of the magnitude of head impact exposures for collegiate football players that will be critical
for establishing the relationship between head impact biomechanics and the risk of
concussion injury and for developing appropriate concussion injury prevention strategies.
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Figure 1.
Football players wore helmets instrumented with the HIT system that was specifically
designed to record head accelerations as a result of an impact to the helmet without
interfering with play. The HIT System (A) comprises an in-helmet unit containing six
accelerometers (a), battery (b), transmitting and logging electronics (e), a sideline receiver,
and a laptop computer. An illustration (B) of the regions that defined the front (F), right side
(R), back (B) and top (T) helmet impact locations.
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Figure 2.
The distribution of the head impact measures of peak linear acceleration (A), peak rotational
accelerations (B), and HITsp (C) were heavily skewed toward lower magnitudes. These
distributions, and their associated 50th and 95th percentile values, were computed by
aggregating all impacts (N= 184,358) recorded in the study. We note the bin size for peak
linear acceleration is 10 g, except for the first, which binned values of 10 g to 15 g.
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Figure 3.
The 50th percentile (filled circles) and the 95th percentile (open circles) of peak linear
acceleration (A), peak rotational acceleration (B) and HITsp (C) differed significantly (p< .
0001) among player positions. The error bars represent the lower and upper 95% confidence
intervals for individual players of that position.
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Figure 4.
The 50th percentile (filled circles) and the 95th percentile (open circles) of peak linear
acceleration (A) and peak rotational acceleration (B) differed significantly (p< .0001) among
impact location. The error bars represent the lower and upper 95% confidence intervals for
individual players of that impact location.
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