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Current and Future Concepts in Helmet and Sports

Injury Prevention

Since the introduction of head protection, a decrease in sports-related traumatic brain
injuries has been reported. The incidence of concussive injury, however, has remained
the same or on the rise. These trends suggest that current helmets and helmet
standards are not effective in protecting against concussive injuries. This article presents
a literature review that describes the discrepancy between how helmets are designed
and tested and how concussions occur. Most helmet standards typically use a linear
drop system and measure criterion such as head Injury criteria, Gadd Severity Index, and
peak linear acceleration based on research involving severe traumatic brain injuries.
Concussions in sports occur in a number of different ways that can be categorized into
collision, falls, punches, and projectiles. Concussive injuries are linked to strains induced
by rotational acceleration. Because helmet standards use a linear drop system simu-
lating fall-type injury events, the majority of injury mechanisms are neglected. In
response to the need for protection against concussion, helmet manufacturers have
begun to innovate and design helmets using other injury criteria such as rotational
acceleration and brain tissue distortion measures via finite-element analysis. In addition
to these initiatives, research has been conducted to develop impact protocols that more
closely reflect how concussions occur in sports. Future research involves a better
understanding of how sports-related concussions occur and identifying variables that
best describe them. These variables can be used to guide helmet innovation and helmet
standards to improve the quality of helmet protection for concussive injury.
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ead injuries in sports were originally

defined by traumatic events requiring

immediate neurosurgical attention and
often involved death. In the late 1800s, the
regular occurrence of cranial fractures and death
in American football sparked concern for safety."
American college football saw 19 deaths in 1905,
prompting then President Theodore Roosevelt
to hold a meeting at the White House in 1905 to
change the rules with the intention of making
the game safer.” By 1940, the National Colle-

ABBREVIATIONS: EPP, expanded polyprolylene;
EPS, expanded polystyrene; HIC, Head Injury
Criterion; 1SO, International Standards Organiza-
tion; NOCSAE, National Operating Committee on
Standards in Athletic Equipment; TBI, traumatic
brain injury; VN, vinyl nitrile; WSTC, Wayne State
Tolerance Curve
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giate Athletic Association and the National
Football League made helmets mandatory. Since
this inception of head protection, the incidence
of brain injury—related deaths in American
football decreased from approximately 150
deaths in 1965 to 1974 to approximately 25
deaths in the years 1985 to 1994.° The origin of
the Snell Foundation (1957) as a standard for
motor sport helmets was established in response
to Peter Snell’s death from head injuries received
while racing cars. In 1979, the National Hockey
League followed suit and adopted head protection
as required equipment due to the death of
professional hockey player Bill Masteron.* Tt was
primarily events involving death or severe brain
injuries that established the foundation for the
development of sport helmet standards and design.

Research  investigating the relationship
between direct and indirect loading of the head
and the resulting brain injury was the primary
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focus of research on head injury mechanisms in the 1950s.”
Gurdjian et al® identified intracranial pressure over time as an
effective predictor of severe concussions causing loss of con-
sciousness from direct impacts to the head. Intracranial pressure
was impractical to measure on live humans, so head linear
acceleration was chosen as a reasonable alternative to represent
head trauma, as the 2 were found to be correlated by early cadaver
and animal research. From this research, a linear acceleration—
time curve (Wayne State Tolerance Curve [WSTC]) was created
by Gurdjian et al’ as a means of defining the tolerance of the
human head to an impact. This work was the foundation for
many of the current sports standards that use peak linear
acceleration or acceleration-time calculations as performance
criteria for helmets. These criteria have been successful in the
reduction of traumatic brain injury (TBI) in sports. However,
sports-related concussions have become a serious problem with
associated symptoms that can result in serious and persistent
disability. Although both linear and rotational accelerations can
contribute to head injury, sports-related concussion is more
associated with rotational acceleration.””" The prevalence of
concussive injury suggests that the use of performance criteria
based on the WSTC and thus linear acceleration may be
insufficient, indicating that new performance criteria, such as
rotation-based metrics, may be necessary.

Although there are numerous ways to impact the head in sport,
the most common mechanism in professional American football is
helmet-to-helmet blows, representing 61% of impacts causing
concussion.'”> In competitive ice hockey, 88% of reported
concussions result from impacts to the head involving the
shoulder, elbow, and hands of the opposing players.'? However,
the only type of testing undertaken for the certification of sports
helmets uses a drop rig representing a fall to the ground and linear
acceleration as the criterion variable. Recent research has provided
test methods using high-risk impacts and accurate measures of
rotational accelerations to better evaluate concussion.'® More
recent developments involving sophisticated finite-element mod-
els of the skull and brain'>"7 have provided a powerful tool
defining the relationship between impact characteristics and
the resulting brain tissue trauma. Subtle differences in impact
location, angle, mass, compliance, and velocity all influence the
resulting magnitude, character, and location of brain trauma. 820
Understanding the injury mechanisms resulting in concussions
involved in specific sports is imperative in developing safer
protective helmets.

Helmets do an excellent job for what they were originally
designed to do, which is preventing catastrophic brain injuries.
Unfortunately, the same cannot be said for the success of helmets
in mitigating the risk of concussions, as concussive injuries
in helmeted sports such as American football and ice hockey
remain a concern at the professional, collegiate, and high school
levels.”'?* This article presents a review of literature of the
biomechanical forces related to head injury and the discrepancy
between how helmets are designed and tested and how con-
cussions occur in sport.
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CRITERION VARIABLES AND CONCUSSION

Research involving brain injury mechanisms is typically
designed to identify the most effective criterion variable(s) for
predicting the risk of concussion.”> Once identified, these
variables are then used to establish the effectiveness of helmets
and other protective technologies.

Linear Acceleration

Linear acceleration describes translational motion of the head
and is currently the most common variable used for certification of
helmets in the sports industry.>?° This variable has been in use
since researchers examined the mechanism of TBI in monkeys
and cadavers, noting that peak resultant linear acceleration
correlated with injurious pressure waves within the skull.>*”*3
Linear acceleration has also been used as a measurement variable
for predicting the risk of skull fracture, with magnitudes between
200 g and 300 g**>% As a result, this research established
pass/fail criteria for helmet standards of approximately 250 g to
300 g.%° The use of this variable in the development of helmet
design has led to the reduction of traumatic brain injury (TBI)
and skull fracture in sports, but has had limited effect on
decreasing the incidence of concussion.”’

Gadd Severity Index

Although the use of peak resultant linear acceleration was
successful in improving the design of helmets to reduce the
incidence of TBI, it has been reported to have a low correlation
with brain injury when used in predictive research.”>> Researchers
proposed that this may be a result of the peak value not
accounting for the duration of time that the head was in trans-
lational motion from the impact.5 This led to the development of
the Gadd Severity Index (GSI), which is a function based on the
WSTC. This curve was developed from direct impacts to animals
and cadavers that accounted for the relationship between the
duration of impact-induced motion and the magnitude of the
translations. The WSTC revealed that high-magnitude trans-
lations could be endured for short periods of time and low-
magnitude translations for longer periods of time.*® From these
data, the GSI was created for use in the helmet industry and is
currently used by the National Operating Committee on
Standards in Athletic Equipment (NOCSAE) for the majority
of their helmet standards®” and is represented as:

t
GSI = Jaz'sdt
10

where @ is the response function (acceleration), 2.5 is a weighting
factor, and 7 is time. The value of 2.5 was an approximation of
the slope of a log-log plot of the WSTC. A GSI value of 1000 was
used as a proposed injury threshold based on data from Wayne

VOLUME 75 | NUMBER 4 | OCTOBER 2014 SUPPLEMENT | $137



HOSHIZAKI ET AL

State. Pulses of very long duration (50 ms) were considered
inconsequential in this equation because helmeted head impacts
are normally less than 15 ms. Although the GSI was interpreted
as an improvement over peak resultant linear acceleration, the use
of this variable in NOCSAE standards governing football helmets
has had a negligible effect on decreasing the risk of concussion
because the incidence of injury remains high.*'

Head Injury Criterion

Head Injury Criterion (HIC) also uses linear acceleration.®®

This measure is commonly used in the motorsport industry and is
similar to the GSI with the difference being that it assigns a time
limit to the peak resultant linear acceleration—based calculation,
those being 36 ms for automotive crashes and 15 ms for direct
impacts and helmet development.*”** The HIC calculation is
represented as:

1

Ja(t)dt

10

where ¢ is time and @ is peak resultant linear acceleration. In
addition, an HIC value of 1000 was suggested as having an
equivalency to an abbreviated injury scale rating of 4 (severe).

Limitations of the GSI and HIC

By impacting cadavers, researchers demonstrated that GSI and
HIC were correlated with brain injury.*’ However, the GSI and
HIC were later proven to be invalid measures for relating brain
injury to the head-impact responses in anthropometric test
dummies.”” They also assumed the skull/brain system was a rigid
structure, where anatomically the skull can be considered elastic
under many impact conditions, and the brain is anisotropic and
nonlinearly viscoelastic in nature. In addition, any relationship
between these variables and the abbreviated injury scale was later
reported to be unfounded.’

Limitations of Linear Acceleration Measures for
Predicting the Risk of Concussion

In terms of measuring protection against concussion, current
variables used to evaluate the performance of helmets have not
been particularly effective in decreasing the incidence of concus-
sion.”>?* This is linked to the limitations of using variables based
on peak resultant linear acceleration as performance metrics for
head protection. Peak resultant linear acceleration is a measure
linked to TBI>?%; however, the mechanism of concussion has
been more closely linked to rotations of the head.”'"#% In
addition, peak resultant linear acceleration is a summation of the
motion of the head in the x, y, and z directions. As a result,
information regarding the direction of the impact and how that
would affect the resulting brain injury is compromised. It is also
unlikely that 1 criterion variable would be effectively applied across
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all age ranges because the human brain is known to undergo

changes in composition through the natural agin4g process that
: N .2 s

would affect how it responds to injurious loading.

Rotational Acceleration

All impacts to the head result in both translation and rotation.
The peak resultant linear acceleration and other related helmet
performance metrics have the same limitation in that they do not
measure the resulting head rotation. The common measure of this
motion in terms of brain injury is rotational acceleration. This is of
particular significance as researchers have identified that the type of
diffuse shearing of brain tissue attributed to concussion is related to
the severity of the rotation of the head during an impact.””"" This
shearing of brain tissue associated with rotation is related to the
physical characteristics of brain tissue, with a very low resistance
to shear forces associated with rotation, but a high resistance to
compressive forces associated with translation.*®*”  Current
helmet technologies are designed solely based on parameters
that measure translation, leaving shear-induced brain injury from
rotational acceleration largely unaccounted for. Currently, there
are no helmet standards that use rotational acceleration as
a measure of helmet performance, and it is likely that undil such
a standard exists, there will be limited innovation in rotation
damping technologies.

Although using rotational acceleration is generally accepted as
an important and necessary step in the attempt to mitigate the risk
of concussion with regard to helmet design in sports, it has some
degree of limitation.” 48 Yinear and rotational accelerations are
measures of the motion of the head from an impact, not the brain
tissue. This may explain that although there is an association
between rotational acceleration and the mechanism of concus-
sion, a definitive threshold for concussion has yet to be
identified.”>** Concussive injury is undoubtedly linked to the
kinematics of the event, but it is the interaction between the brain
tissue and those motions that result in injury.*> This inability to
measure rotational accelerations is one of the reasons why the
incidence of concussion has not been affected by improvements
in helmet designs over the years.

The Use of Brain Tissue Variables in Measuring the Risk
of Concussion

Linear and rotational accelerations have not been particularly
helpful in predicting the risk of concussion. Researchers use finite-
element modeling of the human brain to measure the stresses and
strains in brain tissue from simulated impzlcts.11’15’17’49 This
analysis allows for the interpretation of how the translations and
rotations of the head from an impact distort the brain tissues. 8
The most commonly reported measurements of these distortions
of brain tissue from an impact include maximum principal strain,
von Mises stress, strain rate, product of strain and strain rate, and
shear strain/stress (Table 1). Maximum principal strain is
a measurement of brain tissue stretch and is used by researchers
because it is the closest comparison with anatomic failure testing
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TABLE 1. Proposed Brain Response Thresholds for 50% Risk of Concussion

Concussion Threshold

Value (50% Chance) Dependent Variable

Location Reference

0.21 Maximum principal strain

0.26 Maximum principal strain

0.19 Strain

4855 Strain rate

101 s Product of strain and strain rate
8.4 kPa von Mises stress

7.8 kPa von Mises stress

18 kPa von Mises stress

Kleiven'” (2007)

Kleiven'” (2007)

Zhang et al (2004)

Kleiven'” (2007)

Kleiven'” (2007)

Kleiven'” (2007)

Zhang et al*® (2004)

Willinger and Baumgartner'® (2003)

Corpus callosum

Gray matter

Midbrain of the brainstem
Gray matter

Gray matter

Corpus callosum

Brain stem

Brain

and thus allows some degree of comparison with rheological
research.”> Von Mises stress describes the amount of force per
unit area that a region of brain tissue undergoes.’® This parameter
is commonly used in engineering for structural failure analysis.
Strain rate is used because it has been demonstrated through
rtheological research that the rate at which the brain dssue is
loaded affects its ultimate point of failure.”">* Other researchers
have created a hybrid measurement involving the product of
strain and strain rate under the theory that essentially what drives
the failure mechanism of brain tissue is the rate at which it is
loaded and the amount of stretch it undergoes.48’49 Finally, shear
stress/strain is measured because it describes the forces acting
across the axons of the brain tissue. Some researchers have
postulated that it is this shearing that can cause injuries such as
concussion and diffuse axonal injury.”

Finite-element models of the brain use the dynamic response of
the head from an impact to calculate the resulting brain tissue
deformation supporting more informed helmet development
designed to reduce the stresses and strains in brain tissue. The
measurement of brain tissue stress and strain can also allow for the
understanding of how the translations and rotations affect
different types of brain tissue including white matter.”* Tt has
also been used to demonstrate how parameters such as impact
velocity, mass, and location bring about peak stresses and strains
in different regions of the brain.'”?®>® The additional refinement
allows for the design of helmets that manage both linear and
rotational accelerations and thus reduce the resulting stress and
strain in the brain tissue. The added information provided by the
finite-element modeling of the brain facilitates the investigation
of how technologies that manage rotations may reduce strains in
the brain tissue associated with concussion.

Description of Events and Impact Characteristics

The types of impacts causing concussion will be unique to the
sport; however, they can be grouped into falls, collisions, punches,
and projectiles. The specific set of impact conditions for each
injury event will define how energy is transferred to the head and
brain. Falls to the turf or grass are common in soccer, football, and
rugby and to the ice in figure skating and ice hockey. Typically, the

NEUROSURGERY

conditions surrounding a fall are characterized by the weight of the
protected or unprotected head onto an immovable and rigid
impact surface. Reconstructions of falls typically use a guided drop
of an anthropometric dummy head and neck onto a rigid anvil.
Figure 1 illustrates a setup of a fall-type impact on ice using
a monorail drop system and a Hybrid III head and neck form.
These types of impacts cause a large amount of energy to be
transferred to the head as rigid surfaces afford little compliance.
Research on injuries as a result of falls has found impact velocities
of the head to be upward of 6 m/s onto surfaces like ice and
concrete.”®’

Collisions involving the head are common in contact sports
such as American football and ice hockey, where players are
required to wear protective helmets. In these types of sports,
concussions can occur from impacts with the shoulder, elbow, and
helmets of other players.'>'*%*®! The conditions surrounding
each head collision are largely dependent on characteristics of the
body part coming into contact with the player’s head, such as the
equipment worn and the effective striking mass of the impacted

FIGURE 1. A monorail drop rig system used to reconstruct a fall-type event onto ice.

VOLUME 75 | NUMBER 4 | OCTOBER 2014 SUPPLEMENT | S139



HOSHIZAKI ET AL

FIGURE 2. A pneumatic linear impactor system used to reconstruct collision-type
events.

player. To reconstruct player collisions, a linear impactor system
uses compressed air to accelerate an impactor arm (13 or 16 kg
mass) to deliver blows to a headform. Helmet-to-helmet impacts
can be replicated by covering the impactor arm with a vinyl nitrile
(VN) nylon cap to represent a helmet and impacting a helmeted
headform as shown in Figure 2.'> Other impact characteristics
include impact velocity, location, and angle of the colliding body

FIGURE 3. Low-mass pendulum impact used to reconstruct punch-impact
events.

parts. Reported velocities for player-to-player contact can range
from 4 to 11 m/s in American football.'* Impact mass involved in
athlete collisions can reach 15 kg for full-body collisions, which
are still much lower compared with impacting the ground."”

Concussion resulting from a punch to the jaw or temple is
common in combative sports. The objective in boxing is to disable
the opponent through targeted blows to the head and body, often
involving multiple cranial impacts, which result in a concussion.
Although punching is the main strategy for creating a concussion
in boxing, they also occur in other sports such as fighting in ice
hockey.'” A punch is characterized by the relatively low effective
mass of the fist and arm ranging from 1 to 8 kg making contact
with the head at velocities ranging from 1 to 12 m/s.°"*> To
reconstruct punch impacts, a lower mass impacting system
(compared with the linear impactor) is needed. A pendulum
system provides the low mass required to simulate a fist or arm
and can be used to deliver temple or jaw impacts to the headform
that are common in boxing (Figure 3).

In ice hockey, a slap shot to the helmet or face mask can cause
concussion.®* Similarly in baseball, a player’s helmet being struck
by a pitch may also cause concussive injury or more severe injuries
including skull fractures and intracranial hemorrhage.®> Head
impacts as a result of high-velocity projectiles are characterized by
a low-mass object traveling at velocities upward of 30 m/s and 42
m/s for puck impacts in elite ice hockey and pitches in Major
League Baseball, respectively.®*® In the laboratory, reconstruc-
tion of projectile impacts can be done using a ball or puck
launcher. This type of system uses compressed air to project
a puck or ball at a headform. Figure 4 illustrates the puck
launcher system directed at a Hybrid III headform fitted with
a hockey helmet to reconstruct a puck impact to the head.

Each of the injury events that cause concussion in sports is
defined by unique impact characteristics that influence how
mechanical trauma injures the brain. A summary of each injury
event and the associated impact characteristics and velocities are
presented in Table 2. In reality, it is not likely that 1 mechanism

FIGURE 4. Projectile launcher setup for reconstructing puck-impact events.
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TABLE 2. Summary of Injury Events and the Associated Impact
Characteristics

Impact Event Impact Characteristics

head at higher velocities ranging from 30 to
42 m/s

“The component of rotational acceleration is dependent on the delivery and
direction of the applied force.

of injury can adequately describe all concussions occurring in
sports. Thus, it is not appropriate for helmet standards to evaluate
head protection with linear drop systems that only represent fall-
type events.

Dynamic Response of Each Event

The specific set of impact conditions governing each injury
event described will result in characteristic head motions that
influence the risk of brain injury.”® Head motion can be described

Falls Mass of the head falling onto rigid surfaces (ice,
concrete) at 6 m/s
Collisions The head colliding with padded shoulders, elbows,
or the helmeted head of an opponent (13-16 kg)
at 4-11 m/s
Punches® The relatively lower mass of the fist and arm
(1-8 kg) impacting the head at 1-12 m/s impact angle,
Projectiles Very low mass objects (puck or ball) impacting the

HELMET CONCEPTS AND SPORT INJURY

using dynamic response that includes linear and rotational
accelerations.”® This has an effect on the resulting brain tissue
stress and strain calculated using finite-element analysis because
tissue deformation values are determined from the x, y, and z
linear and rotational acceleration-time histories.*®

A key aspect to understanding the biomechanics of concussion
is characterizing the relationship between impact conditions on
head dynamic response and brain tissue deformation and
examining their effect on risk of injury. This relationship includes
varying the impact parameters such as impact compliance,”’”
impact mass,'” and a combination of location
and angle resulting in centric and noncentric impacts and has
been studied with both unhelmeted'® and helmeted head-
forms.”*®® Centric impacts are those that are through the center
of gravity of the headform and noncentric are not through the
center of gravity. Research examinin§ specific mechanisms of
injury includes ice hockey impacts,®"** injuries from falling,”*>’
and collisions in American football.'>*”*° Because the head can
be impacted in a number of different ways, each impact creates
a unique head acceleration profile that contributes to varying the
level of risk of injury.

A comparison of acceleration-time curves and peak values of
acceleration for head impacts as a result of a fall, shoulder, punch,
and a puck from Kendall et al®' and Hoshizaki’® are presented in
Figure 5 for linear acceleration, in Figure 6 for rotational
acceleration, and in Table 3 for peak values. The acceleration
loading curves obtained from the head impacts were used as input
into a finite-element model of the brain in which tissue strain was
calculated; peak values are also presented in Table 3.°"7° When

300
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FIGURE 5. Linear acceleration-time curves of fall, shoulder, punch, and puck impacts.
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FIGURE 6. Rotational acceleration-time curves of fall, shoulder, punch, and puck impacts.

examining headform linear acceleration over time (Figure 5), the
highest magnitude was a result of a fall compared with other types
of impacts (Table 3). Shoulder and puck impacts produce similar
peak values of linear acceleration, with punch impacts being
slightly lower (Table 3). The duraton of the acceleration
impulse as well as the time to peak for each impact type varies
considerably (Figure 5). Additionally, the peak, duration of
impulse, and time to peak also varied for rotational acceleration
(Figure 6). The type of impact with the largest peak rotational
value was from a punch, whereas fall and puck impacts tend to
have comparable values, and shoulder impacts had the lowest
value (Table 3). Although the fall, shoulder, and puck impacts
tend to have similar peak rotational acceleration (Table 3), the
time to peak and duration of the impulses vary (Figure 6). When
comparing different types of impacts, characteristics of the

TABLE 3. Mean Peak Linear (g) and Rotational (rad/s?)
Accelerations and Maximum Principal Strain With 1 SD in
Brackets for Each Mechanism of Injury

Peak Resultant

Acceleration Brain Deformation

Rotational
Impact Event Linear (g) (rad/s?) Average MPS
Fall/Ice 264.4 (33.8) 11.204 (1867) 0.424 (0.019)
Collision/shoulder 112.5 (8.6) 9659 (728.5) 0.305 (0.011)
Punch 87.9 (9.8) 14.001 (1003) 0.229 (0.003)
Projectile (puck) 105.6 (14.6) 12.187 (2104) 0.141 (0.009)
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acceleration impulse give a better description of each injury
mechanism than peak resultant values alone.

When examining peak strain values for each mechanism
(Table 3), it is interesting to observe that a single high magnitude
of either linear or rotational acceleration does not necessarily
mean a high strain value.”*”" For example, the fall onto ice has
the highest value for strain (0.424) and the highest value of
linear acceleration (264.4¢); however, the rotational acceleration
was third highest in magnitude (11.204 rad/s?). Interestingly,
a punch impact is associated with the lowest value of linear
acceleration (87.9¢), but the highest value of rotational acceler-
ation (14.001 rad/s?) and has a strain value that is similar to
a shoulder-to-head collision (0.229). In addition, the magnitudes
of strain for falling, shoulder collisions, and punch impacts are
at a high risk of concussive injury (0.19-0.26 in Table 1), in
which puck impacts are associated with a much lower risk.'” The
differences in risk of brain injury represented by the peak
acceleration and strain magnitudes for each type of impact
support the notion that there are other factors influencing the
occurrence of this type of injury that have yet to be elucidated.
It is possible that a single criterion value such as peak linear
acceleration, as seen in many standards governing head pro-
tection, may not sufficiently describe the risk of concussive
injury. Different mechanisms of injury may be better defined by
separate injury criteria that are unique to the risks present in
a particular sport. The uniqueness of individual impact mech-
anisms influencing head dynamic responses and brain tissue
deformation characteristics speaks to the challenge currently faced
by helmet standard organizations and manufacturers of managing
the risk of concussion across different sports.

www.neurosurgery-online.com



Impact Test Protocols to Measure Risk of Concussion

Currently, impact protocols governing head protection use
monorail or free drop systems that measure peak linear acceleration
(9), GSI, and HIC.*7*7% Each standard specifies the use of
a particular type, size, and mass of headform depending on the
size of the helmet. The Snell standard for motorcycle helmets and
the Canadian Standards Association standard for ice hockey
helmets both use simplified magnesium headforms as defined in
the International Standards Organization (ISO) Standard ISO
DIS 6220-1983.”° The NOCSAE standard for testing American
football helmets uses a more compliant Hodgson-WSU head-
form. The Hodgson-WSU headform has more humanoid
features with a soft outer surface and a glycerin-filled cavity.
Another headform commonly used in head impact research is the
50th percentile adult male Hybrid IIT headform.'*'*%® This
headform was primarily designed for high-energy automobile
crash testing and is composed of steel with a vinyl rubber outer
layer simulating the compliance of skin. Each headform is
composed of a specific set of materials that have different masses
and geometries. Consequently, these characteristics create unique
impact responses that make it difficult to compare results using
different headforms.”® Test headforms are designed to provide
reliable impact response values while mimicking the dynamic
response of the average human head as best as possible.
Considering the wide anatomic variation that exists in the
human population, developing headforms of all shapes and sizes
is not feasible. Thus, these headforms produce unique responses
that are specific to the average male head.

The head can get impacted in a variety of locations and angles
creating linear or rotatonally dominant head impact responses.
Research has been undertaken to establish a protocol representative
of collision-type impacts using centric and noncentric conditions
measuring linear and rotational accelerations."*”> A centric impact
occurs when the force is through the center of gravity of the
headform and the dominant motion is translation of the head and
helmet (Figure 7). When a helmet is subject to a centric impact, the
helmet liner and shell undergo compression. This type of impact
phenomena is characteristic of linear drop systems that are used in
current standards to evaluate head protection. In noncentric
impacts, the force is applied outside of the center of gravity of
the headform and thus causes an initial compression of the shell and
liner, after which, the liner will tend to shear to a maximum point
where the helmet couples to the headform and the transferred force
causes the headform to rotate. This type of impact results in
a rotationally dominant response (Figure 8). Current helmet
standards have yet to include both centric and noncentric collision-
type impacts in the evaluation of head protection in sports.

The NOCSAE standard for baseball helmets and ISO standard
for hockey helmets provide a means of evaluating the protection
against projectiles. Currently, the NOCSAE standard for baseball
helmets calls for a baseball or softball to be launched at a helmeted
headform at 55 mph (24 m/s) where peak impact severity is not to
exceed 1200 ST units.”” Although baseball helmets are tested

NEUROSURGERY
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according to how people get injured in the sport, the level of
impact may not sufficiently cover the possible range for injury, as
one study reports that Major League Baseball players get con-
cussed with baseballs traveling upward to 93 mph (43 m/s).*>
The ISO standard for ice hockey helmets also has a component
for projectile impacts. This standard requires pucks to be
launched at hockey helmet face protectors at 7 impact sites with
velocities ranging from 10 m/s to 36 m/s. The certification
criterion only specifies that the puck or helmet is not to touch
the no-contact zone outlined on the headform during testing,”®
The range of impact conditions specified in the ISO standard
encompasses a range where concussive injury from puck impacts
have been reported.** Rousseau et al®* reconstructed puck
impacts to the helmeted head using puck velocities between
21 and 30 m/s. To address the risk of concussion in ice hockey
resulting from puck impacts, it would be necessary to develop
certification criterion that evaluates the ability of the helmet and
face protector to mitigate impacts at the concussive level.

All headgear worn in amateur boxing is approved by the cor-
responding governing body to ensure that the make and macterials
used in the equipment meet USA Boxing and International Boxing
Association requirements. Although organization approval is
required, there is no real evaluation of the capacity of boxing
headgear to protect against injury. Research has demonstrated that
headgear is effective at reducing linear and rotational accelerations
of the head from punch impacts.””*” Despite these findings, the
International Boxing Association has recently banned the use of
headgear in competition in an attempt to decrease the incidence
of concussion in boxing because preliminary findings have shown
a lower rate of concussion for those not wearing headgear
compared with those who do.

A novel impact test rig for oblique impacts has been developed
by Aare and Halldin.®" This test rig protocol combines a linear
drop with an applied tangential force by dropping a helmeted
headform onto a linearly accelerated striking anvil. This type of
tangentially applied force is demonstrated schematically in Figure 9.
The mechanism of this type of impact can be representative of
a subject who falls off a bike while riding and hits his or her head.
Current bicycle helmet standards only measure the protective
capacity of a helmet using a linear drop system onto a steel anvil.*?
These linear drops may not effectively evaluate the ability of bicycle
helmets to protect against concussive injuries because it does not
accurately represent the mechanism for concussion in cycling.
Because the standard only uses vertical drop velocity to determine
severity of impact, it lacks the tangential velocity that would be
present for cycling accidents. As a result, using a vertical drop
method to assess the risk of brain injury may underestimate the
resulting dynamic response because it ignores the influence of the
tangentially applied velocity of the rider while biking.

To develop more effective interventions for concussive injury, it
is important to understand the mechanism of how concussions
occur in sports. Various sports are defined by unique injury
mechanisms that present different risks for concussion. The
diversity of these injury mechanisms creates a daunting challenge
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FIGURE 7. Schematic of a centric impact-inducing linear dominant motion.

for researchers interested in effectively addressing head injuries in
all sports. Current helmet certification testing only involves 1
mechanism of injury, falling to the ground, while neglecting all
other types of impacts known to cause concussion. More
comprehensive testing protocols linked to the mechanisms of
brain injury would aid in the improvement of helmets that are
optimized for protection against sport-specific concussive impacts.

Types of Helmet Technologies

There are many types of sport helmets on the market; however,
they typically fit intol of 2 categories: single-impact helmets (or
crash helmets) and multiple-impact helmets.”*** These 2 distinct
categories of helmet types vary in construction; however, they are
both assessed using linear acceleration or some integration of the
linear acceleration curve such as the GSI or HIC.?**? This means
that although mechanically the helmets manage the translations
induced from an impact differently, they are not designed to
manage or mitigate the magnitude of rotation.

Single Impact Helmets

These helmets are typically used in events where the head is
likely to be impacted once at high energy (motorsports, bike,

alpine ski). The single-impact helmet is typically constructed of an
outer shell designed to help distribute the force of the impact and
an inner energy absorbing liner.”®* The energy absorbing liner is
often made of a material such as expanded polystyrene (EPS) that
deforms plastically under impact and thus releases energy.®* This
means that after 1 impact, the helmet is compromised and lacks
much of its original ability to manage impact energies. In terms of
concussion, EPS liners do very little to manage accelerations
below concussion thresholds and are particularly poor at reducing
rotations associated with concussions. EPS is, however, very
effective at reducing linear translations for high-energy impacts
relating to the risk of TBI.®**

Multiple Impact Helmets

These helmets are similar in construction to single-impact
helmets in that they are composed of an outer shell designed to
spread out the force of impact and engage as much of the energy-
absorbing liner underneath duringan impact. The energy-absorbing
liner typically comprises either VN or expanded polyprolylene
(EPP) foam. VN foam is excellent at managing low-energy multdple
impacts but tends not to perform as well for higher energy
impacts.**** This type of foam returns to its original shape after

&)

7
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~  center of mass

7

headform.

FIGURE 8. Schematic of a noncentric impact-inducing rotationally dominant motion on a helmeted
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FIGURE 9. Schematic of a fall with a high-velocity tangential component.

an impact. EPP is similar to EPS in its manufacturing process but
has more elastic properties.”>® As a result, the EPP deforms under
the impact, dissipating the impact energy returning to its original
shape. As it can manage higher energies more effectively than VN
foam, it is thought to be better for multi-impact applications. It
should be noted that EPP tends to degrade faster than its VN
counterpart.®>* More recent research examined the ability of
these 2 foams to manage rotational acceleration, reporting that VN

has an improved capacity to manage this type of impact-induced
motion, >+ 648586

Energy-Absorbing Structures

The energy-absorbing protective capacity of VN, EPS, and EPP
foams in helmets are primarily related to their density and
thickness.****%” Typically, the thicker the material is, the better
the protection, and the denser the material is, the higher the
impact energy that it is designed to manage.*® Energy-absorbing
structures are a more recent innovation in helmet design because
they use a combination of material structural characteristics such
as geometry, material stiffness, and type to mitigate impact
energy. These energy-absorbing structures add an additional
dimension to optimize helmet performance as they allow the rate
of material compression to be controlled.*>*”#*! The increased
number of design parameters creates an opportunity to engineer
structures that potentially manage a wider range of impact
energies.”””" Engineered structures are a recent development in
helmet technology, with only a few helmets currently using this
kind of technology. In American football, the Xenith X1 series
helmets (Xenith, LLC, Lowell, Massachusetts) use an air-filled
3-dimensional structure to manage impacts, and the Schutt DNA
series helmets (Schutt Sports Inc, Litchfield, Illinois) also use a type
of engineered structure. In ice hockey and lacrosse helmets, Cascade
helmets (Cascade, Liverpool, New York) uses 3-dimensional type
structures. Engineered structures provide an increased opportunity

NEUROSURGERY

to innovate systems designed to manage the motions more closely
linked to the mechanism of concussion.

Future Innovations in Sport Helmets to
Manage Concussion

There have been a few technologies developed purporting to
manage rotational acceleration in motocross, alpine, and bike
helmets. In motocross helmets, 6D helmets (6 Degrees of
Freedom, Brea, California) have developed the ATR-1 helmet
that manages rotational acceleration through a series of rubber
dampers installed between EPS foam liners. Also in motocross and
alpine and bike helmets, MIPS AB (Stockholm, Sweden) has
developed the Muld-Directional Impact Protection System,
a suspension system that helps to dissipate the tangential impact
forces that produce rotational acceleration from falls. In ice
hockey, Bauer Performance Sports Ltd (Exeter, New Hampshire)
has developed a helmet that is described to reduce the rotational
acceleration from impacts using a suspension system similar to the
one developed by MIPS AB. All of these companies claim to have
innovated mechanisms designed to reduce rotational acceleration
incurred from impacts. However, currently, there is no standard
method of testing these new technologies to determine helmet
performance in terms of reducing rotational acceleration. Undil
standards for sport helmets measure the performance of the
rotation damping technologies, the effectiveness of these innova-
tions will lack objective validation.

SUMMARY

Concussion has been shown to be complex in nature and is not
easily described using engineering parameters. There are many
types of injury mechanisms associated with concussion depending
on the impact conditions; therefore, a single mechanism cannot
effectively describe the risk of injury for all concussions occurring
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in sports. Concussive impacts to the head not only create a range of
dynamic responses, but likely involve different parts of the brain.
Suggesting that a single measurement criterion is adequate to
predict the risk of all types of concussions is wishful thinking
because the symptoms of concussion are wide ranging and the
ability to define the prognosis of the resulting disability compli-
cated. We can, however, conclude that present-day helmets are not
specifically designed to protect against concussions because helmet
safety standards are also not developed for this purpose.

Early research describing the dynamic response of the head
resulting from direct impacts identified both linear and rotational
accelerations as important to measuring the risk of injury.*®>> More
recent investigations have expanded the original research of
Gurdjian et al® and continue to develop more refined and precise
measures of concussion. It is essential that head protection
organizations take the initiative by developing standards designed
to address the mechanisms of concussive injury in specific sports. It
is also important for helmet manufacturers to support this initiative
through improvements in the safety of helmets through specific
innovations that meet the unique demands of each sport. There
have been recent innovations in helmet technology claiming to
improve protection against the risk of concussion that involves
systems designed to manage rotational acceleration. Research
describing the relationship between rotational acceleration and the
risk of concussive injuries reinforces the value of this strategy.'"*?
In the absence of a standard designed to evaluate the ability of
a helmet to manage rotational acceleration, these innovations
claiming to protect against concussions cannot be validated.

Future efforts for reducing concussive injuries in sports include
advances in testing methods, more appropriate measurement
variables for risk, and improved concussion diagnosis. Finite-
element analysis also shows potential as a tool for designing safer
helmets. It must be recognized, however, that each finite-element
model is unique in geometry and material characteristics with data
specific to the model used to calculate brain trauma values.
Similarly, the dynamic response data obtained are specific to the
impact characteristics of that particular headform. Efforts to
improve identification of injured athletes include helmets with
concussion-warning systems using accelerometers to provide an
alert relating the level of risk of head impacts. Challenges still exist
in accounting for the interaction of the head and helmet-imbedded
accelerometers during an impact that results in inconsistent
acceleration values. It is important to understand that helmets
provide excellent protection for catastrophic injuries, and although
some helmets provide some protection against concussive injuries,
to date, they have not been particularly effective. Although there is
much research to be done targeting sports-related concussive
injuries, recent advances in measurement techniques and innova-
tive energy management technologies provide an optimistic future
for managing the risk of injury.
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