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Abstract—Biomechanical data collected from head impacts
in football have been used to characterize exposure and predict
injury risk. This study sought to specifically quantify the
factors that contribute towards player head impact exposure in
college football practices. All players included in this study
were outfitted with football helmets instrumented with
accelerometer arrays (Head Impact Telemetry System). Head
impact exposure was defined by the number of head impacts
each player experienced in practice, the number of practice
head impacts normalized by the number of practice sessions
(practice head impact rate), and the 95th percentile linear and
rotational resultant head impact accelerations. Practice head
impact rate was observed to vary significantly with player
position (p < 0.0001; g2 = 0.46), team (p = 0.0016;
g2 = 0.03), and the number of game impacts (p < 0.0001;
g2 = 0.03), which served as a correlate for player ability. Even
after controlling for practice participation, player position,
team, and ability, differences between individuals accounted
for 48% of the variance in head impact exposure in practice.
This work demonstrates the importance of considering head
impact exposure on a subject-specific basis rather than
estimating head impact exposure from aggregate data.
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INTRODUCTION

As many as 3.8 million sports-related concussions
occur annually in the United States, with football
accounting for the highest number among all
sports.12,17,23,24,39 Biomechanical data collected from
head impacts in football have been used to characterize
exposure and predict injury risk. Sub-concussive head
impact exposure from participation in football may
also result in neurocognitive and brain
changes.1,11,27,37,38 While most of these changes have
been minor or lasted only temporarily, instances of
prolonged changes have been observed.19,27,37

Several biomechanical investigations have made use
of helmet-mounted accelerometers to quantify player
head impact exposure. Early work attached
accelerometers to headbands to measure head accel-
erations.28,32,33 This technology was limited and
obtrusive, interfering with normal gameplay. The col-
lected data were of questionable quality, with linear
acceleration measurements exceeding 1000 g for im-
pacts with no injury reported.28

Over the past 15 years, researchers have made use of
the Head Impact Telemetry (HIT) System (Simbex,
Lebanon, NH), which provides biomechanical data
from head impacts through the use of helmet-moun-
ted accelerometer arrays.2–4,8–10,13,15,16,20,21,26,31,34
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Previous research using the HIT System investigated
differences in head impact exposure between practices
and games and found that head impact exposure
varied by player position, with offensive and defen-
sive linemen experiencing the highest frequency of
impacts and running backs experiencing the highest
magnitude head impacts.8–10,26 Efforts to relate these
head impact biomechanics for predicting concussion
or clinical outcomes were limited by small numbers of
concussive impacts.18,21 While these studies were able
to characterize head impact exposure at the collegiate
level, the factors that contribute to head impact
exposure still remain largely unquantified. Re-
searchers have begun to use these aggregate exposure
studies as a framework for predicting cumulative
head impact exposure in non-instrumented players,
who represent the overwhelming majority of the
football-playing population, and observed negative
neurological and cognitive outcomes for individuals
who were predicted to have greater cumulative head
impact exposure.27

Player position and team are two external factors
that can result in differences in head impact exposure
between players who may experience different drills
or different head impact configurations. Further,
athletes who will play in games may experience dif-
fering levels of practice activity from their teammates
that may affect head impact exposure. The objective
of this study was to model practice head impact
exposure in collegiate football players using factors
thought to contribute towards head impact exposure.
Practice represents a more controlled environment
than games and the majority of head impacts and
concussions actually occur in practices.9,23 As such,
efforts to modify practice have a greater capacity to
limit overall head impact exposure. Determining the
specific factors associated with practice head impact
exposure can help dictate future safety interventions.
Head impact exposure was characterized by a play-
er’s total number of practice head impacts, 95th

percentile linear and rotational resultant practice
head impact accelerations, and practice head impact
rate, which is calculated on a per session basis. We
hypothesized that head impact exposure would not
vary by player team, but that it would vary by
player position. We also hypothesized that players
who experienced more head impacts in games would
have higher measures of practice head impact expo-
sure than players with fewer head impacts in games.
It was further hypothesized that measures of spring
and pre-season practice head impact exposure would
be greater than in-season practice head impact
exposure.

MATERIALS AND METHODS

A total of 340 players from six National Collegiate
Athletic Association (NCAA) football programs (two
of which were military service academies) participated
in this study during the 2015 and 2016 football sea-
sons. Institutional review board approval was
obtained, as was individual player consent. The num-
ber of players on each team from whom data were
collected ranged from 46 to 65. One year of data was
collected for 273 of the players, while 2 years of data
were collected for the remaining 67 players.

Each player was assigned to one of eight position
groups based on his primary position22: quarterback
(QB; n = 12), running back (RB; n = 32), wide re-
ceiver (WR; n = 38), tight end (TE; n = 14), offensive
line (OL; n = 64), defensive line (DL; n = 62), line-
backer (LB; n = 54), and defensive back (DB;
n = 64). Running back consisted of all running backs,
fullbacks, and halfbacks. Offensive line consisted of
centers, guards, and tackles. Defensive line consisted of
tackles and ends. Defensive back consisted of corner-
backs and safeties.

All players included in this study were outfitted with
Riddell football helmets that were instrumented with
accelerometer arrays (HIT System). The HIT System
consists of a six accelerometer array, with each
accelerometer mounted on an elastic base to maintain
contact with the head throughout the impact, ensuring
measurements are of head acceleration rather than
measurements of helmet acceleration.25 When an
individual accelerometer channel exceeded a 14.4 g
threshold, data acquisition was automatically trig-
gered, capturing 40 ms of data, including 8 ms of pre-
impact data. Resultant linear and rotational accelera-
tions were then computed. If the resultant linear
acceleration for any of these impacts was below 10 g,
the impact data were not saved. This 10 g resultant
acceleration threshold distinguishes between impact
events and accelerations levels associated with non-
impact events.29

Head impact exposure was defined for each player
using measures of frequency and magnitude. The total
number of impacts a player experienced during prac-
tice sessions was considered as one measure of head
impact exposure. Players were determined to have
participated in a game or practice session if at least one
head impact was experienced during that session. To
control for the effect of participation level, practice
head impact rate was defined as the number of practice
head impacts divided by the number of practices in
which a player participated. Head impact exposure
magnitude was defined for each player as the 95th

BIOMEDICAL
ENGINEERING 
SOCIETY

Factors Affecting Head Impact Exposure in College Football Practices 2087



percentile linear and rotational resultant head accel-
eration values, in g and rad/s2 respectively. Previous
research has shown that there is greater variance
between players in 95th percentile linear and rotational
resultant head acceleration values than with median
acceleration values since the majority of head impacts
football players experience are associated with lower
magnitudes (< 20 g).30,35

The number of players varied between the positions
and teams considered in this study. Within players, the
number of active sessions also varied. Equal variance
and normality among samples could not be reasonably
assumed, so rank-based transformations were con-
ducted for analysis. Ties in the data were addressed by
using the average method, which assigns the same
average rank to duplicate values. ANCOVA was used
to determine the effect of the factors position, team,
and number of game impacts on the measures of head
impact exposure, while controlling for the covariate of
number of practices. Given that the level of individual
player participation could heavily influence measures
of head impact exposure, ANOVA was also used for
analysis. Measures of head impact frequency were
normalized by the number of active practice sessions
for each player while measures of head impact mag-
nitude were analyzed independent of the effect of
practice participation. The proportion of the total sum
of squares that each factor contributed was computed
to determine each factor’s contribution towards the
overall variance in head impact exposure and was de-
fined as g2, and type II sums of squares were computed
for each factor. To account for some of the variance
associated with the effects of specific position-team
combinations, ANOVA was conducted that computed
Type III sums of squares for the number of game im-
pacts, team, and position factors and considered the
interaction of team and position. This model did not
include data from quarterbacks, as not every team had
player data from quarterbacks in this dataset. Not
every player at a given position may be exposed to the
same practice activities across different teams, so it is

important to consider how position and team con-
tribute together towards head impact exposure. Dun-
nett’s modified Tukey–Kramer pairwise multiple
comparison test was used for significant factors to
determine which levels differed from each other. This
post hoc test accounts for unequal variance and sample
size among the different levels within a factor.14

Repeated measures ANOVA was used to compare
the effect of time of season on head impact exposure.
Previous research has shown differences in injury rates
between the different times of the football season.12Only
players with at least 10 practice sessions in each of the
three parts of the season (spring, preseason, and in-
season) were included in this analysis (n = 64). Spring
football consisted of all practice sessions taking place in
the months of March and April. Preseason football
consisted of all practice sessions in themonth ofAugust.
In-season football consisted of all practice sessions from
September through the end of the season (December or
January depending on the team). A significance level of
0.05 was used for all tests in this study. Pairwise Stu-
dent’s t tests with Bonferroni correctionswere applied to
those models in which time of season was found to be
significant in order to determine where these temporal
differences exist. The effect size for these differences was
also calculated using Cohen’s d.

RESULTS

During the 2015 and 2016 football seasons, a total of
232,941 head impacts, of which 167,321 were sustained
during practice, was recorded for subjects in this study.
For some teams, head impact data were only collected
during the 2016 season, while the remaining teams had
head impact data recorded for both the 2015 and 2016
seasons (Table 1). Most head impacts were observed to
occur during practice sessions regardless of team or
position, with the exception of quarterbacks (Table 2).
Offensive and defensive linemen experienced more than
half of all impacts for subjects included in this study.

TABLE 1. Number of head impacts experienced by team.

# of players # of total impacts # of practice impacts Percent practice impacts (%)

Team 1 65 51,894 38,998 75.1

Team 2 63 59,085 41,270 69.8

Team 3 57 21,390 18,720 87.5

Team 4 59 41,962 31,668 75.5

Team 5 50 26,296 14,024 53.3

Team 6 46 32,314 22,551 69.8

Total 340 232,941 167,321 71.8

For all teams, most impacts occurred during practice sessions rather than during scrimmages or games. Some teams (Team 1, Team 2, and

Team 4) collected data over two seasons, while the remaining teams only collected data during the 2016 season.
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The rank of number of practice head impacts was
observed to vary significantly with player position
(p < 0.0001), the number of practices (p < 0.0001),
team (p = 0.0430), and the number of game impacts
(p = 0.0005) when using a rank-based transformation
for all continuous variables. The rank of number of
practices accounted for about 25% of variance in the
rank of player head impacts in practice. Effectively,
increased participation in practice was associated with
an increase in the number of head impacts experienced
by players in practice (Fig. 1). To control for the effect
of participation level, ANOVA was used to assess the
role of the factors of number of game impacts, team,
and position on head impact exposure, with head im-
pact frequency defined using practice head impact rate.
When accounting for this, player position (p < 0.0001;
g2 = 0.46), team (p = 0.0016; g2 = 0.03), and the

rank of number of game impacts (p < 0.0001;
g2 = 0.03) were all significant factors. These factors
explained 52% of the variance in practice head impact
rate between subjects, with the remaining 48%
attributable to random variation, including individual
subject differences.

To account for the potential effects of specific posi-
tion-team combinations, ANOVA was conducted that
computed Type III sums of squares for the number of
game impacts, team, and position factors and consid-
ered the interaction of team and position. In this subset
model, the interaction of team and position accounted
for nearly 7%of the overallmodel variance. Though not
a direct comparison to the ANOVA model run on the
total dataset inclusive of quarterbacks, it does highlight
that about 40%of the variation in head impact exposure
may not be attributable to specific factors and stems
from individual differences and random variation.

Player position was the factor that explained the most
variance (g2 = 0.46) in the data. Offensive and defensive
linemen experienced a greater number of head impacts in
practice relative to their counterparts at other positions,
with the exception of tight ends. Quarterbacks experi-
enced fewer practice head impacts than players at any
other position (Fig. 2). Position was not observed to be a
significant factor for 95th percentile peak linear acceler-
ation (p = 0.141), though it was for 95th percentile peak
rotational acceleration (p < 0.0001). Offensive and
defensive linemen experienced lower levels of rotational
acceleration than players at other positions.

Despite team testing as a significant factor, this factor
explained a small amount of variance (g2 = 0.03) in
subject head impact frequency. Team 5 was associated
with a lower frequency of head impacts than one team
(Team 1) in this study (Fig. 3). Players on Team 5 also
experienced lower magnitudes of linear acceleration
(p = 0.005) than players on the other teams in this
study. Team was not found to be a significant factor for
95th percentile peak rotational acceleration.

TABLE 2. Number of head impacts experienced by position.

# of players # of total impacts # of practice impacts Percent practice impacts (%)

QB 12 3605 1628 45.2

RB 32 17,682 10,992 62.2

WR 38 17,158 11,590 67.6

TE 14 10,642 7146 67.2

OL 64 70,173 53,387 76.1

DL 62 60,465 46,716 77.3

LB 54 27,064 18,170 67.1

DB 64 26,152 17,602 67.3

Total 340 232,941 167,321 71.8

With the exception of quarterbacks, all positions experienced most head impacts during practice sessions. A representative sample of

positions was obtained for this study. Offensive and defensive linemen experienced the highest number of impacts, while quarterbacks

experienced the fewest number of impacts.

FIGURE 1. Number of head impacts experienced in practice
vs. number of practice sessions participated in. As players
participated in more practices, their total number of head
impacts experienced in practice also increased. This
simplified model was associated with a p value < 0.0001 and
an adjusted R2 = 0.777.
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The number of game impacts was a significant fac-
tor though it explained only 3% of overall variance in
practice head impact rate. Players who experienced
more head impacts in games had higher practice head
impact rates. Number of game impacts was not a sig-
nificant factor for either head impact magnitude mea-
surement.

Individual head impact exposure variance was
accounted for by using a repeated measures ANOVA.
Time of season (preseason, spring, and in-season) was
observed to be a significant factor for rank of head
impact frequency (p < 0.0001) and 95th percentile
linear head acceleration (p = 0.002) but not 95th
percentile rotational head acceleration (p = 0.054).
Preseason and spring practices were associated with a
higher rank for practice head impact rate (Preseason:
p < 0.0001, d = 0.47; Spring: p < 0.0001, d = 0.80)
than in-season practices (Fig. 4).

DISCUSSION

While previous research has shown that head impact
exposure for collegiate football players varies between
practices and games,26 the underlying factors affecting
head impact exposure in practice have not been fully
investigated. Researchers have recently begun to use
the results of head impact exposure studies for the
assessment of long-term problems.27 With so few
players instrumented compared to the overall popula-
tion of current and former football players, these
aggregate exposure measures represent gross estimates
that do not consider individual variance. This indi-
vidual variance, along with random variance, was
found to account for 48% of variation in head impact
rate for this study.

Player position was a significant factor in practice
head impact rate, explaining 46% of variability in the
data. Quarterbacks, who often practice in limited or no

FIGURE 2. Head impact exposure by position. Impact exposure varied by position, with linemen experiencing the highest
frequency of impacts. Quarterbacks experienced the fewest impacts, but exhibited the greatest interquartile range in 95th
percentile linear and rotational head acceleration.

FIGURE 3. Head impact exposure by team. In general, head impact exposure did not vary between the teams in this study. Team 5
exhibited lower levels of impact frequency and 95th percentile linear acceleration relative to Team 1. There were no significant
differences in 95th percentile rotational acceleration between teams.
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contact situations, experienced the fewest number of
head impacts among all positions. Offensive and
defensive linemen experienced the highest head impact
frequency of all players, though 95th percentile rota-
tional acceleration magnitudes were lowest for line-
men. Most impacts that these players experience are
head-on from short closing distances, so it follows that
levels of rotational head acceleration would be lower
than for players at other positions with less well-de-
scribed impact configurations. There were no signifi-
cant differences observed between positions for 95th

percentile linear head acceleration.
Team also was a significant factor in practice head

impact rate, though it explained only 3% of variance in
head impact exposure. One team in this study (Team 5)
experienced a lower impact frequency and lower 95th
percentile linear acceleration magnitude than one other
team (Team 1). The differences in impact frequency
and linear acceleration between Team 5 and Team 1
could stem from a difference in practice structure and
intensity. Head impact exposure research at the youth
football level has observed similar team effects.5 This
skew would appear to be slight, given that impact
frequency and magnitude did not vary with regard to
the remaining teams in this study.

The number of game impacts was observed to be a
significant factor in explaining variability in head im-
pact rate in practice. The number of head impacts
experienced in games was included in this analysis as
an assumed indirect measure of player ability. It was
assumed that the athletes who play the most in games
would be the players with the most ability. Those
athletes who play the most in games would also be

expected to sustain the most head impacts during
games. While not a perfect representation of player
ability, it offered a reasonable substitute that was
readily available within the dataset. Injuries and other
external factors can certainly affect this relationship
though and should not be understated. Exposure to a
greater number of head impacts in games was associ-
ated with an increase in practice head impact rate.

Specific factors were observed to explain only 52%
of variation in practice head impact exposure data for
the athletes in this study. The remaining 48% of vari-
ation was attributable to random variation, which in-
cludes specific position-team combinations, and
individual differences in players. Recently, the indi-
vidualized nature of concussion tolerance has been
suggested as acceleration levels for concussions in
football vary considerably. For 90% of athletes who
sustained a concussion, the concussive impact was
found to be among that individual athlete’s top 5
highest magnitude accelerations measured.36 Some of
this variation may stem from biological variance or be
related to individual behavioral differences. It is pos-
sible that traits like aggression or lack of inhibition
which may account for variability in accelerations
associated with concussion might also relate to higher
levels of head impact exposure in individuals.

Head impact rate in practice was elevated for pre-
season and spring practices relative to in-season prac-
tice. During the season, the player depth chart has
largely stabilized, with the exception of injuries or
particularly strong or poor playing performance.
Further, practices during the week are less severe to
ensure players are ready to play in the game on the
weekend. Spring and preseason practices represent a
key evaluation tool for coaches to determine which
athletes will play during the season. The elevated head
impact rate for spring and preseason practice likely
stemmed from an increased intensity of practice rela-
tive to in-season practice.

There are several limitations associated with this
study. The HIT System is associated with random
measurement error of ± 15.7% for resultant linear
head acceleration and ± 31.7% for resultant rota-
tional head acceleration. These large errors are asso-
ciated with single impact measurements, and the effect
of these random errors is mitigated when looking at
aggregate impact data.6,7 While the overall group of
players is representative of the positions on the football
field, the composition of instrumented players for
individual teams varied in this study. Players were
chosen to receive instrumented helmets prior to the
opening of preseason camp with the goal of achieving a
representative sample of players based on position and
playing time/ability. Injuries and player performance
represent unknown variables that likely contributed to

FIGURE 4. Head impact rate by time of season. Compared to
the regular season, spring and preseason practices were
associated with higher impact rates. Impact frequency is
decreased during in-season practices, as teams must prepare
to play games each week. The horizontal line at 0 on the y-axis
represents no change in practice head impact rate from in-
season practices.

BIOMEDICAL
ENGINEERING 
SOCIETY

Factors Affecting Head Impact Exposure in College Football Practices 2091



some measure of variability in head impact exposure.
Not all teams in this study were instrumented for the
same duration of time, but measures of impact fre-
quency were normalized on a per session basis to
minimize any effects associated with these variations.
Individual practice sessions may also vary, both in
terms of duration and style, which is not accounted for
by normalizing on a per session basis. However, reg-
ulations regarding the amount of time spent in practice
likely mitigate this effect.

Head impact kinematic data were collected over
two college football seasons to determine what
specific factors affect head impact exposure in college
football practices. There have been changes to prac-
tice structure and regulations in recent years that have
worked to limit head impact exposure during prac-
tices, though preseason and spring practices were
observed to result in higher impact rates than prac-
tices during the season. It was also observed that
player position, team, and the number of head im-
pacts experienced in games all contributed towards
head impact exposure, but nearly half of the variance
in head impact exposure was not attributable to these
specific factors. This work demonstrates the impor-
tance of considering head impact exposure on a
subject-specific basis rather than estimating head im-
pact exposure from aggregate data.

ACKNOWLEDGMENTS

This investigation was made possible, in part, with
support from the Grand Alliance Concussion Assess-
ment, Research, and Education (CARE) Consortium,
funded, by the National Collegiate Athletic Associa-
tion (NCAA) and the Department of Defense (DoD).
The U.S. Army Medical Research Acquisition Activity
is the awarding and administering acquisition office.
This work was supported by the Office of the Assistant
Secretary of Defense for Health Affairs through the
Psychological Health and Traumatic Brain Injury
Program under Award NO W81XWH-14-2-0151.
Opinions, interpretations, conclusions and recom-
mendations are those of the authors and are not nec-
essarily endorsed by the Department of Defense (DHP
funds). The authors thank the following investigators:
Christopher Giza and John DiFiori (University of
California Los Angeles), Kevin Guskiewicz (University
of North Carolina at Chapel Hill), Darren Campbell
and Gerald McGinty (United States Air Force Acad-
emy), and Steven Svoboda (United States Military
Academy). The authors thank the on-field HITS
operators at each site: Julia Ford and Corey Rodrigo
(University of North Carolina at Chapel Hill), Gus

Hendricks and Max Zeiger (University of California
Los Angeles [UCLA]), Quinn Lukens (University of
Wisconsin), Brett Griesemer (Virginia Tech), Dom
Calhoun (Air Force), and Sean Roach (West Point).

REFERENCES

1Bahrami, N., D. Sharma, S. Rosenthal, E. M. Davenport,
J. E. Urban, B. Wagner, Y. Jung, C. G. Vaughan, G. A.
Gioia, and J. D. Stitzel. Subconcussive head impact
exposure and white matter tract changes over a single
season of youth football. Radiology 281:919–926, 2016.
2Beckwith, 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. Sch-
nebel, P. G. Brolinson, and M. W. Collins. Head impact
exposure sustained by football players on days of diag-
nosed concussion. Med. Sci. Sports Exerc. 45:737–746,
2013.
3Broglio, S. P., T. Surma, and J. A. Ashton-Miller. High
school and collegiate football athlete concussions: a
biomechanical review. Ann. Biomed. Eng. 40:37–46, 2012.
4Brolinson, P. G., S. Manoogian, D. McNeely, M. Goforth,
R. Greenwald, and S. Duma. Analysis of linear head
accelerations from collegiate football impacts. Curr. Sports
Med. Rep. 5:23–28, 2006.
5Campolettano, E. T., R. A. Gellner, and S. Rowson. High-
magnitude head impact exposure in youth football. J.
Neurosurg. Pediatr. 20:604–612, 2017.
6Cobb, B. R. Laboratory and field studies in sports-related
brain injury. Doctoral dissertation, Virginia Tech, 2015.
7Cobb, B. R., J. E. Urban, E. M. Davenport, S. Rowson, S.
M. Duma, J. A. Maldjian, C. T. Whitlow, A. K. Powers,
and J. D. Stitzel. Head impact exposure in youth football:
elementary school ages 9-12 years and the effect of practice
structure. Ann. Biomed. Eng. 41:2463–2473, 2013.
8Crisco, J. J., R. Fiore, J. G. Beckwith, J. J. Chu, P. G.
Brolinson, S. Duma, T. W. McAllister, A. C. Duhaime,
and R. M. Greenwald. Frequency and location of head
impact exposures in individual collegiate football players.
J. Athl. Train. 45:549–559, 2010.
9Crisco, J. J., B. J. Wilcox, J. G. Beckwith, J. J. Chu, A. C.
Duhaime, S. Rowson, S. M. Duma, A. C. Maerlender, T.
W. McAllister, and R. M. Greenwald. Head impact
exposure in collegiate football players. J. Biomech.
44:2673–2678, 2011.

10Crisco, J. J., B. J. Wilcox, J. T. Machan, T. W. McAllister,
A. C. Duhaime, S. M. Duma, S. Rowson, J. G. Beckwith,
J. J. Chu, and R. M. Greenwald. Magnitude of head impact
exposures in individual collegiate football players. J. Appl.
Biomech. 28:174–183, 2012.

11Davenport, E. M., C. T. Whitlow, J. E. Urban, M. A.
Espeland, Y. Jung, D. A. Rosenbaum, G. A. Gioia, A. K.
Powers, J. D. Stitzel, and J. A. Maldjian. Abnormal white
matter integrity related to head impact exposure in a season
of high school varsity football. J. Neurotrauma 31:1617–
1624, 2014.

12Dick, R., M. S. Ferrara, J. Agel, R. Courson, S. W. Mar-
shall, M. J. Hanley, and F. Reifsteck. Descriptive epi-
demiology of collegiate men’s football injuries: National
Collegiate Athletic Association injury surveillance system,

BIOMEDICAL
ENGINEERING 
SOCIETY

CAMPOLETTANO et al.2092



1988-1989 through 2003-2004. J. Athl. Train. 42:221–233,
2007.

13Duma, S. M., S. J. Manoogian, W. R. Bussone, P. G.
Brolinson, M. W. Goforth, J. J. Donnenwerth, R. M.
Greenwald, J. J. Chu, and J. J. Crisco. Analysis of real-time
head accelerations in collegiate football players. Clin. J.
Sport Med. 15:3–8, 2005.

14Dunnett, C. W. Pairwise multiple comparisons in the
homogeneous variance, unequal sample size case. J. Am.
Stat. Assoc. 75:789–795, 1980.

15Funk, J. R., S. M. Duma, S. J. Manoogian, and S. Rowson.
Biomechanical risk estimates for mild traumatic brain in-
jury. Ann. Proc. Assoc. Adv. Automotion Med. 51:343–361,
2007.

16Funk, J. R., S. Rowson, R. W. Daniel, and S. M. Duma.
Validation of concussion risk curves for collegiate football
players derived from HITS data. Ann. Biomed. Eng. 40:79–
89, 2012.

17Gessel, L. M., S. K. Fields, C. L. Collins, R. W. Dick, and
R. D. Comstock. Concussions among United States high
school and collegiate athletes. J. Athl. Train. 42:495–503,
2007.

18Greenwald, R. M., J. T. Gwin, J. J. Chu, and J. J. Crisco.
Head impact severity measures for evaluating mild trau-
matic brain injury risk exposure. Neurosurgery 62:789–798,
2008.

19Guskiewicz, K. M., M. McCrea, S. W. Marshall, R. C.
Cantu, C. Randolph, W. Barr, J. A. Onate, and J. P. Kelly.
Cumulative effects associated with recurrent concussion in
collegiate football players: the NCAA concussion study.
JAMA 290:2549–2555, 2003.

20Guskiewicz, K. M., and J. P. Mihalik. Biomechanics of
sport concussion: quest for the elusive injury threshold.
Exerc. Sport Sci. Rev. 39:4–11, 2011.

21Guskiewicz, K. M., J. P. Mihalik, V. Shankar, S. W.
Marshall, D. H. Crowell, S. M. Oliaro, M. F. Ciocca, and
D. N. Hooker. Measurement of head impacts in collegiate
football players: relationship between head impact biome-
chanics and acute clinical outcome after concussion. Neu-
rosurgery 61:1244–1253, 2007.

22Hoffman, J. R. Physiological demands of American foot-
ball. Sport. Sci. Exch. 28:1–6, 2008.

23Kerr, Z. Y., K. G. Roos, A. Djoko, S. L. Dalton, S. P.
Broglio, S. W. Marshall, and T. P. Dompier. Epidemiologic
measures for quantifying the incidence of concussion in
National Collegiate Athletic Association sports. J. Athl.
Train. 52:167–174, 2017.

24Langlois, J. A., W. Rutland-Brown, and M. M. Wald. The
epidemiology and impact of traumatic brain injury: a brief
overview. J. Head Trauma Rehabil. 21:375–378, 2006.

25Manoogian, S., D. McNeely, S. Duma, G. Brolinson, and
R. Greenwald. Head acceleration is less than 10 percent of
helmet acceleration in football impacts. Biomed. Sci. In-
strum. 42:383–388, 2006.

26Mihalik, J. P., D. R. Bell, S. W. Marshall, and K. M.
Guskiewicz. Measurement of head impacts in collegiate
football players: an investigation of positional and event-
type differences. Neurosurgery 61:1229–1235, 2007.

27Montenigro, P. H., M. L. Alosco, B. M. Martin, D. H.
Daneshvar, J. Mez, C. E. Chaisson, C. J. Nowinski, R. Au,
A. C. McKee, and R. C. Cantu. Cumulative head impact
exposure predicts later-life depression, apathy, executive
dysfunction, and cognitive impairment in former high
school and college football players. J. Neurotrauma 34:328–
340, 2017.

28Moon, D. W., C. W. Beedle, and C. R. Kovacic. Peak head
acceleration of athletes during competition–football. Med.
Sci. Sport. 3:44–50, 1971.

29Ng, T. P., W. R. Bussone, and S. M. Duma. The effect of
gender and body size on linear accelerations of the head
observed during daily activities. Biomed. Sci. Instrum.
42:25–30, 2006.

30O’Connor, K. L., S. Rowson, S. M. Duma, and S. P.
Broglio. Head-impact–measurement devices: a systematic
review. J. Athl. Train. 52:206–227, 2017.

31Ocwieja, K. E., J. P. Mihalik, S. W. Marshall, J. D. Sch-
midt, S. C. Trulock, and K. M. Guskiewicz. The effect of
play type and collision closing distance on head impact
biomechanics. Ann. Biomed. Eng. 40:90–96, 2012.

32Reid, S. E., H. M. Epstein, T. J. O’Dea, M. W. Louis, and
S. E. Reid, Jr. Head protection in football. J. Sport. Med.
2:86–92, 1974.

33Reid, S. E., J. A. Tarkington, H. M. Epstein, and T. J.
O’Dea. Brain tolerance to impact in football. Surg. Gyne-
col. Obstet. 133:929–936, 1971.

34Rowson, S., G. Brolinson, M. Goforth, D. Dietter, and S.
M. Duma. Linear and angular head acceleration measure-
ments in collegiate football. J. Biomech. Eng. 131:061016,
2009.

35Rowson, S., and S. M. Duma. Development of the STAR
evaluation system for football helmets: integrating player
head impact exposure and risk of concussion. Ann. Biomed.
Eng. 39:2130–2140, 2011.

36Rowson, S., S. M. Duma, B. D. Stemper, A. Shah, J. P.
Mihalik, J. Harezlak, L. D. Riggen, C. C. Giza, J. P. Di-
Fiori, and A. Brooks. Correlation of concussion symptom
profile with head impact biomechanics: a case for individ-
ual-specific injury tolerance. J. Neurotrauma 35:681–690,
2018.

37Stern, R. A., D. O. Riley, D. H. Daneshvar, C. J. Nowin-
ski, R. C. Cantu, and A. C. McKee. Long-term conse-
quences of repetitive brain trauma: chronic traumatic
encephalopathy. PM R 3:S460–S467, 2011.

38Talavage, T. M., E. A. Nauman, E. L. Breedlove, U.
Yoruk, A. E. Dye, K. E. Morigaki, H. Feuer, and L. J.
Leverenz. Functionally-detected cognitive impairment in
high school football players without clinically-diagnosed
concussion. J. Neurotrauma 31:327–338, 2013.

39Thurman, D. J., C. M. Branche, and J. E. Sniezek. The
epidemiology of sports-related traumatic brain injuries in
the United States: recent developments. J. Head Trauma
Rehabil. 13:1–8, 1998.

Publisher’s Note Springer Nature remains neutral with re-
gard to jurisdictional claims in published maps and institu-

tional affiliations.

BIOMEDICAL
ENGINEERING 
SOCIETY

Factors Affecting Head Impact Exposure in College Football Practices 2093


	Factors Affecting Head Impact Exposure in College Football Practices: A Multi-Institutional Study
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Acknowledgements
	References




