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Abstract—Recent research has suggested a possible link
between sports-related concussions and neurodegenerative
processes, highlighting the importance of developing meth-
ods to accurately quantify head impact tolerance. The use of
kinematic parameters of the head to predict brain injury has
been suggested because they are indicative of the inertial
response of the brain. The objective of this study is to
characterize the rotational kinematics of the head associated
with concussive impacts using a large head acceleration
dataset collected from human subjects. The helmets of 335
football players were instrumented with accelerometer arrays
that measured head acceleration following head impacts
sustained during play, resulting in data for 300,977 sub-
concussive and 57 concussive head impacts. The average sub-
concussive impact had a rotational acceleration of 1230 rad/
s? and a rotational velocity of 5.5 rad/s, while the average
concussive impact had a rotational acceleration of 5022 rad/
s? and a rotational velocity of 22.3 rad/s. An injury risk curve
was developed and a nominal injury value of 6383 rad/s®
associated with 28.3 rad/s represents 50% risk of concussion.
These data provide an increased understanding of the
biomechanics associated with concussion and they provide
critical insight into injury mechanisms, human tolerance to
mechanical stimuli, and injury prevention techniques.

Keywords—Mild traumatic brain injury, Head, Helmet,
Angular, Acceleration, Sports, HITS.
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INTRODUCTION

There are an estimated 1.6 to 3.8 million sports-
related concussions occurring annually in the United
States.”> While sports-related concussion was once
considered to only result in transient symptoms and
neurocognitive impairment, recent research has raised
the possibility of links between repetitive concus-
sions and neurodegenerative processes in some ath-
letes.'>¥7-® Such reports have increased awareness and
media attention on the potential health risks of con-
cussions. This paper focuses on the biomechanics of
the head associated with sports-related concussion. An
increased understanding of these concussive biome-
chanics may provide insight to the injury mechanisms,
human tolerance to mechanical stimuli, and injury
prevention techniques.

Traumatic brain injury (TBI) occurs across a spec-
trum of severity with sports-related concussion falling
at the mild end of this spectrum. Historically, the
majority of brain injury biomechanics research has
focused on moderate and severe TBI of various types,
including focal and diffuse injuries. Concussive brain
injury is unique in that the injury has a graded
response that can vary from minor confusion to death.
However, the varying grades of concussion are likely a
scaled result of the varying mechanical stimuli input to
the head.** Previous work has explored how kine-
matics of the head, presumably indicative of the iner-
tial response of the brain, relate to diffuse brain injury
mechanisms. Ideally, the head kinematics of a human
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surrogate could be measured in a safety testing sce-
nario and used to predict the tissue level response of
the brain in an effort to evaluate injury potential. With
this goal in mind, many researchers have studied the
relationship between head kinematics and brain injury.
Most experiments have investigated linear or rota-
tional kinematics independently, as these inputs have
long been thought to result in different pathoanatomic
injury types.>® Explanations of these theories have
been previously documented in great detail.*”

The Wayne State Tolerance Curve (WSTC) was
developed from a series of tests on dogs and cadavers
and related linear acceleration and duration of accel-
eration to injury tolerance.'® Injury metric functions
such as severity index (SI) and head injury criterion
(HIC) were subsequently developed from analyses of
the WSTC.'"3 These injury metrics were primarily
developed to predict skull fracture, although they were
thought to likely correlate with severe parenchymal
brain injury as well. Notably, only linear acceleration
is considered in these injury metrics, and all current
safety standards for head injury are based on these
works. However, rotational acceleration is believed by
many to be a primary mechanism for diffuse brain
injury, including loss of consciousness and concus-
sion.”® Unlike linear acceleration, there is currently no
accepted injury criterion for rotational acceleration.
Additionally, previous research investigating rota-
tional kinematics has focused on animal models (pri-
mate or rat), in which pure rotational acceleration was
applied to the head.®!#!427:28:3940 Thege experiments,
including those evaluating linear and rotational accel-
eration, utilize little data from humans. Cadavers have
no physiologic response, and animal data cannot be
directly applied to humans. Optimally, these experi-
ments would utilize data derived from humans. How-
ever, recording potentially injurious data from humans
has been challenging. One relatively recent approach
has been to use contact sport athletes, a group at ele-
vated risk for sustaining concussions, to characterize
the biomechanics of this specific injury type.

Of all sports, football has the greatest incidence of
concussion due to its large number of participants and
its high rate of head impact events.”> The high inci-
dence of concussion in football provides a unique
opportunity to collect injury related biomechanical
data. With this in mind, a series of studies recon-
structed concussive impacts experienced by players
in the National Football League (NFL) was per-
formed using Hybrid III anthropometric test devices
(ATD).**%% Using game film, 31 impacts were
reconstructed and the resulting head kinematics were
analyzed. From these analyses, separate injury risk
curves for concussion were developed for linear and
rotational kinematics. The limitations of this study

were that data were collected from ATDs rather than
humans, and that the NFL dataset did not quantify
head impact exposure.

More recently, researchers have instrumented and
observed a population that is at high risk for concus-
sion (football players) to collect head impact data at
potentially injurious severities from human volunteers
in a natural and ethically sound manner.'® In these
studies, the helmets of football players were instru-
mented with commercially available accelerometer
arrays, known as the Head Impact Telemetry (HIT)
System (Simbex, Lebanon, NH). Each time an instru-
mented player’s helmet was impacted, head accelera-
tion data were recorded and stored. This method of
data collection allows biomechanical data measured in
humans to be paired with clinical data assessing injury.
These studies have provided insight into the head
kinematics associated with head impacts in football,
but have largely been descriptive studies with small
concussive sample sizes making it difficult to draw
conclusions about injury.*?:17-33.44.48

Using a large head acceleration dataset collected
from human volunteers, the objective of this study was
to characterize tolerance to the rotational kinematics
resulting from helmeted head impacts associated with
sports-related concussion. Impact distribution models
and descriptive statistics for sub-concussive and con-
cussive impacts are provided. Furthermore, a new
injury risk function has been developed through a
logistic regression analysis that considers injury inci-
dence rates. Data presented in this study provide
valuable insight to the concussive tolerance of humans
to rotational acceleration.

MATERIALS AND METHODS

Data Collection

Between 2007 and 2009, the helmets of 335 colle-
giate football players were instrumented with acceler-
ometer arrays that measured head acceleration for
every head impact each player experienced. Players
were recruited from three Division 1 National College
Athletic Association (NCAA) football teams (Brown,
Dartmouth, and Virginia Tech), and all participants
gave informed consent approved by each school’s
Institutional Review Board (IRB). Two accelerometer
arrays were utilized in this study: the commercially
available HIT System and a custom 6 degree of free-
dom (6DOF) measurement device.

A total of 314 players were instrumented with the
HIT System for every game and practice they partici-
pated in while included in this study (Fig. 1). The HIT
System consists of six accelerometers that are mounted
on a specifically designed elastic base so that they
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FIGURE 1. CT scan of an instrumented helmet merged with
an MRI of a human brain demonstrating how the accelerom-
eter array fits between the normal padding of football helmets.

remain in contact with the head at all times, ensuring
that head acceleration is measured rather than shell
vibrations.”® When an accelerometer exceeded a spec-
ified threshold (14.4 g) during play, data acquisition
was automatically triggered and data were collected for
40 ms (including 8 ms of pre-trigger data) at 1000 Hz.
Once data collection was complete, data were wire-
lessly transmitted to a computer on the sideline.
Resultant linear head acceleration at the center of
gravity (CG) of the head was computed using a novel
algorithm.® The HIT System has been well-validated,*’
and has been widely adopted by other researchers
studying concussion in athletes.'® This study utilized
data collection protocols that are described in greater
detail by previous studies.””

In addition, the helmets of 21 Virginia Tech football
players were instrumented with a custom 6DOF head
acceleration measurement device.** This measurement
device was similar to the standard HIT System, but
consisted of 12 accelerometers that were positioned
and oriented in a different manner. Linear and rota-
tional acceleration about each axis of the head is
computed using a novel algorithm.>** While an over-
view is presented here, a detailed technical comparison
of the HIT System and 6DOF measurement device has
previously been reported.*

Measured impacts were categorized as either being
sub-concussive or concussive. For the purposes of this
study, concussion was defined as an alteration in
mental status resulting from a blow to the head, which
may or may not involve loss of consciousness. Using
the guidelines set forth by the summary and agreement
statement of the Second International Conference on
Concussion in Sport in Prague,’' concussions were
diagnosed by each team’s trained medical staff from
signs, symptoms, computer-based neurocognitive test-
ing, and clinical judgment. Symptoms associated with

concussion included: headache, nausea, vomiting, diz-
ziness/balance problems, fatigue, trouble sleeping,
drowsiness, sensitivity to light or noise, blurred vision,
difficulty remembering, and/or difficulty concentrat-
ing.’! The time of concussion diagnosis varied from
immediately after the impact associated with injury
-to- later that day -to- days after the injury when the
athlete self-reported symptoms or signs of concussion
were observed by the medical staff. Following diag-
nosis of concussion, anecdotal observations about the
injury (suspected time of injury, a description of the
impact, and other comments) from the player, coaches,
and trainers was combined with video of the event and
biomechanical data to associate the injury with a single
head impact. All other head impacts recorded were
labeled sub-concussive. To increase the sample size of
the concussive dataset, the concussive impacts mea-
sured in this study were compiled with concussive data
collected from published studies that utilized similarly
reported data collection methods and guidelines for the
diagnosis of concussion.®!’

Data Analyses

Linear acceleration was directly measured by the
HIT System as previously described. Traditionally
with the HIT System, peak rotational acceleration has
been estimated from the linear acceleration vector and
an assumed point of rotation 10 cm inferior to the
head CG. In this study, peak rotational acceleration
was estimated using Eq. (1), which was derived from
the equations of motion modeling a force acting on the
head; where o is peak rotational acceleration, m is the
mass of the head, ax is peak linear acceleration along
the anterior—posterior axis of the head, ay is peak
linear acceleration along the medial-lateral axis of the
head, I is the moment of inertia of the head, and d is
the perpendicular distance from the head CG to the
impact vector. The unknown parameters (m, I, and d)
of Eq. (1) were combined into a single variable, which
was determined through a regression model analysis of
recorded 6DOF acceleration data, and confirmed with
laboratory validation experiments similar to those
previously reported.*® A least squares technique was
used to solve for the combined variable (m x d/I),
which was determined to be 6.48 m~'. Peak rotational
accelerations were determined for all recorded HIT
System impacts using Eq. (1).

_ my/ax? 4 ay?

Each recorded head impact was categorized into one
of four general impact locations: front, rear, side (left
and right), and top.” Impacts to the left and right
locations were assumed symmetric, and thought to
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invoke coronal plane rotation. Impacts to the front
and back of the helmet were grouped to together and
thought to invoke sagittal plane rotation. Impacts to
the top of the helmet have been shown to primarily
cause linear events, as the head loaded is in line with
the cervical spine. For this reason, impacts to the top
of the helmet were removed from this analysis and
reported separately.

The data collected in this study were used to define
the overall distribution of sub-concussive and concus-
sive impacts with relation to rotational acceleration.
Sub-concussive impacts recorded using the HIT Sys-
tem and 6DOF measurement device were each fit to
Weibull distributions. These data were fit to Weibull
distributions because the acceleration distributions of
sub-concussive impacts were highly right-skewed. The
Weibull probability density function (pdf) takes the
form of Eq. (2), while the Weibull cumulative density
function (cdf) takes the form of Eq. (3). For these
equations, x is the peak resultant rotational accelera-
tion, o is the shape parameter, and f is the scale
parameter. Weibull distribution parameters were esti-
mated using a maximum likelihood technique.

o—1 4
Wpdf = (x();)a e () (2)

Wegr = 1 — B (3)

Concussive impacts collected with the HIT System
were fit to a Rician distribution, which is a form of a
normal distribution that is non-negative. The Rician
pdf takes the form of Eq. (4), while the Rician cdf takes
the form of Eq. (5). For these equations, x is the peak
resultant rotational acceleration, v is the location
parameter, ¢ is the scale parameter, /, is the modified
Bessel function of the first kind, and Q; is the Marcum
Q-function. Rician distribution parameters were esti-
mated using a maximum likelihood technique.

= 2 U () “
rear =1 — 0y (7:%) (5)

Then, the relationship between resultant rotational
acceleration and resultant rotational velocity was
determined. For this sub-analysis, only impacts with
peak linear accelerations greater than 40 g in the
6DOF dataset were considered. Impacts were limited
to 40 g for data reduction purposes, as each impact’s
acceleration traces were visually inspected so that the
rotational acceleration pulse of interest could be
examined and peak values identified. Furthermore,
40 g is well below typical linear accelerations associated

with concussion.** To determine change in resultant
rotational velocity, rotational acceleration about each
individual axis of the head was numerically integrated
with respect to time throughout the entire acceleration
trace. Resultant rotational velocity was then calcu-
lated. Once peak rotational acceleration and peak
change in rotational velocity were identified for each
impact, a linear regression analysis between the two
parameters was performed using a least squares tech-
nique. The regression model was constrained so that a
rotational acceleration of 0 rad/s” resulted in a rota-
tional velocity of 0 rad/s. Equation (6) displays the
regression model, where « is resultant rotational
velocity, o is resultant rotational acceleration, and m is
the inverse slope parameter. Equation (6) was used to
estimate resultant rotational velocities associated with
the peak rotational accelerations in the HIT System
dataset.

0=2 (6)

An injury risk function for resultant rotational
acceleration was developed. To do this, published
injury incidence rates for game participation were used
to weight the sub-concussive and concussive head
acceleration distributions. For collegiate athletes, there
are 5.56 concussions per 1000 athletic exposures, where
an athletic exposure is defined as one athlete partici-
pating in at least one play of one game or practice.' To
relate the number of concussions to the number of sub-
concussive impacts, it was assumed that the median
player experiences 16.3 impacts per game.” For colle-
giate athletes, 5.56 concussions per 1000 games played
with 16.3 impacts per game per player can be expressed
as an injury incidence rate of 0.341 concussions per
1000 impacts. It is important to note that current
research suggests that as many as 53% of concussions
go unreported.*® This underreporting rate was applied
to the calculated injury incidence rate, resulting in
0.726 concussions per 1000 impacts for collegiate
athletes.

Next, estimated injury incidence rates were used to
combine the sub-concussive and concussive head
acceleration distributions in order to have a sub-
concussive to concussive impact ratio that reflects
previous studies. A logistic regression analysis based
on the weighted sub-concussive and concussive head
acceleration distributions was used to express risk as a
function of rotational head acceleration. Equation (7)
displays the risk function, where o and f are regression
coefficients. The regression coefficients were deter-
mined using a generalized linear model technique.

1

risk = T e (7)
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RESULTS

A total of 300,977 head impacts were recorded and
analyzed in this study. Of these impacts, 286,636 head
impacts were recorded using the HIT System and
14,341 head impacts were recorded using the 6DOF
measurement device. A total of 57 concussions were
compiled for this analysis. Of the impacts to the front
or back of the helmet that resulted in primarily sagittal
plane rotation, there were 193,465 sub-concussive
impacts (67.5% of total sub-concussive impacts) and
33 concussive impacts (57.9% of total concussive
impacts). Of the impacts to the sides of the helmet that
primarily resulted in coronal plane rotation, there were
49,645 sub-concussive (17.3%) and 7 concussive
(12.3%) impacts. There were 43,526 sub-concussive
(15.2%) and 17 concussive impacts (29.8%) to the top
of the helmet recorded with the HIT System, which
were analyzed separately because they are primarily
linear events.

The sub-concussive impact distribution recorded
with the 6DOF measurement device was right-skewed
with a 25th percentile rotational acceleration of
531 rad/s*, median rotational acceleration of 872 rad/s”,
and 75th percentile rotational acceleration of 1447 rad/s*
(average rotational acceleration of 1158 + 972 rad/s?).
The sub-concussive impact distribution recorded with
the HIT System was right-skewed with a 25th percen-
tile rotational acceleration of 682 rad/s®>, median
rotational acceleration of 981 rad/s*, and 75th per-
centile rotational acceleration of 1506 rad/s> (average
rotational acceleration of 1230 =+ 915 rad/s®). Con-
cussive impacts were normally distributed with a 25th
percentile rotational acceleration of 4026 rad/s?,
median rotational acceleration of 4948 rad/s’, and
75th percentile rotational acceleration of 6209 rad/s

x 10

——— HITS Sub-concussive
——— BDOF Sub-concussive
= HITS Concussive
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(average rotational acceleration of 5022 & 1791 rad/s?).
No concussive impacts were recorded with the 6DOF
measurement device during the measurement interval.
Figure 2 displays the probability density functions and
cumulative density functions for all sub-concussive and
concussive impacts with relation to rotational accel-
eration. Figure 3 displays that the empirical cumula-
tive density functions closely match the fitted
cumulative distributions for each dataset. Table I
displays the parameter estimates for each distribution
fit (Egs. 2-9).

A total of 1285 impacts were recorded with the 6DOF
measurement device that had peak linear accelerations
greater than 40 g and were used to quantify the rela-
tionship between rotational acceleration and rotational
velocity. Peak rotational acceleration and peak rota-
tional velocity correlated strongly (R*> = 0.94) in the
6DOF dataset, proving to be a linear relationship
(Fig. 4). The inverse slope parameter (i) in Eq. (6) was
determined to be 225.5 with nominal units of s '. Using
Eq. (6), rotational velocities were estimated for con-
cussive impacts from peak rotational acceleration.
Table 2 displays the rotational velocities associated
with descriptive rotational accelerations of note.

Figure 5 displays the probability of concussion as a
function of peak rotational acceleration. The risk
function (Eq. 7) parameter estimates were determined
to be —12.531 for « and 0.002 for . Table 3 displays
rotational accelerations and rotational velocities for
nominal injury risk values.

Rotational accelerations of lower magnitudes were
observed with impacts to the top of the helmet. Sub-
concussive impacts to the top of the helmet recorded
with the 6DOF measurement device were right-skewed
with a 25th percentile rotational acceleration of

1
0.8
0.6
0.4
0.2 ¢ = HITS Sub-concussive
——— B6DOF Sub-concussive
weee HITS Concussive
0
0 5000 10000 15000

Rotational Acceleration (radiszj

FIGURE 2. Weibull distributions were fitted to resultant rotational head acceleration for sub-concussive impacts recorded with
the HIT System and 6DOF measurement device. A Rician distribution was fitted to resultant rotational head accelerations for
concussive impacts recorded with the HIT System. Probability density functions (left) and cumulative density functions (right) are

displayed for each distribution fit.
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FIGURE 3. Comparison of the empirical cumulative density functions to the fitted cumulative density functions suggest good fits
for both the HIT System datasets (left) and 6DOF measurement device dataset (right).

TABLE 1. Distribution fitting parameter estimates for Weibull (Eqs. 2 and 3) and Rician (Egs. 4 and 5) distributions.
Weibull Rician
o b o v
Sub-concussive HITS 1369.8 (1.976) 1.4875 (0.002) - -
Sub-concussive 6DOF 1277.6 (8.283) 1.3670 (0.008) - -
Concussive HITS - - 1863.2 (329.5) 4626.2 (235.1)
The standard error for each parameter estimate is in parentheses.
60
6DOF data>40g
Regression Line
sob ™ Concussive Data
0
°
8 af
2 R?=0.94
‘o
8
g 30
T
5 O
‘E 20 ' 2 I,
0
4
10F
0 L 1 1 L L J
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Rotational Acceleration (rad/s?)

FIGURE 4. Linear regression relating peak rotational acceleration to peak rotational velocity for 1285 impacts recorded using the
6DOF measurement device that had peak linear accelerations greater than 40 g. Using this model, rotational velocities were
estimated for concussive impacts recorded using the HIT System.

346 rad/s*, median rotational acceleration of 595 rad/s”,
and 75th percentile rotational acceleration of 1057 rad/s>
(average rotational acceleration of 845 + 798 rad/s?).
Sub-concussive impacts to the top of the helmet
recorded with the HIT System were right-skewed with
a 25th percentile rotational acceleration of 266 rad/s,

median rotational acceleration of 446 rad/s* and 75th
percentile rotational acceleration of 768 rad/s” (average
rotational acceleration of 615 + 565 rad/s?). Concus-
sive impacts to the top of the helmet recorded with the
HIT System had a 25th percentile rotational accelera-
tion of 617 rad/s?, median rotational acceleration of
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TABLE 2. Descriptive statistics of rotational accelerations distributions with associated rotational velocities.

Descriptive statistics

25th Percentile Median 75th Percentile 95th Percentile Average
o w o w o (0] o (0] o [0)
Sub-concussive HITS 682 3.0 981 4.4 1506 6.7 2975 13.2 1230 5.5
Sub-concussive 6DOF 531 2.4 872 3.9 1447 6.4 2997 13.4 1158 5.1
Concussive HITS 4026 17.9 4948 21.9 6209 27.5 7688 34.1 5022 22.3
« is rotational acceleration with units rad/s?; o is rotational velocity with units rad/s.
1r
90% Risk
09F a=-12.531
p = 0.0020
08 75% Risk
2 07F
2
£ o6}
=
5 -l 50% Risk
E
S 04
£
03F 25% Risk
0.2F
10% Risk
0.1}
0 L 1 1 J
0 2000 4000 6000 8000 10000 12000

Rotational Acceleration (rad!sz}

FIGURE 5.
risk values are superimposed on the plot.

TABLE 3. Rotational accelerations and rotational velocities
associated with nominal injury risk values.

Rotational Rotational
Nominal acceleration velocity
injury risk (rad/s?) (rad/s)
10% 5260 23.3
25% 5821 25.8
50% 6383 28.3
75% 6945 30.8
90% 7483 33.2

1822 rad/s?, and 75th percentile rotational acceleration
of 3673 rad/s® (average rotational acceleration of
2192 + 1790 rad/s?).

DISCUSSION

These data provide, for the first time, an estimate of
rotational acceleration tolerance derived from direct
acceleration measurements from instrumented human

Injury risk as a function of peak resultant rotational acceleration. Parameter estimates for Eq. (7) and nominal injury

volunteers. The rotational acceleration distributions
for the 6DOF measurement device and the HIT System
were in good agreement. The small differences between
the distributions can be attributed to the effect of
varying head impact exposures for different football
positions among instrumented players. The 6DOF
dataset was collected from lineman, because these
subjects wear larger helmets that could accommodate
the 6DOF measurement device. The HIT System
dataset was collected from lineman and skill players.
Recent research has shown that lineman sustain
impacts more frequently at lower magnitudes relative
to skill players.” The minimal difference in distribu-
tions between the two datasets suggests that the HIT
System was capable of accurately quantifying the head
impact exposure of rotational acceleration experienced
by the instrumented football players.

While rotational acceleration could be reasonably
calculated with the HIT System, a rotational acceler-
ation without a rotational velocity is difficult to inter-
pret with relation to injury tolerance. A rotational
velocity associated with a rotational acceleration provides
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FIGURE 6. Comparison of the concussion risk curve generated in this study to that of Peliman et al.*> Nominal injury values of 10,
50, and 90% are emphasized to display differences between the two curves at varying severities.

information about the temporal component of the
acceleration pulse. Rotational head accelerations of
great magnitudes can be tolerable over very short
durations; however, as duration increases, tolerance
decreases.” Moreover, rotational velocity was of par-
ticular interest in this study because it has been
shown to have a stronger correlation with relative
brain motion than any other kinematic parameter.'*-*'
Computational studies have also found rotational
velocity to be a predictor of the strain response when
modeling real-world head impacts that were experi-
mentally recorded from football players.’’ Peak rota-
tional acceleration and peak rotational velocity in the
6DOF dataset were strongly correlated. The strong
correlation between the two parameters suggests that
head acceleration pulses as a result of head impacts in
football are similar in duration and acceleration shape.
The linear regression model was used to determine the
average rotational velocity associated with peak rota-
tional acceleration at sub-concussive and concussive
severities.

Injury risk was assessed as a function of rotational
acceleration through an analysis of a large dataset of
head impacts. Acceleration distributions for sub-
concussive and concussive impacts were weighted to
reflect a defined ratio between sub-concussive and
concussive impacts. The distribution weighting tech-
niques utilized published concussion incidence rates
and considered the under-reporting of concussions,
which is a problem of increasing concern.>'%¥"-> Tt
should be noted that the risk curve generated in this
study may be conservative (i.e., over-estimate risk).
This is for two main reasons: (1) the highest reported
injury incidence rate from the literature was used for

the relative weighting of sub-concussive and concussive
impacts, and (2) the risk curve accounts for the under-
reporting of concussive injuries. Pellman er al.*?
generated injury risk curves for concussion from
reconstructed NFL impacts using Hybrid 11T ATDs. In
that study, the average concussive impact (n = 25) had
a rotational acceleration of 6432 rad/s® and rotational
velocity of 36.5 rad/s. The average sub-concussive
impact (n = 33) had a rotational acceleration of
4028 rad/s> and rotational velocity of 26.1 rad/s.
Figure 6 compares the injury risk curve derived from
the NFL data for rotational acceleration to the risk
curve produced in this study. In comparison to the risk
curve generated in this study, the NFL risk curve over-
predicts injury risk at lower acceleration magnitudes
(risk < 50%) and produces similar values at higher
acceleration magnitudes (risk > 50%). The differences
between the two risk curves can partially be attributed
to the NFL data being biased toward concussive
impacts. Furthermore, the NFL data were based on
reconstructions from game film using Hybrid III
ATDs. While the Hybrid III is often used to evaluate
sports injury scenarios in the laboratory,*”* the neck
of the Hybrid IIT has limited biofidelity. The Hybrid
IIT ATD reconstructions produced similar peak accel-
erations for concussive impacts, but generated higher
rotational velocities. The temporal response of the
Hybrid III neck to head impact is elongated due to its
low stiffness.'® Although the use of the Hybrid III has
caveats, it remains a valuable tool when collecting data
from humans is not feasible.

Previous studies have generated rotational kinematic
thresholds from scaled animal data for DAI. Although
DAI is a more severe injury than the sports-related
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concussion injury analyzed in this study, there is value
in comparing results. Ommaya’® utilized a primate
model and suggested an injury threshold of 4500 rad/s*
when rotational velocity is less than 30 rad/s for sagittal
plane rotation of the head. Additionally, Davidsson
et al. utilized a rat model and suggested a threshold of
10,000 rad/s* with a rotational velocity of 19 rad/s for
rearward sagittal plane rotation.® For coronal plane
rotation, Margulies and Thibault*’ utilized a primate
model and suggested a threshold of 16,000 rad/s* with
a rotational velocity of 46.5 rad/s. Figure 7 compares
these published thresholds for DAI to the data col-
lected from football players. The kinematics of these
experiments had a negligible linear component, as they
were designed to invoke pure rotation of the head.
While theoretically possible, this phenomenon is likely
rarely experienced in the real-world because the high
magnitude accelerations require head contact to
occur.”® No head impact measured in football players
was comprised of pure rotation. Moreover, these ani-
mal studies limited rotation to a single plane of the
head, while the impacts measured from football play-
ers involved rotation in all three planes of the head
simultaneously. With that said, the average concussive
values of 5022 rad/s> and 22 rad/s generated in this
study are most similar to that of Ommaya.* However,
the criteria derived from primate data were proposed
to predict prolonged unconsciousness greater than 6 h
and neuropathologic findings of DAI. Ommaya’s cri-
terion was self-admittedly speculative for injury to
humans due the scaling techniques used to transform
the rhesus monkey data to human data.’®*' Similar
caution should be exercised when drawing conclusions

based on injury thresholds derived from Margulies and
Thibault®>” and Davidsson e al.®

While the 6DOF measurement device was used to
measure rotational acceleration, Eq. (1) was used to
calculate rotational acceleration for impacts recorded
with the HIT System. Equation 1 calculates rotational
acceleration from the resultant linear acceleration
along the anterior—posterior and medial-lateral axes of
the head and a combined variable representing the
average inertial properties of the head and average
direction of force. Since rotational acceleration for the
HIT System is determined from the acceleration vector
of the head CG in the transverse plane, this analysis is
insensitive to transverse rotation and only considers
sagittal and coronal plane rotation. Of the impacts
recorded, 67.5% were to the front or back of the hel-
met; indicating that the majority of impacts were
dominated by sagittal plane rotation. These data are
consistent with those previously reported.”** Notably,
linear acceleration along the inferior—superior axis of
the head is not considered in Eq. (1), although top
impacts were included in its derivation. Impacts that
had the largest accelerations along this axis likely had
little rotation due to the impact force being transmitted
through (or near) the head CG and neck. For this
reason, impacts to the top of the helmet were separated
from the distribution and risk analyses, as this study
focuses on the rotational kinematics. Figure 8§ com-
pares the linear and rotational accelerations associated
with concussion for impacts that were generalized into
three groups: sagittal rotation, coronal rotation, and
impacts to the top of the helmet. While, throughout
the course of a season, a player experiences fewer
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FIGURE 7. Comparison of sub-concussive and concussive data collected from football players to DAI thresholds derived from

animal data that were scaled to reflect human data.
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FIGURE 8. Linear and rotational accelerations for concussive impacts grouped by impact mode. Impacts to the top of the helmet
had similar peak linear accelerations and lower rotational accelerations than other impact locations.

TABLE 4. Average concussive linear acceleration and rotational kinematics for impacts that were either
primarily sagittal plane rotation (front and rear impact locations), primarily coronal plane rotation (side
impact locations), or to the top of the helmet.

Number of Rotational Rotational

concussions acceleration (g) acceleration (rad/s?) velocity (rad/s)
Sagittal plane rotation 33 102.7 + 33.6 4986 + 1909 221 +£85
Coronal plane rotation 7 105.8 + 16.6 5192 + 1166 23.0 £ 5.2
Impacts to helmet top 17 100.6 + 37.1 2192 + 1790 97+7.9

impacts to the top of the helmet than to the front and
back of the helmet, the number of concussions per
impact to the top location is the greatest. This is a
result of impacts to the top of the helmet being greater
energy impacts, likely due to a player purposely lead-
ing an impact with his helmet.** Table 4 compares the
average linear acceleration, rotational acceleration,
and rotational velocity for each of the three groups.
Although the linear accelerations for each impact
mode were very similar, rotational kinematics for
impacts to the top of the helmet were substantially
lower than impacts to the front, back, or sides of the
helmet. This supports the notion that both linear and
rotational components of acceleration contribute to
concussion.*’

Linear and rotational acceleration have traditionally
been examined independently of one another, even
though both can contribute to brain injury.”>*’ This is
largely due to linear acceleration and rotational accel-
eration being correlated to different injury mechanisms.
Studies have suggested that linear acceleration is cor-
related to the intracranial pressure response,”'=>>3%%¢
and that rotational kinematics are correlated to the
strain response of the brain.?*'*>? Brain injuries due to

linear acceleration are typically focal in nature, while
brain injuries due to rotational acceleration are typi-
cally diffuse in nature, but can also produce focal
damage.” Ommaya®® suggested the use of dual criteria
when predicting brain injury due to head kinematics:
his own rotational kinematic criterion and the maxi-
mum strain criteria,>>>" which is based on linear
acceleration. In this same light, several researchers have
suggested that combined linear and rotational kine-
matic parameters are likely to have the greatest pre-
dictive capabilities of concussion.'>* With the
increased understanding of injury risk related to single
biomechanical parameters, more work should be con-
ducted investigating the combined role of linear and
rotational kinematics in producing injury.

The kinematics associated with concussion appear
to be clearly defined as a non-zero normal distribu-
tion, which indicates there is a correlation between
mechanical input and clinical outcome. However, there
were many impacts with accelerations at concussive
levels that did not result in injury. This suggests that
individual differences might play an important role in
determining human tolerance to concussion. Although
these factors need further clarification, some potential
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contributors include whether the impact was antici-
pated or not, as well as functional polymorphisms in
genes modulating response to neurotrauma.?’ There
may also be additional biomechanical predictors of
brain injury than head kinematics. By using head
kinematics as input to finite element head models, the
tissue level response of the brain can be quantified, and
the strain or pressure response (or any other parameter
of interest) can be used to assess injury.>*>'*® How-
ever, before this is possible, the best injury predictors
must be determined and validated using injury data,
such as the field data presented in this study. Unfor-
tunately, these predictors are likely to be model-
specific, as each model may find a different parameter
that best predicts injury.

This study has several limitations. First, it should be
noted that linear acceleration was measured using the
HIT System and rotational acceleration was calculated
from a linear acceleration vector, the inertial properties
of the head, and an average direction of force.
Although rotational acceleration was not directly
measured, the calculation provides a good estimate.
Second, there is measurement error associated with
both the HIT System and 6DOF measurement device.
However, the average errors of these devices are on the
order of 1-4%. While there may be greater errors
associated with individual data points, these errors are
of little consequence when working with the overall
data distributions. Third, many concussions sustained
while participating in football are unreported or
undiagnosed. This study makes an attempt to account
for unreported concussions in our injury incidence
calculation, but the under-reporting of concussions
may bias our data. Furthermore, potential variation in
injury and injury diagnosis is not accounted for. These
factors may explain some of the variation observed in
the biomechanical data. Fourth, this study examines
data across an entire cohort and did not account for
variations in head impact exposure associated with
individual players. It is unclear how that analysis
would influence tolerance levels. Moreover, no attempt
was made to quantify the effects of cumulative head
impacts, which may or may not affect individual tol-
erance, and concussion injuries were associated with a
single impact. Finally, although every impact was
composed of linear and rotational kinematics, this
study investigates rotational kinematics independent of
linear acceleration. More work is needed investigating
the combined contribution of linear and rotational
kinematics to brain injury.

The significance of this study lies within methods
that collect biomechanical head impact data from
humans at potentially injurious severities and pairing
these data with clinical diagnosis. Large sub-concussive
and concussive datasets were analyzed and characterized.

This study addresses the limitations of earlier experi-
ments, in that it is the first to present data on 57
concussions that were measured directly from human
subjects. Valuable insight to the rotational kinematics
associated with concussion in humans has been pre-
sented. With an increased understanding of the kine-
matics associated with injury, engineering analyses can
be used to evaluate and influence product design to
reduce injury incidence.***’

ACKNOWLEDGMENTS

The authors gratefully acknowledge our sponsors for
this research including the National Highway Traffic
Safety Administration, Toyota Central Research and
Development Labs, and the National Institutes of
Health (National Institute for Child Health and Human
Development) ROIHDO048638 and (National Institute
of Neurological Disorders and Stroke) ROINS055020.
The authors also thank Josh Tan and the Center for
Biomedical Imaging at Wake Forest University for
assistance with the imaging illustration.

CONFLICT OF INTEREST

Joseph J. Crisco, Richard M. Greenwald, Jeffrey J.
Chu and Simbex have a financial interest in the
instruments (HIT System, Sideline Response System
(Riddell, Inc)) that were used to collect the data
reported in this study.

REFERENCES

"Booher, M. A., J. Wisniewski, B. W. Smith, and
A. Sigurdsson. Comparison of reporting systems to deter-
mine concussion incidence in NCAA division I collegiate
football. Clin. J. Sport Med. 13:93-95, 2003.

2Broglio, S. P., M. S. Ferrara, S. G. Piland, R. B. Anderson,
and A. Collie. Concussion history is not a predictor of
computerised neurocognitive performance. Br. J. Sports
Med. 40:802-805, 2006; discussion 5.

3Brogli0, S. P., B. Schnebel, J. J. Sosnoff, S. Shin, X. Fend,
X. He, and J. Zimmerman. Biomechanical properties of
concussions in high school football. Med. Sci. Sports
Exerc. 42:2064-2071, 2010.

4Broglio, S. P., J. J. Sosnoff, S. Shin, X. He, C. Alcaraz, and
J. Zimmerman. Head impacts during high school football:
a biomechanical assessment. J. Athl. Train. 44:342-349,
2009.

5Chu, J. J., J. G. Beckwith, J. J. Crisco, and R. Greenwald.
A novel algorithm to measure linear and rotational head
acceleration using single-axis accelerometers. J. Biomech.
39(Suppl. 1):S534, 2006.

SCrisco, J. J., J. J. Chu, and R. M. Greenwald. An algo-
rithm for estimating acceleration magnitude and impact
location using multiple nonorthogonal single-axis acceler-
ometers. J. Biomech. Eng. 126:849-854, 2004.



12 RowsoN et al.

"Crisco, 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.

8Davidsson, J., M. Angeria, and M. G. Risling. Injury
threshold for sagittal plane rotational induced diffuse
axonal injuries. In: Proceedings of the International
Research Conference on the Biomechanics of Impact
(IRCOBI), 2009.

°Duma, 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.

Duma, S. M., and S. Rowson. Past, present, and future of
head injury research. Exerc. Sport Sci. Rev. 39:2-3, 2011.
""Gadd, C. W. Use of a weighted-impulse criterion for esti-
mating injury hazard. In: Proceedings of the 10th Stapp

Car Crash Conference. SAE 660793, 1966.

2Gavett, B. E., R. A. Stern, and A. C. McKee. Chronic
traumatic encephalopathy: a potential late effect of sport-
related concussive and subconcussive head trauma. Clin.
Sports Med. 30:179-188, 2011; xi.

3Gennarelli, T. A. Head injury in man and experimental
animals: clinical aspects. Acta Neurochir. Suppl. (Wien)
32:1-13, 1983.

“Gennarelli, T. A., L. E. Thibault, J. H. Adams, D. L
Graham, C. J. Thompson, and R. P. Marcincin. Diffuse
axonal injury and traumatic coma in the primate. Ann.
Neurol. 12:564-574, 1982.

SGreenwald, 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; discussion 98.

l(’Gurdijan, E. S., V. L. Roberts, and L. M. Thomas. Tol-
erance curves of acceleration and intracranial pressure and
protective index in experimental head injury. J. Trauma
6:600-604, 1966.

"Guskiewicz, 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-
Grosurgery 61:1244-1253, 2007.
8Gwin, J. T., J. J. Chu, S G. Diamond, P. D. Halstead, J. J.
Crisco, and R. M. Greenwald. An investigation of the
NOCSAE linear impactor test method based on in vivo
measures of head impact acceleration in American football.
J. Biomech. Eng. 132:011006, 2010.

'9Hardy, W. N., C. D. Foster, M. J. Mason, K. H. Yang,
A. 1. King, and S. Tashman. Investigation of head injury
mechanisms using neutral density technology and high-
speed biplanar X-ray. Stapp Car Crash J. 45:337-368, 2001.

2OHalrdy, W. N., T. B. Khalil, and A. I. King. Literature
review of head injury biomechanics. Int. J. Impact Eng.
15:561-586, 1994.

21Hardy, W. N., M. J. Mason, C. D. Foster, C. S. Shah, J. M.
Kopacz, K. H. Yang, A. 1. King, J. Bishop, M. Bey,
W. Anderst, and S. Tashman. A study of the response of
the human cadaver head to impact. Stapp Car Crash J.
51:17-80, 2007.

Hootman, J. M., R. Dick, and J. Agel. Epidemiology of col-
legiate injuries for 15 sports: summary and recommendations

for injury prevention initiatives. J. Athl. Train. 42:311-319,
2007.

King, A. I, K. H. Yang, L. Zhang, W. Hardy, and D. C.
Viano. Is head injury caused by linear or angular acceler-
ation? In: Proceedings of the International Research Con-
ference on the Biomechanics of Impact (IRCOBI) 2003.

24K leiven, S. Predictors for traumatic brain injuries evaluated
through accident reconstructions. Stapp Car Crash J.
51:81-114, 2007.

25Langlois, 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.

2(’Manoogian, 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.
Instrum. 42:383-388, 2006.

?"Margulies, S. S., and L. E. Thibault. A proposed tolerance
criterion for diffuse axonal injury in man. J. Biomech.
25:917-923, 1992.

28Malrgulies, S. S., L. E. Thibault, and T. A. Gennarelli.
Physical model simulations of brain injury in the primate.
J. Biomech. 23:823-836, 1990.

2McAllister, T. W. Genetic factors modulating outcome
after neurotrauma. PM R. 2:S241-S252, 2010.

OMcCrea, M., T. Hammeke, G. Olsen, P. Leo, and
K. Guskiewicz. Unreported concussion in high school
football players: implications for prevention. Clin. J. Sport
Med. 14:13-17, 2004.

3'McCrory, P., K. Johnston, W. Meeuwisse, M. Aubry,
R. Cantu, J. Dvorak, T. Graf-Baumann, J. Kelly, M. Lovell,
and P. Schamasch. Summary and agreement statement of
the 2nd international conference on concussion in sport,
prague 2004. Clin. J. Sport Med. 15:48-55, 2005.

¥McElhaney, J. H., R. L. Stalnaker, V. L. Roberts, and
R. G. Snyder. Door crashwortiness criteria. In: Proceedings
of the 15th Stapp Car Crash Conference. SAE 710864,
1971.

*Mihalik, 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;
discussion 35.

Newman, J. A., C. Barr, M. C. Beusenberg, E. Fournier,
N. Shewchenko, E. Welbourne, and C. Withnall. A new
biomechanical assessment of mild traumatic brain injury.
Part 2: Results and conclusions. In: Proceedings of the
International Research Conference on the Biomechanics of
Impacts (IRCOBI), 2000, pp. 223-230.

BNewman, J. A., . C. Beusenberg, E. Fournier,
N. Shewchenko, C Withnall, A. I. King, K. Yang, L.
Zhang, J. McElhaney, L. Thibault, and G. McGinnes. A
new biomechanical assessment of mild traumatic brain in-
jury. Part 1: Methodology. In: Proceedings of the Inter-
national Research Conference on the Biomechanics of
Impacts (IRCOBI), 1999, pp. 17-36.

3Newman, J. A., N. Shewchenko, and E. Welbourne.
A proposed new biomechanical head injury assessment
function—the maximum power index. Stapp Car Crash J.
44:215-247, 2000.

¥Omalu, B. 1., S. T. DeKosky, R. L. Hamilton, R. L.
Minster, M. 1. Kamboh, A. M. Shakir, and C. H. Wecht.
Chronic traumatic encephalopathy in a national football
league player: part II. Neurosurgery 59:1086-1092, 2006;
discussion 92-3.



Rotational Acceleration Injury Risk for Concussion 13

3¥0Omalu, B. 1., S. T. DeKosky, R. L. Minster, M. I. Kamboh,
R. L. Hamilton, and C. H. Wecht. Chronic traumatic
encephalopathy in a national football league player. Neu-
rosurgery 57:128-134, 2005; discussion 34.

¥Ommaya, A. K. Biomechanics of head injuries: Experi-
mental aspects. In: Biomechanics of Trauma, edited by
A. Nahum and J. W. Melvin. Norwalk: Appleton-Century-
Crofts, 1985.

4OOmmaya, A. K., and T. A. Gennarelli. Cerebral concussion
and traumatic unconsciousness. Correlation of experimen-
tal and clinical observations of blunt head injuries. Brain
97:633-654, 1974.

410mmaya, A. K., P. Yarnell, A. E. Hirsch, and E. H.
Harris. Scaling of experimental data on cerebral concussion
in sub-human primates to concussion threshold for man.
In: Proceedings of the 11th Stapp Car Crash Conference.
SAE 670906, 1967.

“Ppellman, E. J., D. C. Viano, A. M. Tucker, I. R. Casson,
and J. F. Waeckerle. Concussion in professional football:
reconstruction of game impacts and injuries. Neurosurgery
53:799-812, 2003; discussion 4.

“BRowson, S., J. G. Beckwith, J. J. Chu, D. S. Leonard,
R. M. Greenwald, and S. M. Duma. A six degree of free-
dom head acceleration measurement device for use in
football. J. Appl. Biomech. 27:8-14, 2011.

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

“Rowson, 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.

4Rowson, S., C. McNally, and S. M. Duma. Can footwear
affect achilles tendon loading? Clin. J. Sport Med. 20:344—
349, 2010.

OPEN ACCESS

This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appro-
priate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other
third party material in this article are included in the

“TRowson, S., D. E. McNeely, P. G. Brolinson, and S. M.
Duma. Biomechanical analysis of football neck collars.
Clin. J. Sport Med. 18:316-321, 2008.

“8Schnebel, B., J. T. Gwin, S. Anderson, and R. Gatlin. In
vivo study of head impacts in football: a comparison of
national collegiate athletic association division I versus
high school impacts. Neurosurgery 60:490-495, 2007; dis-
cussion 5-6.

“Shain, K. S., M. L. Madigan, S. Rowson, J. BisplinghofT,
and S. M. Duma. Analysis of the ability of catcher’s masks
to attenuate head accelerations on impact with a baseball.
Clin. J. Sport Med. 20:422-427, 2010.

Stalnaker, R. L., and J. L. Fogle. Driving point impedance
characteristics of the head. J. Biomech. 4:127-139, 1971.
S'Takhounts, E. G., S. A. Ridella, V. Hasija, R. E. Tannous,
J. Q. Campbell, D. Malone, K. Danelson, J. Stitzel,
S. Rowson, and S. Duma. Investigation of traumatic brain
injuries using the next generation of simulated injury
monitor (simon) finite element head model. Stapp Car

Crash J. 52:1-31, 2008.

32Unterharnscheidt, F. J. Translational versus rotational
acceleration: animal experiments with measured inputs. In
:Proceedings of the 15th Stapp Car Crash Conference. SAE
710880, 1971.

3Versace, J. A review of the severity index. In: SAE Tech-
nical Paper Series. SAE 710881, 1971.

SWard, C., M. Chan, and A. Nahum. Intracranial pressure—
a brain injury criterion. In: SAE Technical Paper Series.
SAE 801304, 1980.

SWilliamson, L. J., and D. Goodman. Converging evidence
for the under-reporting of concussions in youth ice hockey.
Br. J. Sports Med. 40:128-132, 2006; (discussion 32).

%67Zhang, L., K. H. Yang, and A. I. King. A proposed injury
threshold for mild traumatic brain injury. J. Biomech. Eng.
126:226-236, 2004.

article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://crea
tivecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Rotational Head Kinematics in Football Impacts: An Injury Risk Function for Concussion
	Abstract
	Introduction
	Materials and Methods
	Data Collection
	Data Analyses

	Results
	Discussion
	Acknowledgements
	References




