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Objective: To examine the effects of repetitive impact forces
on lacrosse helmets and increase awareness of helmet safety
standards about reconditioning and recertification practices.

Design and Setting: The independent variables for this
study consisted of 4 lacrosse helmets of various design: 2
contemporary helmets (Sport Helmets Cascade and Cascade
Air) and 2 traditional helmets (Sport Helmets Ultralite and
Bacharach Ultralite). The dependent variable was attenuation
of impact forces as measured by the Gadd Severity Index
(GSI). Helmets were tested at an independent testing facility
certified by the National Athletic Equipment Reconditioners
Association.

Measurements: Helmets were raised to 152 cm and re-
leased onto an anvil padded with a 1.27-cm rubber modular
elastomer programmer. Ten treatments to a front (FD) and right
rear boss drop site (RD) were performed. A triaxial acceler-
ometer within the head form measured impact force. Peak ac-
celeration data were integrated into the GSI. We performed a

1-way analysis of variance and calculated descriptive statistics
and the Tukey post hoc test.

Results: A statistically significant difference was seen in FD
GSI score (F3,36 5 9.680, P , .05) and in the RD GSI score
(F3,36 5 28.140, P , .05) between helmet types. Mean GSI
scores were 1166.1, 1117.6, 857, and 1222.8 for the FD and
974.5, 1022.1, 1376.3, and 1496.5 for the RD for Sport Helmets
Cascade, Cascade Air, Ultralite, and Bacharach Ultralite, re-
spectively. With repetitive drops, GSI scores increased, indi-
cating a greater chance for cerebral injury. Percentage increas-
es in GSI scores from drops 1 to 10 were 48.8, 54.3, 45.6, and
18.8 on the FD and 22.6, 35.9, 71.7, and 57.4 on the RD for
the Sport Helmets Cascade, Cascade Air, Ultralite, and Bach-
arach Ultralite, respectively.

Conclusions: Our findings indicate differences between hel-
mets at the 2 drop sites and decreasing capacity of the helmets
to dissipate forces with repetitive impacts.

Key Words: Gadd Severity Index, National Operating Com-
mittee on Standards for Athletic Equipment, head injury

An estimated 300 000 sport-related traumatic brain in-
juries occur annually in the United States.1,2 Athletes
who participate in contact sports, such as men’s la-

crosse, are at particular risk. Lacrosse is the oldest sport in
North America and originated with Native American Indi-
ans.3–6 Comparable with football and ice hockey, men’s la-
crosse involves high-mass, high-velocity, body-to-body colli-
sions and low-mass, high-velocity, object-to-body impacts3–5

that are inherent to the sport and can cause serious, life-threat-
ening injuries.7–10 During the 1999 National Collegiate Ath-
letic Association men’s lacrosse season, head injuries account-
ed for 13% of game-related incidents, with most of those
diagnosed as concussions.11 The precise threshold at which
acute traumatic brain injury occurs is unknown. Children who
have experienced a previous head injury face an increased risk
of traumatic brain injury.2,12,13 Repeated mild brain injury
may cause cumulative damage and lead to chronic neurologic
sequelae.14,15

To prevent injury, male lacrosse players are required to wear
helmets. In recent years, manufacturers have redesigned helmets
in an effort to improve their products. The new designs are
lighter, shaped differently than traditional lacrosse helmet de-
signs, and popular (they are worn by most players at secondary
and collegiate-level institutions). However, some athletic train-

ers have postulated that these new helmets may increase the
risk of cerebral concussions in men’s lacrosse players.5

Helmet manufacturers and reconditioners test helmets and
use quantitative criteria to ensure that consumers have a rea-
sonable level of protection. Tolerance curves, such as the Head
Injury Criterion and the Gadd Severity Index (GSI), have been
developed. These tolerance curves define a criterion for dis-
tinguishing between impacts likely to produce brain injury
from impacts that are less serious.2,16–18 However, in lacrosse,
no revisions have been implemented in the GSI standards since
1990.19 Therefore, the purpose of our study was to examine
various lacrosse helmets, comparing each design based on its
ability to attenuate forces when subjected to repetitive impacts.
We hope that our results will promote increased awareness
regarding the importance of improving helmet safety standards
while adhering to proper reconditioning and recertification
practices.

METHODS

Helmets

We used 4 new National Operating Committee on Standards
for Athletic Equipment (NOCSAE)–approved helmets in our
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Figure 1. Sport Helmets Cascade contemporary design model.
Photo courtesy of Sport Helmets.

Figure 2. Sport Helmets Cascade Air Fit contemporary design model.

Figure 3. Sport Helmets Ultralite traditional design model.

Figure 4. Bacharach Ultralite traditional design model.

study. Two were contemporary-model lacrosse helmets: the
Sport Helmets Cascade (SC) and Cascade Air Fit (SA) (Sport
Helmets, Liverpool, NY). Two were traditional-model lacrosse
helmets: the Bacharach Ultralite (BU) (Bacharach Rasin Sport-
ing Goods, Towson, MD) and Sport Helmets Ultralite (SU)
(Sport Helmets, Liverpool, NY) (Figures 1 through 4). All
helmets were of medium size and designed to fit a human head
measuring 58.8 to 59.9 cm in circumference. All helmets pos-
sessed sun visors. Helmets were stressed in a guided free fall
using a NOCSAE-recommended head form, triaxial acceler-
ometer, and drop testing carriage assembly (Southern Impact
Research Center, Knoxville, TN).

Instrumentation

The NOCSAE head form, which was developed by Dr Voigt
Hodgson at Wayne State University, has a high degree of bio-
fidelity, accurately simulating the human head response to im-
pact accelerations.20,21 The medium-sized head form measures
575 mm in circumference and weighs 4.8 kg, including the
neck. It incorporates a 3-dimensional piezoelectric acceler-
ometer (354MO3, PCB Piezotronics, Inc, Depew, NY),
mounted at the center of gravity, and glycerin is sealed in the
cranium. A polychlorinated biphenyl triaxial accelerometer
(354MO3) is designed to measure the peak acceleration of
gravity in 3 orthogonal directions: the x-axis (anterior-poste-
rior), the y-axis (superior-inferior), and the z-axis (left to
right).2,21–28 The peak acceleration of gravity occurs at the
head form’s moment of impact.



166 Volume 37 • Number 2 • June 2002

Figure 5. Drop testing carriage assembly with head form and con-
temporary helmet in testing position for a front drop test.

Evaluative Criteria

The GSI is a commonly used biomechanical criterion that
provides researchers with a standard to evaluate sport helmet
safety.28 The GSI is defined as a measure of the severity of
impact with respect to the immediate acceleration experienced
by the head form at impact16,17,20–23,25,26:

T
2.5GSI 5 A dtE

0

where T 5 pulse duration in seconds, A 5 acceleration in g,
2.5 5 weighting factor, and t 5 time interval in seconds.

The GSI predicts a helmet’s ability to decrease forces at
impact and effectively protect the brain.28 The NOCSAE sets
standard GSI threshold limits for the increased probability of
sustaining a cerebral injury. These GSI values may not ex-
ceed 1200 for football helmets and 1500 for lacrosse hel-
mets.2,19–26,29

Calibration Protocol

Before data collection, the triaxial accelerometer located at
the head form’s center of gravity was calibrated according to
the NOCSAE protocol by dropping a medium-sized NOCSAE
head form. The head form, without helmet, was released from
3 specified heights onto an anvil padded with a calibration
modular elastomer programmer (MEP) (Southern Impact Re-
search Center, Knoxville, TN). The calibration MEP pad rests
on top of the anvil and is a 7.6 3 15.2-cm-diameter cushion
molded from polyurethane thermoplastic elastomer.

Calibration began with a drop to the front of the head form
from a height of 144.7 cm, followed by a drop to the side
from 132 cm, and finally a drop to the crown from 111.7 cm.
Resulting GSI values for each of the 3 drops were within ac-
ceptable limits (1200 GSI 6 2%). Air and helmet temperature
were ambient and maintained at 228C 6 28C, as recommended
by NOCSAE.19,29–31

Test Protocol

After calibration, helmets were placed on a medium-sized
NOCSAE head form. Their intended model face masks were
intact, and 4-point buckle systems were fastened according to
manufacturers’ specifications. Helmet positioning was checked
before each impact test. The helmet’s ear holes were aligned
concentric with the head form’s index ear holes, and the hel-
met’s front rim was positioned properly by using a nose
gauge.19

Helmets were raised using the carriage assembly to a height
of 152 cm, as specified by NOCSAE standards (Figure 5). Next,
the helmets were released in a gravity-induced free fall. Two
wires guided the helmets into a rigid anvil padded with a 1.3
3 15.2-cm-diameter, 45-durometer hardness testing MEP pad
(Southern Impact Research Center, Knoxville, TN) that is de-
signed to simulate the playing surface (Figure 6).19,23–27,32–34

First, all helmets hit the front drop site (FD) 10 times, mimick-
ing a head-on collision. This was followed by 10 impacts to a
right rear boss drop site (RD), mimicking a blind-sided impact.
The front impact location was adjusted to ensure the helmets
hit the MEP without contacting the visor.19,20,29,32–34 Approxi-
mately 60 seconds separated successive impacts to a specified
helmet at both the FD or RD treatments.19 Approximately 80

6 5 minutes separated all helmets’ FD and RD treatments. Each
helmet was tested 20 times, for a total of 80 impact tests.

Data Analysis

Impact attenuation was determined for each helmet by mea-
suring the head form’s resulting peak instantaneous accelera-
tion on contacting the MEP pad. Results for the 3 orthogonal
axes were recorded by the head form’s internally mounted tri-
axial accelerometer (Figures 5 and 6).19–22,29,32–34

Statistical Analysis

To analyze impulse criteria, we used a NOCSAE-recom-
mended Severity Index Computer (KME Series 200 Data An-
alyzer, KME Co, Troy, MI). The computer recorded impulse
signals from the triaxial accelerometer using a 4-pole, 1650-
Hz filter, then used an integration equation to synthesize data
into the GSI.19,32–34,35 Two 1-way analyses of variance, taking
into account variations due to helmet design, were performed
to determine whether the treatment of repetitive impacts had
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Figure 6. Front drop impact location onto anvil and testing modular
elastomer programmer pad with a contemporary helmet design.

Figure 7. Standard deviations of front drop site mean Gadd Sever-
ity Index (GSI) values. SC indicates Sport Helmets Cascade; SA,
Cascade Air Fit; SU, Sport Helmets Ultralite; and BU, Bacharach
Ultralite.

Table 1. Helmet Impact Responses Exceeding Certain Gadd Severity Index Values*

Helmet n FD . 1000 FD . 1200 FD . 1500 RD . 1000 RD . 1200 RD . 1500

Sport Helmets Cascade
Sport Helmets Cascade Air Fit
Sports Helmets Ultralite
Bacharach Ultralite

10
10
10
10

9
8
1
9

6
5
0
6

0
0
0
0

4
7
9

10

0
0
5
4

0
0
3
6

Total 40 27 17 0 30 9 9

*FD indicates front drop site; RD, right rear boss drop site.

a significant effect on the dependent variables (FD GSI, RD
GSI). Post hoc Tukey tests were conducted to assess the dif-
ferences between the helmets. We preset a at P , .05 for
statistical significance.

RESULTS

The FD GSI values (F3,36 5 9.680, P , .05) and the RD
GSI values (F3,36 5 28.140, P , .05) were significantly dif-
ferent among helmet types (Table 1). The mean GSI statistics
for FD and RD on each of the 4 helmet types are shown in
Table 2. Three helmets scored above 1100.0 on the GSI. The
BU helmet recorded the largest mean FD GSI score of 1222.8,
which exceeds the NOCSAE recommendation for football hel-
mets. The SU helmet design recorded the lowest mean GSI

score of 857.0 for the FD trials. Contemporary helmets re-
corded the lowest mean GSI values of 974.5 for SC and
1022.0 for SA helmets in RD trials. Traditional helmets re-
corded the highest mean GSI values of 1376.3 by SU and
1496.5 by BU helmets in the RD trials.

After repetitive impacts, helmets generally exhibited con-
comitant increases in GSI scores (Table 3, Figures 7 and 8).
Helmet GSI scores plotted by impact trial for each treatment
site are provided in Figures 9 and 10. Significant differences
were revealed in GSI scores between traditional and contem-
porary designs for both FD and RD treatments (Tukey post
hoc, P , .05) (Tables 4 and 5).

DISCUSSION

Men’s lacrosse has the potential for serious and catastroph-
ic acute injuries to the head and neck.3,5,8,10 The 1999 Na-
tional Collegiate Athletic Association Injury Surveillance
Report on men’s lacrosse concluded that player contact
caused more than half of the reported game injuries. Thirteen
percent of total game injuries involved the head; most were
concussions.11

Our study is the first to quantify the impact response of 4
different lacrosse helmets by using a guided free-fall drop test.
The NOCSAE, which was formed in response to the increas-
ing number of football fatalities during the late 1960s and
early 1970s, has examined and devised standards for lacrosse
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Table 2. Gadd Severity Index Values for Front Drop and Right
Rear Boss Drop Sites*

Helmet Type and Drop Site Mean 6 SE SD

Sport Helmets Cascade

FD
RD

1166.10 6 48.19
974.50 6 23.07

152.40
72.95

Sport Helmets Cascade Air Fit

FD
RD

1117.60 6 68.38
1022.10 6 33.22

216.23
105.07

Sport Helmets Ultralite

FD
RD

857.00 6 47.92
1376.30 6 58.19

151.54
211.39

Bacharach Ultralite

FD
RD

1222.80 6 38.92
1496.50 6 42.79

123.08
184.00

Total

FD
RD

1090.88 6 33.57
1217.35 6 42.79

212.29
270.66

*FD indicates front drop site; RD, right rear boss drop site.

Table 3. Increases in Gadd Severity Index Scores (GSI), Trials 1
Through 10*

Helmet Type

FD GSI
Increase,

%

RD GSI
Increase,

%

Sport Helmets Cascade
Sport Helmets Cascade Air Fit
Sport Helmets Ultralite
Bacharach Ultralite

48.8
54.3
45.6
18.8

22.6
35.9
71.7
57.4

*FD indicates front drop site; RD, right rear boss drop site.

Figure 8. Standard deviations of right rear boss drop site mean
Gadd Severity Index (GSI) values. SC indicates Sport Helmets Cas-
cade; SA, Cascade Air Fit; SU, Sport Helmets Ultralite; and BU,
Bacharach Ultralite.

helmets.29 We chose the FD to mimic a head-on collision and
the RD to simulate forces from a blind-sided impact. We at-
tempted to provide a true representation of the potential con-
tact forces placed on a lacrosse helmet during actual compe-
tition.

Our data demonstrate apparent differences among helmet
designs based on each helmet’s decreasing ability to dissipate
impact energy throughout repeated contact. The SU traditional
design was more efficient at attenuating impact forces at the
FD location than all other helmet designs. At the RD, the SU
and BU helmets exhibited the highest mean GSI values in the
study, demonstrating significant differences between the tra-
ditional and contemporary helmet designs at the RD.

These findings suggest 2 important points of interest. First,
the SC and SA contemporary helmet designs may attenuate
RD impact forces more effectively than the traditional SU and
BU helmets. Second, the SU traditional helmet design is more
effective at attenuating FD impact forces when compared with
the other helmet designs in our study. These observations sup-
port the effect of helmet design on energy attenuation.

Repeated impacts at subconcussive intensities could have
injurious, cumulative effects, both histopathologically and
cognitively.35,36 We know of no such studies of men’s lacrosse
players. However, neuropsychological studies of soccer play-
ers have revealed reduced cognitive functioning after repeated
heading of the ball.37 Neuropsychological studies involving
the cumulative effects of repeated head impacts in football
have shown significant but perhaps reversible neuropsycho-

logical impairment after a single minor head injury, but po-
tential long-term consequences remain to be explained.38–40

Naunheim et al2 made an effort to quantify the frequency and
level of head acceleration experienced by high school athletes.
Their purpose was to provide a basis for the correlation of lon-
gitudinal neurologic evaluations with the number and severity
of subconcussive-level exposures. A triaxial accelerometer,
which was mounted inside the helmets of secondary school ice
hockey and football players, recorded an average of 24.7 and
40.5 impacts, respectively, per player-hour. The average peak
acceleration was 29.2 6 1.1g for football-related impacts and
35.0 6 1.7g for ice hockey. We found average peak acceleration
measures for contemporary helmets of 47.34 6 3.0g by the SC
and 47.93 6 3.0g by the SA. We also noted average peak mea-
sures for traditional helmets of 45.62 6 3.0g by the SU and
49.12 6 2.9g by the BU. Threshold criterion values of 200g or
1500 on the GSI for a serious traumatic impact have been
shown.2,22 All observed peak acceleration values in our study
fall below the 200g predicted for a traumatic brain injury. How-
ever, reasonable questions exist regarding the cumulative effects
of frequent subconcussive impacts and their potential to cause
neurologic dysfunction over time.2 The precise low-level GSI
magnitude and frequency of impacts resulting in cumulative
neurologic effects are unknown.

We analyzed percentage increases in GSI values from trials
1 through 10 in both the FD and RD treatments to determine
which helmet design influences the capacity to attenuate re-
petitive impact energy. Similar experiments have been per-
formed on football helmets using GSI criterion to compare
factors of internal padding and outer shell design. Bishop et
al22 tested 81 football helmets with various internal padding
designs on a right rear boss impact site. Suspension helmets
were inferior to padded-suspension and padded helmets. Vetter
and Vanderby41 examined the influence of materials and struc-
ture on football helmet performance. They found that the hel-
met shell minimally influences energy absorption, regardless
of material and thickness.
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Figure 9. Front drop site Gadd Severity Index values by trial for
each helmet design. SC indicates Sport Helmets Cascade; SA,
Sport Helmets Cascade Air Fit; SU, Sport Helmets Ultralite; BU,
Bacharach Ultralite.

Figure 10. Right rear boss drop site Gadd Severity Index values by
trial for each helmet design. SC indicates Sport Helmets Cascade;
SA, Sport Helmets Cascade Air Fit; SU, Sport Helmets Ultralite; BU,
Bacharach Ultralite.

Table 4. Tukey Post Hoc Test Results for Front Drop Site*

Helmet Type n

Mean Gadd Severity
Index Score

Group 1 Group 2

Sport Helmets Ultralite
Sport Helmets Cascade Air Fit
Sport Helmets Cascade
Bacharach Ultralite

10
10
10
10

857.00†
1117.60
1166.10
1222.80

*Means for groups in homogenous subsets are displayed.
†Values show differences (a 5 .05) between groups at the front drop
site.

Table 5. Tukey Post Hoc Test for Right Rear Boss Drop Site*

Helmet Type n

Mean Gadd Severity
Index Score

Group 1 Group 2

Sport Helmets Cascade
Sport Helmets Cascade Air Fit
Sport Helmets Ultralite
Bacharach Ultralite

10
10
10
10

974.50†
1022.10†

1376.30
1496.50

*Means for groups in homogenous subsets are displayed.
†Values show differences (a 5 .05) between groups at the right rear
boss drop site.

The superior portion padding in our lacrosse helmets man-
ufactured by Sport Helmets USA is composed of extended
polypropylene. According to the manufacturer, this material is
capable of withstanding repetitive impacts without devaluing
its quality of protection. Our data expose a decreased ability
in all lacrosse helmets tested to attenuate impact force. Hel-
mets exhibiting the largest increase in GSI values from drops
1 through 10 were the SA by 54.3% and the SU by 71.7% at
the FD and RD, respectively. Hodgson20 examined the effects
of helmet age and wear on attenuation. He tested 849 used
football helmets and found that 84% produced GSI values be-
tween 1450 and 2900. Increasing GSI scores after repetitive
impacts suggest the need for research on the effects of helmet
age and use on a lacrosse helmet’s capacity to dissipate impact
force. The noted increases in GSI scores during our study in-
dicate several important points. First, a discrepancy exists be-
tween GSI standards for lacrosse and football. The standard
GSI limit for a safe football helmet is considered by the NOC-
SAE to be 1200.23–27,29 The NOCSAE standard for a safe
lacrosse helmet is a GSI score of less than 1500. No revisions
have been implemented in the lacrosse standard since 1990.19

Second, the RD has been shown to have lower GSI values in
tests because of eccentric loading of the head form.22,28 Fi-
nally, Bishop et al22 reported that the use of a GSI standard
of 1200 as opposed to a standard of 1500 seemed prudent
because GSI data were developed for frontal impacts in adults.
Therefore, GSI results may not be an accurate predictor of
injury at other locations on the head. Additionally, this infor-
mation raises concerns that a nonadult population may possess
a lower GSI threshold to injury.

Several areas regarding helmet performance need further re-
search. These include the effects of helmet fit, environmental
conditions, shell composition, helmet shape, face mask design,
and types of padding on helmet impact response. We examined
helmets during 20 successive drops and observed a significant
decrease in each helmet’s capacity to dissipate impact force.
A male lacrosse athlete may experience 20 collisions in a sin-
gle practice. Repeated exposures to subconcussive levels of
impact could be injurious. However, there are currently no
quantitative data regarding the precise acceleration magnitude
and impact frequency at which an athlete should be concerned
about cumulative neurologic deficits.2 Thus, we can pose se-
rious questions as to the capacity of a helmet to adequately
protect an athlete throughout an entire season or career of im-
pacts. The NOCSAE standards mandate football helmet re-
conditioning at the football season’s conclusion by approved
reconditioners. The NOCSAE also requires impact testing of
a certain percentage of these helmets.19–29 Currently, the
NOCSAE and the manufacturers of lacrosse helmets only rec-
ommend recertification on an annual basis or discarding the
helmet after 3 years of use.29 We know of no epidemiologic
data reporting percentages of lacrosse athletes adhering to the
NOCSAE guidelines. Given the apparent decrease in protec-
tion of all helmets used in our study, it is possible that athletes
who wear the same helmet for their entire lacrosse career with-
out reconditioning and recertification are not ensured a proper
standard of protection. Therefore, further longitudinal studies
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are needed regarding the prophylactic benefits of helmets on
the incidence of acute and cumulative brain injuries in men’s
lacrosse players.

CONCLUSIONS

We examined 4 differently designed lacrosse helmets and
compared them based on their capacity to attenuate impact
energy transmitted to the head. We found significant differ-
ences between helmet designs at the FD and RD. All helmets
used in the study exhibited sharp increases in GSI values with
repetitive impacts. Contemporary helmet designs performed
better in RD tests than traditional helmets. We believe that
future research is needed to assist in the development of new
helmet testing standards with increased validity and reliability.
These studies should include impact force and frequency mea-
surements during game situations, the effects of repetitive im-
pacts on a larger sample, and longitudinal studies involving
helmet wear and reconditioning practices on concussion rates
in men’s lacrosse athletes.
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