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Football helmets were originally introduced in 1896 
as protective sports equipment, with devices fash-
ioned out of leather strips. The evolution of leather 

caps involved the integration of a suspension system, as 
in the 1930s MacGregor-Goldsmith leather helmet. How-
ever, when helmets were introduced, the incidence of head 
injuries actually increased because of the pervasiveness of 
head-to-head collisions.

In response to an epidemic of football-related fatalities 
during the 1939 season, the National Collegiate Athletic 
Association (NCAA) mandated helmet use at the colle-
giate football level. The National Football League (NFL) 
followed suit for professional players in 1943. Football hel-

met design evolved significantly around this period, with 
the development of the first plastic shell helmet in 1937.

After 38 fatalities on the football field in 1969, the Na-
tional Operating Committee on Standards for Athletic 
Equipment (NOCSAE) was formed to establish standards 
for helmet testing. Specifications were revised in 1977 
to include procedures for periodic helmet recertification, 
which were adopted by the NCAA and the National Fed-
eration of State High School Associations in 1978, man-
dating that all players wear helmets that meet NOCSAE 
test standards.

In the early 1970s, the American Society for Testing 
Materials (ASTM) formed a committee (F-08) to develop 

abbreviatioNs AIS = Abbreviated Injury Scale; ASTM = American Society for Testing Materials; GIS = Gadd Severity Index; HITS = Head Impact Telemetry System; 
NCAA = National Collegiate Athletic Association; NFL = National Football League; NOCSAE = National Operating Committee on Standards for Athletic Equipment.
accompaNyiNg editorial See pp 665–666. DOI: 10.3171/2014.12.JNS142594.
submitted July 30, 2014.  accepted November 12, 2014.
iNclude wheN citiNg Published online October 16, 2015; DOI: 10.3171/2014.11.JNS141742.

Brain injury in sports
John lloyd, phd,1,2 and Frank conidi, do, ms3,4

1BRAINS, Inc., San Antonio; 2James A. Haley VA Medical Center, Tampa; 3Florida Center for Headache and Sports Neurology, 
Palm Beach Gardens; and 4Florida State University, College of Medicine, Tallahassee, Florida

obJective Helmets are used for sports, military, and transportation to protect against impact forces and associated 
injuries. The common belief among end users is that the helmet protects the whole head, including the brain. However, 
current consensus among biomechanists and sports neurologists indicates that helmets do not provide significant pro-
tection against concussion and brain injuries. In this paper the authors present existing scientific evidence on the mecha-
nisms underlying traumatic head and brain injuries, along with a biomechanical evaluation of 21 current and retired 
football helmets.
methods The National Operating Committee on Standards for Athletic Equipment (NOCSAE) standard test appara-
tus was modified and validated for impact testing of protective headwear to include the measurement of both linear and 
angular kinematics. From a drop height of 2.0 m onto a flat steel anvil, each football helmet was impacted 5 times in the 
occipital area.
results Skull fracture risk was determined for each of the current varsity football helmets by calculating the per-
centage reduction in linear acceleration relative to a 140-g skull fracture threshold. Risk of subdural hematoma was 
determined by calculating the percentage reduction in angular acceleration relative to the bridging vein failure threshold, 
computed as a function of impact duration. Ranking the helmets according to their performance under these criteria, the 
authors determined that the Schutt Vengeance performed the best overall.
coNclusioNs The study findings demonstrated that not all football helmets provide equal or adequate protection 
against either focal head injuries or traumatic brain injuries. In fact, some of the most popular helmets on the field ranked 
among the worst. While protection is improving, none of the current or retired varsity football helmets can provide abso-
lute protection against brain injuries, including concussions and subdural hematomas. To maximize protection against 
head and brain injuries for football players of all ages, the authors propose thresholds for all sports helmets based on a 
peak linear acceleration no greater than 90 g and a peak angular acceleration not exceeding 1700 rad/sec2.
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a test method for shock attenuation in football helmets.2 
While the ASTM defines pass/fail criteria for football hel-
mets based purely on linear accelerations (currently 275-g 
threshold), the NOCSAE test method uses the Gadd Se-
verity Index (GSI),7 an acceleration-time tolerance profile 
based on fracture patterns of animal and human cadaveric 
skulls. The NOCSAE uses a twin wire–guided drop test 
whereby a helmeted surrogate head, without the neck, is 
impacted onto an anvil. The pass/fail threshold for foot-
ball helmets is based on a GSI score of 1200. None of the 
current standards for assessing the performance of foot-
ball helmets, or helmets for any sports application in the 
US, require measurement of the types of forces believed to 
be responsible for rotational brain injuries, including con-
cussion and subdural hematoma.

According to data from the National Center for Cata-
strophic Sports Injury Research, 243 football deaths were 
recorded between 1990 and 2010 among high school and 
college football players.3 This is equal to an average of 12 
deaths each year in the US. Sixty-two of these deaths were 
attributed to brain injury, typically subdural hematoma. 
Concussion is considerably more prevalent. In the US it is 
estimated that 300,000 sports-related concussions occur 
annually. Among individuals 15–24 years of age, sports 
are second only to motor vehicle crashes as the leading 
cause of concussion. Football is reported to have the high-
est incidence of sports-related concussion, followed by 
hockey and lacrosse.18

biomechanics of brain injury
Traumatic brain injury is associated with 2 primary 

mechanisms: impact loading and impulse loading. A di-
rect blow transmitted primarily through the center of mass 
of the head produces impact loading, which can result in 
extracranial focal injuries such as contusions, lacerations, 
and external hematomas, as well as skull fractures. Shock 
waves from blunt force trauma can also cause underlying 
focal brain injuries such as cerebral contusions, subarach-
noid hematomas, and intracerebral hemorrhages. Sud-
den movement of the brain relative to the skull induces 
impulse or inertial loading, which can cause concussion. 
Inertial loading at the surface of the brain can cause sub-
dural hemorrhage due to bridging vein rupture, whereas 
its effects on the neural structures deeper within the brain 
can produce diffuse axonal injury.

Research conducted by Holbourn12 first cited angular 
(rotational) acceleration as the principal mechanism in 
brain injury. In studies involving live primates and physi-
cal models,8–11,29 Gennarelli, Thibault, and colleagues 
investigated the importance of rotational acceleration in 
brain injury causation, concluding that angular accelera-
tion contributes more than linear acceleration to the gen-
eration of concussive injuries, diffuse axonal injuries, and 
subdural hematomas.

skull Fracture
Thresholds for skull fracture are based on experiments 

involving 25 gel-filled human cadaveric skulls that were 
exposed to impacts.22 Each head was filled with gelatin 
to accurately represent head mass, and the rubber skin of 
a Hybrid II mannequin covered the skull. A series of 42 

frontal, 36 occipital, and 58 temporal blows were delivered 
to the suspended cadaveric heads, during which linear ac-
celerations were measured. A skull fracture threshold of 
250 g was determined for frontal and occipital impacts 3 
msec in duration, decreasing to 140 g as the impact dura-
tion increased to 7 msec. The skull fracture threshold for 
lateral impacts was reported as 120 g over 3 msec, de-
creasing to 90 g as impact duration increased to 7 msec. 
These findings indicated that skull fracture threshold and 
impact duration are inversely related.

concussion
In 1974 Ommaya and Gennarelli investigated the ef-

fect of pure translational (linear) or rotational (angular) 
loading on the heads of primates without inducing con-
tact phenomena.21 It was learned that pure translation pro-
duces focal injuries, such as contusions, while rotationally 
induced inertial loading causes diffuse effects, including 
concussion and subdural hematoma.

Several studies have been performed to identify thresh-
olds for concussion in football. Pellman and colleagues 
conducted a series of biomechanical studies in which 
video-recorded concussive impacts during NFL football 
games were analyzed.23 The investigators reported that 
concussions were related to linear and rotational accelera-
tions on the order of 98 ± 28 g and 6432 ± 1813 rad/sec2, 
respectively. Results showed that a concussive injury is 
possible at 45 g/3500 rad/sec2, while 5500 rad/sec2 repre-
sents a 50% risk of concussive trauma.

Rowson and Duma conducted extensive laboratory and 
field-based biomechanical evaluations of head injuries in 
football.24–27 Findings were based on a large database of 
head impacts recorded using the Head Impact Telemetry 
System (HITS), developed by Simbex Inc., which utiliz-
es an array of uni-axial accelerometers in the crown of 
a player’s helmet. Given data for 62,974 subconcussive 
impacts and 37 diagnosed concussions, the investigators 
proposed a concussion threshold of 104 ± 30 g and 4726 ± 
1931 rad/sec2.26 Their research also offered thresholds for 
subconcussive impacts, whose cumulative effects, some 
believe, may be correlated with the early onset of demen-
tia. Average linear and angular accelerations for the up-
per 50% of subconcussive impacts in the HITS data set 
consist of impacts of 38 ± 20 g and 1528 ± 984 rad/sec2, 
respectively, while the top 25% of subconcussive impacts 
consist of impacts with average accelerations of 52 ± 21 g 
and 2036 ± 1124 rad/sec2.26

subdural hematoma
According to Gennarelli10 the most common type of 

acute subdural hematoma results from tearing of veins 
that bridge the subdural space as they travel from the 
brain’s surface to the various dural sinuses. The severity 
of injury associated with bridging vein rupture has led to 
several studies of mechanical failure properties.5,14,15–17,19

Löwenhielm performed mechanical tests on 22 human 
parasagittal bridging vein samples from 11 persons be-
tween the ages of 13 and 87 years with no previous brain 
injury.15 He hypothesized that when the head is exposed 
to blunt trauma, the brain is displaced with respect to the 
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dura, causing bridging veins and surrounding connective 
tissue to be stretched. Löwenhielm stated that maximal 
shear stresses occur about 7 msec after impact, coinciding 
with bridging vein disruption. He concluded that bridging 
vein ruptures occur if the maximal angular acceleration 
exceeds 4500 rad/sec2.

Depreitere applied a methodology in which 10 unem-
balmed cadavers were subjected to 18 occipital impacts 
of varying magnitudes and durations, producing head ro-
tation in the sagittal plane.5 Bridging vein ruptures were 
detected on autopsy following the injection of contrast dye 
into the superior sagittal sinus under fluoroscopy. Bridg-
ing vein ruptures were produced in 6 impact tests, sug-
gesting a tolerance level of approximately 8000 rad/sec2 
for impact durations shorter than 10 msec, which seemed 
to decrease for longer impact durations. Bridging vein 
failure data from Depreitere and Löwenhielm are pre-
sented in Fig. 1. A line of best fit, which is the curve or 
mathematical function that has the best fit through all of 
the data points, was computed, along with the 95% confi-
dence intervals.

Helmets decrease peak force by extending the duration 
over which the impact is experienced. In the case of foot-
ball helmets, the typical impact duration is approximately 
15 msec. This suggests that bridging vein rupture may re-
sult with peak angular accelerations on the order of 6000 
rad/sec2, but may be as low as 4000 rad/sec2 after adjusting 
for the standard error of the mean in this limited data set 
(Fig. 1).

Depreitere’s bridging vein rupture threshold is in agree-
ment with epidemiological evidence presented by Forbes 
et al.,6 who reported an appreciable risk of subdural he-
matoma associated with head impacts resulting in angular 
accelerations of 5000 rad/sec2. Furthermore, Forbes and 
colleagues recently documented a 238% increase in cata-
strophic head injuries, such as subdural hematomas, par-
ticularly among players 18 years old and younger.

In 1985, Ommaya compiled a review of the biome-
chanics of head injury,20 and his results are included in our 
summary of biomechanical head and brain injury data in 
Table 1.

It is interesting to note that thresholds for concussive 
impacts, as calculated by Pellman et al.23 and Rowson and 
Duma,26 exceed scientific consensus on thresholds for sub-
dural hematoma in football impacts. If such were correct, 
then the epidemiological data would reflect an epidemic of 
subdural hematomas, which is not the case. Therefore, one 
questions the validity of these studies.

methods
The standard NOCSAE testing system involves a head-

form, which is rigidly affixed to a metal flyarm. The orien-
tation of the headform can be varied to represent frontal, 
occipital, lateral, and crown impacts. The flyarm is sus-
pended between 2 parallel wires, which guide the fall of 
the headform onto an anvil. Since the headform is rigidly 
affixed to the flyarm without a flexible neck, rotational 
acceleration is prohibited and thus prevents the objective 
measurement of concussive risk. 

Our modified drop test system incorporates measures 

of both linear and angular accelerations (Fig. 2). A modifi-
cation to the NOCSAE standard test apparatus was devel-
oped and validated for impact testing of protective head-
wear.4 This apparatus incorporates a 50th percentile Hy-
brid III head and neck assembly from Humanetics ATD. 
The flexible neck is affixed between the head and flyarm. 
All other parameters are unchanged. When the headform 
strikes the anvil, rotational acceleration is unimpeded, 
thereby permitting measurement of both linear and angu-
lar head kinematics in response to the impact. 

instrumentation
A triaxial accelerometer (PCB Piezotronics Inc.) and 3 

ARS PRO-18K angular rate sensors (Diversified Techni-
cal Systems Inc.) affixed to a triaxial block were installed 
at the center of mass of the Hybrid III headform (Huma-
netics ATD). Data from the accelerometer and angular 
rate sensors were acquired using National Instruments 
compactDAQ hardware.

Twenty-one football helmet models were evaluated 
(Table 2). Several models are no longer current, and 5 of 
these retired models were not available in new condition. 
Most of the helmets were new, and 3 youth models were 
included. Except for the MacGregor-Goldsmith leather-
head, of which we had only 1 sample, 3 samples of each 
helmet were evaluated. Each helmet was impacted 5 times 
in the occipital area from a drop height 2.0 m onto a flat 
steel anvil, in accordance with ASTM standards.1,2 An im-
pact velocity of 6.2 m/sec (13.9 mph) was computationally 
verified. Calibration routines were performed at the start 
and the end of data collection by dropping the Hybrid III 
headform onto a modular elastomer programmer (MEP) 
pad 1-in thick with durometer 60 (A scale). An SEM of 
0.061 was computed between the pre- and post-calibration 
tests, indicating high repeatability of the tests.

analysis
In accordance with SAE J211/1,28 data from the ana-

log sensors were acquired at 10,000 Hz per channel us-
ing LabVIEW (National Instruments) and then filtered in 
MATLAB (MathWorks) using a phaseless eighth-order 

Fig. 1. Bridging vein failure as a function of peak angular acceleration 
and impact duration (with a line of best fit and 95% confidence intervals). 
Figure is available in color online only. 
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Butterworth filter. Cutoff frequencies of 1650 and 500 Hz 
were used for the linear accelerometers and angular rate 
sensors, respectively. Angular acceleration measures were 
derived from the angular velocity data based on a 5-point 
least-squares quartic equation. Impact durations were de-
termined based on linear acceleration data.

results
Table 3 presents a summary of results averaged across 

5 tests and 3 samples for each of the 21 helmet models 
tested. Most helmets met the 140-g skull fracture thresh-
old based on Ono.22 Performance ranged from 94 to 225 
g, with an average of 125 g. The Schutt Vengeance ranked 
first among helmets tested for ability to mitigate linear ac-
celerations. However, the retired Adams a2000 Pro and 
Schutt Air Advantage helmets, as well as the current Raw-

lings Quantum and Schutt Air XP helmets, failed to meet 
this threshold based on an impact velocity of 6.2 m/sec.

In terms of angular (rotational) acceleration, helmet 
performance ranged from 2628 to 4665 rad/sec2, with an 

Fig. 2. Modified head drop system with Hybrid III head and neck assem-
bly. Figure is available in color online only.

table 2. Football helmets tested

1930s MacGregor-Goldsmith Leatherhead*†
Adams a2000 Pro*†
Rawlings Impulse
Rawlings Quantum
Rawlings Quantum Plus
Riddell Little Pro*†‡
Riddell VSR4*†
Riddell Revolution
Riddell Revolution Speed
Riddell 360
SG Adult Varsity
Schutt Air Advantage*†
Schutt Ion 4D* 
Schutt DNA Pro+
Schutt DNA Pro+ youth‡
Schutt Air XP
Schutt Air XP Pro
Schutt Vengeance DCT
Xenith X1 adult*
Xenith X1 youth*‡
Xenith X2 adult

*  No longer current.
†  Not available in new condition.
‡  Youth model.

table 1. summary of biomechanical head and brain injury thresholds

Injury Source Description Linear Acceleration (g) Angular Acceleration (rad/sec2)

Skull fracture Ono, 1998 3 msec—frontal/occipital 250
3 msec—temporal 120
7 msec—frontal/occipital 140
7 msec—temporal 90

Subconcussive impact Ommaya, 1985 AIS Score 2: moderate ≤1700
Pellman et al., 2003 Average from NFL data set 57 ± 22 4029 ± 1438
Rowson & Duma, 2013 Top 50% 38 ± 20 1528 ± 984

Top 25%  52 ± 21 2036 ± 1124
Concussion Ommaya, 1985 AIS Score 3: serious ≤3000

AIS Score 4: severe ≤3900
Pellman et al., 2003 Average from NFL data 98 ± 28 6432 ± 1813

Lowest concussion in NFL  45 3500
50% risk of concussion 5500

Rowson & Duma, 2013 Average collegiate data 104 ± 30 4726 ± 1931
Subdural hematoma Löwenhielm, 1974 4500

Ommaya, 1985 AIS Score 5: critical ≤4500
Depreitere et al., 2006 Calculated for football helmet impact 4000–6000
Forbes et al., 2014 Epidemiological evidence 5000
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average of 2343 rad/sec2. Of the current varsity helmets, 
the Rawlings Quantum ranked first in terms of mitigating 
angular (rotational) accelerations.

Figure 3 presents peak angular acceleration versus 
impact duration for current and retired varsity football 
helmets. Results for 1 retired football helmet and 3 cur-
rent varsity helmets—Schutt Ion 4D, Xenith X2, SG Adult 
Varsity, and Schutt DNA Pro+—fall within the lower con-
fidence level, indicating the possibility of subdural hema-
toma arising from an impact of 6.2 m/sec. Interestingly, 
the helmet that seemingly offers the best possible protec-
tion against subdural hematoma is the 1930s MacGregor-
Goldsmith leatherhead.

Given concussion thresholds according to Ommaya,20 
Pellman et al.,23 and Rowson and Duma,26 all current var-
sity football helmets ought to provide adequate protection 
against the risk of concussion (Fig. 4). However, epidemio-
logical evidence of 300,000+ sports-related concussions 
in the US annually suggests otherwise.18

Considering only those varsity helmets currently on 
the market, we are left with 12 models representing Rawl-
ings, Riddell, Schutt, SG, and Xenith. The Schutt Ven-
geance offers the best protection against linear accelera-
tions (that is, forces that induce focal head injuries, such 
as skull fracture), while the Rawlings Quantum offers the 
best protection against angular (rotational) accelerations 

(that is, forces that cause concussions and subdural hema-
tomas).

Skull fracture risk was determined for each of the 12 
current varsity football helmets by calculating the percent 
reduction in linear acceleration relative to a 140-g skull 
fracture threshold, according to Ono.22 Risk of subdural 
hematoma was determined by calculating the percent 

Fig. 3. Protection against subdural hematoma by current and retired 
varsity football helmets. Figure is available in color online only.

table 3. summary of results

Helmet
Linear  

Acceleration (g) GSI
Angular Velocity 

(rad/sec)
Angular  

Acceleration (rad/sec2)
Impact Duration 

(msec)

None 1039.1 16,639.7 14.9 9203.5 2.1
Adams a2000 Pro*† 154.1 1051.9 38.0 3754.4 13.1
Rawlings Impulse 111.4 637.5 33.2 3532.4 14.5
Rawlings Quantum 141.1 888.3 25.0 2909.8 13.3
Rawlings Quantum Plus 102.6 590.9 22.6 3290.9 15.7
Riddell Little Pro*†‡ 133.4 759.6 40.8 4348.9 14.0
Riddell VSR4*† 119.0 700.4 31.6 3973.8 13.2
Riddell Revolution 128.3 794.1 28.4 3661.2 12.8
Riddell Revolution Speed 133.8 765.6 26.8 3419.2 13.9
Riddell 360 131.0 726.5 23.0 3623.1 13.2
Schutt Air Advantage*† 144.9 913.7 35.6 3561.9 14.2
Schutt Ion 4D* 96.0 462.0 11.1 4665.1 16.6
Schutt DNA Pro+ 100.5 529.7 33.4 3113.2 20.0
Schutt DNA Pro+ youth‡ 134.9 745.0 32.2 3651.2 11.3
Schutt Air XP 150.3 918.3 27.8 3297.0 12.3
Schutt Air XP Pro 98.2 524.0 29.8 3131.5 21.6
Schutt Vengeance DCT 93.7 486.5 25.4 3002.2 16.8
SG Adult Varsity 103.9 537.2 28.2 3511.0 17.6
Xenith X1 adult* 105.1 599.5 34.0 3834.4 15.4
Xenith X1 youth*‡ 95.5 541.0 33.2 3788.9 18.2
Xenith X2 adult 119.6 710.3 34.5 4199.9 15.6
1930s MacGregor-Goldsmith leatherhead*†  225.5 1087.6 25.9 2628.2 8.2

*  No longer current.
†  Not available in new condition.
‡  Youth model.
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reduction in angular acceleration relative to the bridging 
vein failure threshold computed as a function of impact 
duration (Fig. 1). Concussion risk was determined by cal-
culating the percent reduction in angular acceleration rela-
tive to a 3000-rad/sec2 threshold, according to Ommaya.20

Ranking the helmets according to their performance 
under these criteria, we determined that the Schutt Ven-
geance performed the best overall. The ranked summary 
of results for current varsity football helmets is presented 
in Fig. 5.

discussion
Current sports helmet standards fail to address the 

risks of brain injuries, including concussions and subdural 
hematomas. The National Operating Committee on Stan-
dards for Athletic Equipment (NOCSAE) recently stated, 
“there is no scientific agreement at all on what the thresh-
old for concussion is.” We believe this confusion is attrib-
utable to the inadequacy of several previous studies that 
have sought to offer concussion thresholds.

In 1985, building upon the research by Löwenhielm,15–17 
Ommaya published data on brain injury risk, classified ac-
cording to the Abbreviated Injury Scale (AIS), as a func-
tion of rotational (angular) accelerations.20 He proposed 
that critical (AIS Score 5) brain injury can be caused by 
angular accelerations ≥ 4500 rad/sec2, while moderate 
(AIS Score 2) brain injury can result from angular acceler-
ations > 1700 rad/sec2. Furthermore, Forbes et al. reported 
that the risk of subdural hematoma becomes appreciable 
with rotational accelerations of 5000 rad/sec2.6 In contrast, 
an NFL data set suggested that concussions are associated 
with angular accelerations of approximately 6432 ± 1813 
rad/sec2, and Duma and Rowson suggested a threshold of 
4726 ± 1931 rad/sec2 based on their study of concussion in 
collegiate athletes.23,26

The Pellman23 and Rowson26 studies may be flawed, as 
their data suggest that limits for concussion are actually 
higher than those for subdural hematomas, which directly 
opposes epidemiological evidence.3,18 Further, the validity 
of the HITS instrumentation, which Rowson and Duma 
used exclusively in their field testing, has been seriously 
questioned. Jadischke and colleagues demonstrated that 
the majority of recordings using this system have an abso-
lute error greater than 15% and that the root mean square 
error for peak linear acceleration was 59.1%.13 Moreover, 
the sampling rate of the HITS technology is limited to 
1000 Hz, which fails to meet the SAE J21128 guidance for 

Fig. 4. Protection against concussion by current and retired football 
helmets. Figure is available in color online only. 

Fig. 5. Summary of results for current varsity football helmets (in rank order). Fx = fracture; SDH = subdural hematoma. Figure is 
available in color online only.
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impact measurement. Typical impact duration is on the or-
der of 11–15 msec; therefore, any impact would be grossly 
under-sampled (that is, there are too few measures). Hence, 
any proposed thresholds based on this system may by sus-
pect.

We propose helmet protection thresholds to reduce the 
risk of head and brain injuries in contact sports. Specifi-
cally, we recommend that sports helmets be assessed ac-
cording to the following criteria: 1) To minimize the risk 
of skull fractures, given research published by Ono,22 we 
propose a threshold of 140 g for peak linear acceleration 
to the frontal and occipital areas of the head and 90 g for 
peak linear acceleration for lateral impacts. 2) To mini-
mize the risk of subdural hematoma, we propose that peak 
angular accelerations not exceed 50% of the bridging vein 
failure threshold, calculated as a function of impact dura-
tion.5 For example, the average impact duration measured 
across 12 current varsity football helmets in the present 
study was 15.2 msec. A bridging vein failure threshold of 
4000 rad/sec2 was thus computed based on the equation 
of the lower confidence interval of the regression line pre-
sented in Fig. 1. Allowing for tolerance for intrinsic per-
sonal factors that might elevate individual susceptibility, 
we suggest a peak angular acceleration no greater than 
50% of the computed bridging vein failure threshold. 3) 
To minimize the risk of concussion, we propose a peak 
angular acceleration threshold of 3000 rad/sec2. 4) To 
minimize the potential cumulative risk of subconcussive 
impacts, we propose a peak angular acceleration threshold 
of 1700 rad/sec2, based on Ommaya’s suggested threshold 
for moderate brain injury.20 In the interest of simplifica-
tion and to maximize protection against head and brain 
injuries to football players and other sports participants of 
all ages, these thresholds can be summarized as a peak 
linear acceleration no greater than 90 g and a peak angular 
acceleration not exceeding 1700 rad/sec2. These proposed 
thresholds may be refined through future studies.

Pellman23 reported that concussed players experienced 
head impacts of 9.3 ± 1.9 m/sec (20.8 ± 4.2 mph), which 
is considerably greater than the impact velocity against 
which helmets were tested in the present study. We, there-
fore, propose that helmet-testing standards ought to be 
revised to reflect impact velocities associated with concus-
sive events.

conclusions
Our findings demonstrated that not all football helmets 

provide equal or adequate protection against either focal 
head injuries or traumatic brain injuries. In fact, some of 
the most popular helmets on the field ranked among the 
worst. While protection is improving, none of the current 
or retired varsity football helmets tested could provide ab-
solute protection against brain injuries, including concus-
sions and subdural hematomas.

It is paramount that protection against traumatic brain 
injuries be the highest priority. Recent literature suggests 
that even a single mild traumatic brain injury can have 
devastating neurological consequences and that players 
who experience more than 1 mild brain injury are retir-
ing from the game for the sake of their long-term health. 

To maximize protection against head and brain injuries to 
football players and other sports participants of all ages, 
we propose basing thresholds for all sports helmets on a 
peak linear acceleration no greater than 90 g and a peak 
angular acceleration not exceeding 1700 rad/sec2.
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