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Context: Instrumented helmets have been used to estimate
impact acceleration imparted to the head during helmet im-
pacts. These instrumented helmets may not accurately mea-
sure the actual amount of acceleration experienced by the head
due to factors such as helmet-to-head fit.

Objective: To determine if an accelerometer attached to a
mouthpiece (MP) provides a more accurate representation of
headform center of gravity (HFCOG) acceleration during impact
than does an accelerometer attached to a helmet fitted on the
headform.

Design: Single-factor research design in which the indepen-
dent variable was accelerometer position (HFCOG, helmet, MP)
and the dependent variables were g and Severity Index (SlI).

Setting: Independent impact research laboratory.

Intervention(s): The helmeted headform was dropped (n =
168) using a National Operating Committee on Standards for
Athletic Equipment (NOCSAE) drop system from the standard
heights and impact sites according to NOCSAE test standards.

Peak g and Sl were measured for each accelerometer position
during impact.

Main Outcome Measures: Upon impact, the peak g and SI
were recorded for each accelerometer location.

Results: Strong relationships were noted for HFCOG and
MP measures, and significant differences were seen between
HFCOG and helmet g measures and HFCOG and helmet Sl
measures. No statistically significant differences were noted be-
tween HFCOG and MP g and S| measures. Regression anal-
yses showed a significant relationship between HFCOG and
MP measures but not between HFCOG and helmet measures.

Conclusions: Upon impact, MP acceleration (g) and Sl mea-
surements were closely related to and more accurate in mea-
suring HFCOG g and SI than helmet measurements. The MP
accelerometer is a valid method for measuring head accelera-
tion.
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head and not simply the acceleration of the helmet.

Key Points
» An accelerometer attached to the mouthpiece provided a valid method for measuring the head acceleration and Severity

» An accelerometer attached to the helmet overestimated the head acceleration and Severity Index.
» Placing an accelerometer in the mouthpiece permits direct assessment of the actual acceleration experienced by the

United States each year.!-3 This may be a conservative
estimate because many minor head injuries go unre-
ported. Although most concussions occur in high-impact
sports, athletes in low-impact sports are not immune to mild
traumatic brain injury.* Head injuries are caused by positive
and negative acceleration forces experienced by the brain and
may result from linear or rotational accelerations (or both).>~7
Both linear and rotational accelerations are likely to be en-
countered by the head at impact, damaging neural and vascular
elements of the brain.>¢
Identifying the magnitude of acceleration that causes brain
injury may assist in prevention, diagnosis, and return-to-play
decisions. Most field measurements assess the acceleration ex-
perienced by the player with accelerometers attached to the
helmet.8-12 Helmets are designed to help mediate the amount
of acceleration experienced by the head; therefore, acceler-
ometers placed on the helmet may not reflect acceleration of
the head.!?>~14 Testing impact acceleration to the head with an

ﬁ pproximately 300 000 athletes incur concussions in the

intraoral device may allow for both accurate measurements of
accelerations in sports in which helmets are not worn and more
precise examination of the acceleration limits of the brain in
these sports. It could also assist in assessing the protective
capabilities of a helmet for all helmeted sports.

An accepted method of impact testing involves the use of
biofidelic headforms.!> These headforms are used by the Na-
tional Operating Committee on Standards for Athletic Equip-
ment (NOCSAE) in the impact testing of football, hockey,
baseball, and lacrosse helmets. Each headform is instrumented
with an accelerometer, located at the center of gravity, to mea-
sure the acceleration experienced by the helmeted headform
upon impact in all of NOCSAE testing standards.

Our purpose was to determine if peak acceleration (g) and
Gadd Severity Index (SI) values measured intraorally are more
representative of headform center of gravity (HFCOG) accel-
eration and SI than are helmet g and SI values. We hypothe-
sized that an accelerometer placed intraorally would measure
impact acceleration of a headform more accurately than would
an accelerometer attached to a helmet.
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Figure 1. Modified National Operating Committee on Standards for
Athletic Equipment (NOCSAE) headform with mouthpiece and
headform center-of-gravity (HFCOG) accelerometers. The chin por-
tion has been removed to show placement of accelerometer.

METHODS

Instrumentation

Modified Headform. A NOCSAE medium-sized headform
(model JBMA-03; Overland Park, KS) was modified (Figure
1) with 3 triaxial accelerometers (model 355-17; PCB Piezo-
tronics, Inc, Depew, NY) for testing. The NOCSAE headform
is a biofidelic headform with a glycerin-filled brain cavity
(Rapid Mold Prototype, Marne, MI).'> This headform is de-
signed to take on anthropometric characteristics of the human
head. The medium headform and neck assembly weighs 4.8
kg and is 575 mm in circumference.!> The triaxial acceler-
ometers measure the peak acceleration in 3 orthogonal axes:
anterior-posterior (x), inferior-superior (y), and side-side (z).

The following modifications were made to the headform:
(1) The chin portion of the headform was cut off and a molded
dentition fabricated by a licensed dentist was inserted into the
headform to replicate the teeth and palate structure. (2) The
dentition was held into place by 2 guide pins inserted into the
headform. (3) A custom mouthpiece (MP) was made from the
dentition mold and was placed onto the dentition covering the
teeth and palate. The mouthpiece was not affixed to the den-
tition, so it would be similar to an athlete wearing a mouth-
piece. (4) A 0.25-cm-diameter hole was placed in the center
of the MP where the accelerometer wire passed through and
connected to a data analyzer (model 200; KME Co, Troy, MI).
(5) The chin portion was placed back on the headform with 2
guide pins.

Headform Calibration. The headform was mounted to a
NOCSAE drop test system. The accelerometer was connected
to a dedicated KME data analyzer. The nonhelmeted headform
was calibrated according to NOCSAE test standards!>—19 be-
fore testing using the calibration Modular Elastomer Program-
mer (Cadex Inc, St Jean-Sur-Richelieu, Quebec, Canada),
which is a pad impact surface that is 3 in (7.6 cm) thick by 6
in (15.2 cm) in diameter. The front alignment was checked to
ensure that the headform was as close to the center of the pad
as possible without contacting the nose. The nonhelmeted
headform was dropped onto the standard calibration locations:
front, side, and top.'>'9 Upon impact, the SI was calculated
and peak g was recorded. The resultant SI was 1200 = 2% at
all 3 impact locations. The HFCOG, helmet, and MP accel-
erometers were calibrated at the HFCOG position according
to NOCSAE test standards.!3-1° After calibration at the center-

!

Figure 2. National Operating Committee on Standards for Athletic
Equipment impact test system. The helmeted headform was
dropped from various heights onto the modular elastomer pro-
grammer (black pad).

of-gravity location, we placed the accelerometers at their test-
ing positions; HFCOG, helmet, and MP. The voltages were
recorded for X, Y, and Z channels of the 3 accelerometers.

Instrumentation Calibration

Three KME 200 data analyzers were calibrated according
to NOCSAE test standards.!>-1° The KME data analyzers are
data acquisition systems that measure acceleration of the
HFCOG, helmet, and MP accelerometers in peak g and cal-
culate the SI. The KME data analyzers used a sampling fre-
quency of 14000 Hz with a 4-pole, 1-kHz, active low-pass
filter on the vector resultant.!>-19

Procedures

Helmet, Headform, and Mouthpiece Testing. The head-
form was properly fitted with a football helmet (model VSR-
4; Riddell Inc, Memphis, TN), so the helmet did not move or
slide on the headform.'®-1° The position of the helmet was
checked before each impact. Acceleration (peak g) and SI lev-
els were measured and compared in a modified NOCSAE
headform at the standard location (HFCOG) and experimental
locations of the MP and helmet. Each accelerometer was con-
nected to a dedicated KME 200 data analyzer that calculated
peak g and SI levels. Testing procedures followed NOCSAE
standards for football helmet testing onto the test modular elas-
tomer programmer.'>-1° The helmeted headform was dropped
in a free fall from 46 cm, 92 cm, 122 cm, and 152 cm, landing
on the test programmer in the standard locations: front, front
boss, side, rear boss, rear, top, and one random location lower
rear boss. Three drops were performed at each location. This
procedure was repeated twice (n = 168). Each alignment was
checked to make sure the helmeted headform impacted the
programmer as close to the center of the pad as possible. Upon
impact, peak g and SI were recorded for the HFCOG, helmet,
and MP accelerometers. Precalibration and postcalibration im-
pacts were performed to ensure reliable and valid measure-
ments according to NOCSAE protocol.!>1® The NOCSAE-ap-
proved drop testing system (Figure 2) was calibrated according
to standard guidelines before each test to ensure the accuracy
of acceleration measurements.!>~19 One triaxial accelerometer
was placed in the center of gravity of the humanoid headform.
A second triaxial accelerometer was attached firmly to the pal-
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Figure 3. National Operating Committee on Standards for Athletic
Equipment (NOCSAE) impact testing sites and reference planes
according to DOC 001-98. F indicates front; R, rear; FB, front boss;
RB, rear boss, Ref. plane, reference plane. Reprinted with permis-
sion from NOCSAE, Overland Park, KS.

ate portion of the MP, which was custom-made to fit over the
dentition. A third triaxial accelerometer was placed on the
crown of the helmet (Figure 3).

Impact Sites and Reference Planes. The standard impact
sites were front, front boss, side, rear boss, rear, and top (Fig-
ure 3). The front impact site is located in the median plane 1
in (2.54 cm) above the anterior intersection of the median and
reference planes. The front boss is an impact point in the 45°
plane from the median plane measured clockwise and located
1 in (2.54 cm) above the reference plane. The side impact is
located at the intersection of the reference and coronal planes
on the right side of the headform. The rear boss impact is a
point on the reference plane located 135° clockwise from the
anterior intersection of the median and reference planes. The
rear impact is located at the posterior intersection of the me-
dian and reference planes. The top impact site is located at the
intersection of the median and coronal planes, and the random
impact is any point located in the area of protective coverage,
on or above the basic plane but no closer than 1 in (2.54 cm)
from the edge of the helmet. The random location in this study
was the lower rear boss, which was chosen by simple random
sample.15-19

Orientation planes were defined as follows. The reference
plane is a plane marked on the headform at a specified distance
above and parallel to the basic plane. The basic plane (Frank-
fort plane) is an anatomical plane that includes the superior
rims of the auditory meatuses and the notches of the inferior
orbital ridges. The coronal plane is an anatomical plane per-
pendicular to both the basic plane and the midsagittal plane
and containing the midpoint of a line connecting the superior
rims of the right and left auditory meatuses. The midsagittal
(median) plane is an anatomical plane perpendicular to the
basic plane and containing the midpoint of the line connecting
the notches of the right and left inferior orbital ridges and the
midpoint of the line connecting the superior rims of the right
and left auditory meatus.!3-1° The impact data from these sites
were used to calculate the SI.

Data Reduction

Gadd Severity Index. The SI was developed to evaluate
the extent of injury of an acceleration-time history experienced
by simulated human heads due to impact.2? It correlates the
severity of the head injury with the time and deceleration upon
impact. A weight-impulse value is calculated by integrating
the area under the acceleration-time curve after instantaneous
accelerations have been raised to the 2.5 power:

Table 1. Impacts at Each Accelerometer Location (n = 168)
Variable Mean SD
Severity Index
Headform center of gravity 409.77 264.72
Mouthpiece 536.83 324.57
Helmet 2458.88 1321.64
g
Headform center of gravity 98.85 36.35
Mouthpiece 108.42 34.03
Helmet 278.38 87.65

tl
SI = J a(t)2s dt
0

where a = instantaneous resultant acceleration expressed as a
multiple of g, and dt = time increments in seconds. Integration
was carried out over the essential duration (t) of the acceler-
ation pulse. A weighting factor of 2.5 was based on impact
data available to Gadd on animal and cadaver impacts that led
to skull fracture.2!22 An SI of 1200 has been accepted by
NOCSAE as the level of pass-fail for football helmets and is
the maximum value that a sports helmet can sustain to be
deemed acceptable for play. If a helmet has an SI above 1200
at any site during impact testing, it fails the test and is deemed
unacceptable for play. A 1200 SI maximum value represents
a threshold for a severe head injury such as skull fracture or
subdural hematoma.?>23

Statistical Analysis. We calculated 2 separate 1-way anal-
yses of variance tested for the main effect of accelerometer
position (HFCOG, helmet, MP) using g and SI as dependent
measures. Post hoc Scheffé tests were calculated to determine
if significant differences existed among accelerometer mea-
surements in the HFCOG, helmet, and MP (P < .05). Pearson
correlation coefficients were used to determine relationships
among the HFCOG and helmet and the HFCOG and MP g
and SI measures. Linear regression analysis was used to de-
termine relationships among HFCOG, helmet, and MP mea-
sures.

All statistics were calculated with SPSS (version 10.1; SPSS
Inc, Chicago, IL) and Statistica for Windows (version 2000;
StatSoft, Tulsa, OK).

RESULTS

Impact means and SDs for each triaxial accelerometer lo-
cation at the 122-cm drop height are shown in Table 1. The
HFCOG impact measures were significantly lower than the
helmet impact measures for both SI (F, 59; = 345.0, P < .05)
and g (Fy50; = 505.8, P < .05). No statistically significant
differences were noted between HFCOG and MP SI and g
measures (Fp50; = 0.347, P < .05 and F, 59; = 0.322, P <
.05, respectively). A statistically significant correlation was
seen between SI and g measures for HFCOG and MP. No
significant correlation was found between HFCOG and helmet
SI or g measures (P < .05) (Table 2).

A linear regression analysis for HFCOG g and MP g re-
vealed an 2 of .664, and for HFCOG and MP SI, an 72 of
.927. Both were significant at the P < .01 levels. Linear re-
gression analysis for HFCOG and helmet g revealed a weak
r? value (12 = .245, P <.01). The HFCOG and helmet SI also
showed a weak r? value (2 = 437, P < .01) (Figure 4).

Journal of Athletic Training 7



Table 2. Pearson Correlation Coefficient Values

Variable r

Severity Index

Headform center of gravity/mouthpiece .963*
Headform center of gravity/helmet .661
g
Headform center of gravity/mouthpiece .803*
Headform center of gravity/helmet 495
*P < .01.
DISCUSSION

Our study demonstrated that an accelerometer attached to
an MP in a NOCSAE helmeted headform is a valid measure-
ment of acceleration and SI experienced by the HFCOG. No
significant differences were noted between HFCOG and MP g
and SI measurements, and a high correlation was seen between
HFCOG and MP g and SI measurements. Conversely, an ac-

celerometer placed on the helmet significantly overestimated
accelerations and SI in a nonuniform manner that could not
be related to the acceleration and SI measured at HFCOG. This
is in agreement with the findings of Lewis et al,'> who stated
that when hit with a pendulum device, accelerometers in hel-
met padding measured peak acceleration as 300% greater than
accelerometers placed intraorally in cadaver heads. They also
noted that intraoral measurements were highly correlated with
simultaneous intracranial measurements and concluded that in-
traoral measurements of acceleration correlated better with in-
tracranial measurements than did measurements taken in the
helmet padding.!213 Accelerometer placement in helmet pad-
ding appears to significantly overestimate the actual accelera-
tion forces experienced by the head.!3

Helmets are designed to reduce acceleration at the head, and
if this did not occur, the helmet would not be performing its
function in protecting the head from large impacts.!3-2425 Ac-
celeration is reduced through deformation of the outer shell
and liner that spreads the force throughout the helmet. An
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Figure 4. Linear regressions of headform center of gravity (HFCOG) and helmet g measures, HFCOG and helmet Severity Index (SI)
measures, HFCOG and mouthpiece g measures, and HFCOG and mouthpiece Sl values (P < .01).
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increase in acceleration to the head occurs when the foam liner
“bottoms out.” When a material bottoms out, it loses the abil-
ity to absorb or to dissipate energy.2* By attaching the accel-
erometer to the MP and not to the helmet, the effects of the
shell and liner properties are eliminated, allowing for the direct
assessment of acceleration experienced by the head. The dif-
ference between HFCOG and helmet acceleration (g) and SI
may have been due to the helmet liner, mass, or shell altering
the acceleration experienced by the head.

Instrumented helmets have been used to estimate head ac-
celeration upon impact.8-1226 However, these results may not
be an accurate estimation of the actual amount of acceleration
the head experiences due to various factors, including helmet-
to-head fit and helmet liner properties. The hard shell of the
helmet spreads the impact force over a large surface area, and
the helmet liner absorbs the acceleration forces, thereby re-
ducing the amount of acceleration imparted to the head to
nonconcussive levels.23:25:27-31 Therefore, if the helmet shell
or liner is instrumented, it is very difficult to estimate the
amount of acceleration passed to the head. Most sport helmets
are effective in attenuating impacts with hard or stiff objects,
such as other helmets, sticks, pucks, and trees. Impact is at-
tenuated through deformation of a compliant, energy-absorb-
ing layer inside the helmet. A person wearing a helmet will
be better protected if (1) the energy is dissipated by the ma-
terial inside the helmet, (2) the mass of the helmet reduces the
velocity imparted upon the person’s head, thereby decreasing
the acceleration to the head, and (3) the compliant soft layer
inside the helmet increases the time involved in the momentum
transfer, reducing head acceleration.3! Our results show that
helmet g and SI values were much higher than the HFCOG g
and SI and MP g and SI values, suggesting that the helmet
and liner absorb and dissipate the acceleration transferred to
the head. Further, the results of this study showed that the
acceleration values varied greatly between the helmet and the
HFCOG. Thus, actual acceleration measures of the helmet
should not be used to represent the acceleration experienced
by the head.

Naunheim et al® examined the level of head acceleration
experienced by high school athletes. The authors investigated
whether cumulative subconcussive impacts may cause neuro-
logic deficits. The average peak acceleration measured was
29.1 * 1 g for football impacts. Lewis et al'?> measured peak
g intraorally, intracranially, and in helmet padding. During im-
pact with a soccer ball traveling at 39.3 mph (63.25 kph), 49.3
g was recorded at the helmet and 7.7 g intraorally. Mean peak
acceleration intraorally was 19.2 g without a helmet under the
same testing conditions. Naunheim et al3! collided a headform
with soccer balls traveling at 3 speeds (9, 12, and 15 m/s).
The acceleration measured at the HFCOG headform was 15,
21.3, and 30.4 g, respectively. Duma et al® measured head
acceleration with football helmets instrumented with acceler-
ometers and found mean head acceleration to be 32 g with a
range of 1 to 200 g. Mihalik et al2® measured impact magni-
tude in collegiate football players by attaching accelerometers
to football helmets. They reported a mean impact magnitude
of 19.46 = 2.29 g for all positions measured. Guskiewicz et
al® noted impacts ranging from 64 to 102 g, as measured by
an instrumented helmet, on a defensive end during practice.
Our results revealed that peak g averages from the 152-cm
height were 122 g (front), 127 g (rear boss), and 136 g for all
impact locations, with average SI values of 674 (front), 672
(rear boss), and 728 (all impacts).

The data supported our hypothesis that an accelerometer
placed intraorally would measure acceleration to the head
more accurately than would an accelerometer placed on the
helmet. The MP fit to the headform was the same as the MP
fit to athletes because it was molded to the dentition (a custom-
made MP for athletes is molded and is only held in place by
the fit of the MP to the dentition). The intraoral MP and head-
form most likely acted as a unit on impact, so their measure-
ments were similar. Our results validate an MP molded to the
dentition as a valid method of measuring head acceleration.
Future research will focus on testing the MP in live subjects
in a laboratory setting to measure impact acceleration to the
head in different sport activities. Also, acceleration levels to
the head can be assessed and compared in many different
sports to examine the potential for head injury and to deter-
mine the sports in which the greatest amount of acceleration
exists. It is important to be able to measure the magnitude of
head impacts in helmeted and nonhelmeted sports. The mea-
surement of head acceleration in helmeted sports is being in-
vestigated with instrumented helmets,8-19-26 but little success
has been demonstrated in developing techniques to accurately
measure head acceleration in nonhelmeted sports. This study
demonstrates the potential of having a valid measuring device
to accomplish this task.

CLINICAL RELEVANCE

With the awareness of the incidence of mild traumatic brain
injury increasing, the ability to measure actual head acceler-
ation during competition will provide medical personnel, hel-
met manufacturers, and researchers with invaluable informa-
tion to help protect athletes more effectively. Measuring head
acceleration of athletes during actual competition may greatly
enhance the ability of sports medicine professionals and hel-
met manufacturers to protect athletes. This information would
help to determine the range of acceleration levels that may
cause a concussion. Our findings suggest that placement of the
accelerometer on the helmet is not a valid measurement of
head acceleration. The MP measurement used in this study is
a more valid measure of head acceleration, because its data
were comparable, highly correlated, and not significantly dif-
ferent from the actual acceleration the headform experienced
directly. The placement of an accelerometer in an MP has the
potential to allow for the direct assessment of the actual ac-
celeration experienced by the head and not the acceleration of
the helmet.

Limitations

We only measured linear acceleration and not rotational ac-
celeration with impact. Rotational acceleration has been re-
ported to be a cause of neuronal injury because of the shearing
forces experienced by neuronal tissue. We used a single tri-
axial accelerometer at each location; the limitation of this
method is that it measures the acceleration only at the location
of the accelerometer, which may limit understanding of the
acceleration of the whole head.3? The transfer of this method
to the measurement of head acceleration in the field is being
investigated in human subjects. Factors being addressed are
wires exiting the mouth and MP fit. Further investigation into
head acceleration measurement in nonhelmeted sports is needed.
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