
CONCUSSION IN PROFESSIONAL FOOTBALL:
BIOMECHANICS OF THE STRUCK PLAYER—PART 14

OBJECTIVE: Impacts causing concussion in professional football were simulated in
laboratory tests to determine collision mechanics. This study focuses on the biome-
chanics of concussion in the struck player.
METHODS: Twenty-five helmet impacts were reconstructed using Hybrid III dummies.
Head impact velocity, direction, and helmet kinematics-matched game video. Translational
and rotational accelerations were measured in both players’ heads; 6-axis upper neck
responses were measured in all striking and five struck players. Head kinematics and
biomechanics were determined for concussed players. Head displacement, rotation,
and neck loads were determined because finite element analysis showed maximum
strains occurring in the midbrain after the high impact forces. A model was developed
of the helmet impact to study the influence of neck strength and other parameters on
head responses.
RESULTS: The impact response of the concussed player’s head includes peak acceler-
ations of 94 � 28 g and 6432 � 1813 r/s2, and velocity changes of 7.2 � 1.8 m/s and
34.8 � 15.2 r/s. Near the end of impact (10 ms), head movement is only 20.2 � 6.8 mm
and 6.9 � 2.5 degrees. After impact, there is rapid head displacement involving a four-
fold increase to 87.6 � 21.2 mm and 29.9 � 9.5 degrees with neck tension and bend-
ing at 20 ms. Impacts to the front of the helmet, the source of the majority of National
Football League concussions, cause rotation primarily around the z axis (superior-infe-
rior axis) because the force is forward of the neck centerline. This twists the head to the
right or left an average of 17.6 � 12.7 degrees, causing a moment of 17.7 � 3.3 Nm
and neck tension of 1704 � 432 N at 20 ms. The head injury criterion correlates with
concussion risk and is proportional to ∆V4/d1.5 for half-sine acceleration. Stronger necks
reduce head acceleration, ∆V, and displacement. Even relatively small reductions in
∆V have a large effect on head injury criterion that may reduce concussion risks because
changes in ∆V change head injury criterion through the 4th power.
CONCLUSION: This study addresses head responses causing concussion in National
Football League players. Although efforts are underway to reduce impact acceleration
through helmet padding, further study is needed of head kinematics after impact and
their contribution to concussion, including rapid head displacement, z-axis rotation,
and neck tension up to the time of maximum strain in the midbrain. Neck strength influ-
ences head ∆V and head injury criterion and may help explain different concussion
risks in professional and youth athletes, women, and children.
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Figure 1 shows a sequence from a National Football League
(NFL) game collision resulting in concussion to the struck
player on the right. The striking player lines up his head,

neck, and torso and drives through the other player. The colli-
sion first involves compression of the padded helmet liners as
impact force increases. This causes the struck player’s head to

move to the right and rotate primarily about the z axis (supe-
rior-inferior anatomic axis). There is also lateral bending of the
neck about the x axis (anterior-posterior anatomic axis). Near
the end, the helmets slide off each other. These kinematics are
similar to other video recorded concussions involving impact
to the front of the helmet (28, 29, 37).



Concussions occur in most contact sports and even non-
contact sports in which inadvertent head impacts occur.
Between 2000 and 2004, concussions were the fifth most fre-
quent injury in the NFL, averaging 184 incidents per year
and causing 594 lost days per year. Quarterbacks have the
highest risk of concussion (1.62/100 game positions [gp]),
followed by wide receivers (1.23/100gp), tight ends
(0.94/100gp), and the defensive secondary (0.93/100gp) (30).
The plays with the highest risk for concussion are kickoffs
(9.29/1000 plays) and punts (3.86/1000 plays), which have
higher risks than rushing (2.24/1000 plays) and passing
(2.14/1000 plays) plays.

There has been much publicity about NFL players who have
retired after multiple concussions as of late. A recent study
found minimal effects of multiple concussions in active NFL

players (31); however, the potential usefulness of an elite-player
helmet remains an option in the future. This may help players
in the most vulnerable positions or plays, as well as players
with multiple injuries who want to take extra precautions (37).
This study explores the biomechanics of concussion in the
struck player and considers head responses during and after
the high accelerations of the helmet impact. A clearer under-
standing of injury mechanisms may lead to further improve-
ments in safety equipment.

This study considers not only the head impact responses
during the time of high collision forces, but also longer dura-
tion responses of the struck player during the follow-through
of the striking player, who drives through the struck player.
The greatest strains occur in the midbrain and have been
shown to occur well after the high impact forces. Viano et al.
(38, 39) simulated strains in the concussed player’s brain using
head accelerations from the NFL reconstructions (28, 29) and a
sophisticated finite element model of the brain (43). Figure 2
shows the principal strain in the midbrain for five NFL impacts
to the front of the helmet involving concussion. Peak strain
averaged 52.6 � 8.6% at 16.4 � 3.4 ms, which is well after the
high impact force, which usually occurs at 6 to 8 ms (29). Figure
2 also shows the average and one standard deviation in mid-
brain strain, confirming the consistently late occurrence of mid-
brain strain. Late occurring strain in the midbrain was found by
Ivarsson et al. (14) using a physical model of brain responses
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FIGURE 1. The left sequence is from an NFL game tackle with the head-
down position of the striking player as his helmet impacts the other player
and his body drives forward (Case 38). The right sequence is from high-
speed video of the laboratory reconstruction of the concussion. The strik-
ing player is on the left and struck player on the right. The reconstruction
has the struck player moving into the impact, so the images have been
shifted to duplicate the game kinematics.

FIGURE 2. Principal strain (A) in the midbrain for
five reconstructions (Cases 38, 57, 71, 84, and 118) of
impact to the front of the helmet causing concussion,
and the average and one standard deviation (B) in mid-
brain principal strain as a function of time based on
results from Viano DC, Casson IR, Pellman EJ, Zhang
L, King AI, Yang KH: Concussion in professional foot-
ball: Brain responses by finite element analysis—Part 9.
Neurosurgery 57:891–916, 2005 (38).

A

B



from head rotation. Similarly, the late occurring FE brain
responses are a result of head rotation.

Consideration of longer duration responses is also motivated
by observations of Denny-Brown and Russell (4), who con-
cluded “in using the lighter pendulum, which does not crush
the fixed skull, the animal’s head is prevented from moving at
the moment of injury, concussion could not be produced even
with the maximum velocity obtainable with this pendulum
(28.7 f/s, 8.8 m/second). Whereas, if even slight movement of
the head was allowed (e.g. 3 mm), concussion occurs” (4).
Although the animal tests of Gurdjian (8) are not conclusive to the
observation of Denny-Brown and Russell, the possibility exists
that rapid head displacement may be a factor in concussion.
Denny-Brown and Russell (4) and others (6, 7, 10, 26) felt that
rapid change in head velocity was a key factor in brain injury. A
rapid change in velocity (∆V) leads to head displacement.

Early animal tests (4, 8) used thinly padded impactors with
one-eighth-inch hard rubber padding. Skull fracture occurred
as the speed of impact increased, indicating a role of skull
deformation in short duration head impacts causing brain
injury. Initial efforts to reduce the risk of concussion involved
preventing skull fracture. By the 1970s, thick padded liners,
four-way chin straps, smoother outer shells, and a change from
web suspension to internal padding were introduced in foot-
ball helmets. This lengthened the pulse duration of impact and
reduced the frequency of skull fractures and brain contusions
(2, 11, 12, 21, 26). Padding changed the duration of impact and
the loading of the brain. This situation is quite different from
the conditions of the early animal tests. By the mid-1990s, con-
cern emerged regarding concussion and efforts started to
reduce concussion by further improving the design and per-
formance of football helmets.

At the present time, helmet manufacturers are increasing the
thickness and energy-absorption properties of helmet padding,
as well as making other changes on the side and back of foot-
ball helmets (40). New testing protocols are available to simu-
late the type of collision shown in Figure 1 and other impacts
with controlled laboratory tests (32). Head acceleration, sever-
ity index (SI), and head injury criterion (HIC) are being used to
assess changes in the risk of concussion. However, the question
remains of whether or not these measures are sufficient to
define the essential aspects of injury risk.

For this study, kinematic responses (head displacement, rota-
tion, and velocities) were determined for the struck player. A
snapshot of head kinematics is presented near the end of
impact (10 ms) and during rapid displacement (20 ms). Impact
forces usually reach a peak in 6 to 8 ms and the high forces and
head accelerations decline by 10 ms (29). This is approximately
the time the head has achieved much of its ∆V and rapid head
displacement and rotation begin to occur. By 20 ms, the head
has experienced large displacements and rotations, and the
neck is deformed. Responses at 20 ms were chosen to view the
late responses of the head. Although the 10 and 20 ms compar-
isons of kinematic responses are somewhat arbitrary, they offer
a means to visualize two time-points during the biomechanics
of concussion.

Our question is, if concussion occurs by strains in the mid-
brain and the maximum strains occur late after the high
impact forces, do late responses of the head and neck influ-
ence injury? Specifically, is rapid head displacement and rota-
tion with neck tension, bending, and shear affecting cranial
motion, loading the brain and influencing concussion?
Although the information presented here may not be defini-
tive, we hope it stimulates further study and discussion. If the
late responses are a factor in injury, additional considerations
may be needed to improve the protection of players, even
though recent testing of newer helmets showed a reduction in
head accelerations and neck responses (40).

This study is part of a larger series on concussion in professional
football. The NFL has a Mild Traumatic Brain Injury Committee,
which has undertaken research aimed at defining the biomechan-
ics of concussion in professional football (28). One aspect of the
effort focused on analysis of multiple views of concussive impacts
from game video to determine the speed of impact. Laboratory
reconstructions of the collisions were performed using instru-
mented test dummies to simulate the helmeted players. The lab-
oratory reenactments closely matched the helmet motion of the
field collisions. With transducers in the dummy, the translational
and rotational acceleration of the head and neck loads in the struck
player were determined, allowing an evaluation of the biome-
chanical responses causing concussion. This study evaluates the
biomechanics of the struck players’ concussion.

Analysis of NFL game video showed that 62% (107 out of
174) of NFL collisions involved helmet-to-helmet contact and
that 16% (28 out of 174) involved helmet-to-ground contact
(29). These collisions involved primarily open-field impacts of
which two or more clear views of the collision were recorded.
Collisions on the line are necessarily underreported. For the
reviewed cases, 61% (82 out of 135) involved impact to the
front of the helmet (0–90 degrees, Conditions A and B), includ-
ing 34% (46 out of 135) to the facemask and 27% (36 out of 135)
to the shell of the struck player’s helmet (29). The remaining
cases (53 out of 135, 39%) involved impact to the back of the
helmet (Conditions C and D). For these, 59% (31 out of 53)
involved helmet-to-helmet and 42% (22 out of 53) involved hel-
met-to-ground impacts. Virtually all of the striking players use
the front crown or top of their helmet with their head down.
This lines up their head, neck, and torso in the collision (37).
Deviations from this alignment in game impacts and laboratory
tests caused the helmets to slide off as a result of the smooth
plastic shell of the helmets. For this study, emphasis was placed
on impacts to the front of the helmet because of the high pro-
portion of this type of impact in NFL concussion.

MATERIALS AND METHODS

Video Analysis of NFL Game Impacts
Details of the game film selection and analysis have been reported by

Pellman et al. (28, 29) and Viano and Pellman (37). For this study, a
short overview of the laboratory methods is provided. When a concus-
sion occurred on the field during an NFL game, it was reported to
Biokinetics and Associates, Ltd. (Ottawa, Canada); Biokinetics
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reviewed 182 game impact videos from 1996 to 2001 and found 174 col-
lisions that could be initially analyzed (28, 29).

Biokinetics determined the feasibility of determining the three-
dimensional (3-D) impact velocity, orientation, and helmet kinematics.
At least two clear views of the collision were necessary to make this
analysis. Ground markings were used to determine a dimensional scale
factor. A laboratory setup was made with crash dummies to reenact the
game impact when a 3-D impact velocity could be determined.
Helmets were placed on the dummies and the velocity, orientation and
helmet kinematics were matched to the game video.

Thirty-one NFL collisions involving helmet-to-helmet and helmet-to-
ground impacts were reconstructed involving 25 concussions of struck
players. For this analysis, concussion cases were divided into impacts
to the front or back of the helmet. Nineteen concussions occurred by
impacts to the front of the helmet. Seventy-six percent (19 out of 25) of
the helmet-to-helmet impacts occurred in Conditions A (0–45 degrees)
or B (45–90 degrees) (29). The remaining cases involved three impacts
with the ground and three helmet-to-helmet impacts for Conditions C
(90–135 degrees) and D (135–180 degrees). This is slightly higher than
the 61% of helmet-to-helmet or helmet-to-ground impacts from NFL
game video analysis.

Laboratory Reconstruction of NFL Game Impacts:
Figure 1 shows a sequence from an NFL game video of a collision

resulting in concussion to the struck player. The struck player’s head is
pushed to the right in the direction of the striking player’s movement.
The struck player’s head also rotates about the z axis (superior-inferior
axis) and bends laterally about the x axis (anterior-posterior axis).

Figure 1 also shows the helmet kinematics from the laboratory recon-
struction. The impact initially involves compression of the helmet lin-
ers as force increases. The struck player’s head is pushed to the right
and the neck deforms. In this case, the head rotates about the z axis as
the eyes turn to the right as the neck twists. The neck also bends later-
ally to the right as in the game video. Late in the collision, the helmets
slide relative to each other and the striking player’s helmet interacts
with the carriage.

The laboratory reconstruction usually involved two Hybrid III male
dummies following methods already described (28, 29, 37). A helmeted
head-neck assembly representing the struck player was attached to a
7.1 kg mass simulating the struck player’s torso and guided in freefall
from a height to match the impact velocity determined from video
analysis of the game collision. The Hybrid III head and neck weighed
4.38 kg with instrumentation. The helmet and facemask weighed 1.92
kg and the falling mass was 15.1 kg. Impact was against another hel-
meted head-neck assembly attached to the torso and pelvis of the
Hybrid III dummy. This dummy weighed 46.4 kg without arms and
legs and was suspended by flexible cables. Ground (turf) impacts were
simulated in three of the tests by placing a segment of artificial turf on
a flat plate under the falling helmeted head.

Acceleration was measured at the center of gravity (cg) in both
dummy heads. As the head cg moves in space under translational
acceleration, it can also rotate about the head cg. Each headform was
equipped with nine linear accelerometers setup in a so-called “3–2–2–2
configuration” to determine rotational acceleration (28).

In the initial tests (28, 29), the dummy representing the striking
player had a six-axis upper neck transducer measuring three axes of
neck force (Fz, compression-tension; Fx, fore-aft shear; Fy, left-right
shear) and three axes of neck moment (My, flexion-extension; Mx, lat-
eral bending; Mz, rotation about the z axis). In these tests, the six-axis
upper neck transducer was used in five of the struck players to provide
more complete biomechanical data on the head-neck response during

concussion. The data was merged for analysis assuming similarity in
the repeat tests.

The sign convention had neck compression � Fz and neck tension �
Fz because the positive z axis is from the base of the neck up through
the top of the head (34). The positive x axis is forward and the positive
y axis is through the left ear. Neck extension is �My; flexion is �My.
The procedure described by Viano and Pellman (37) was used to align
time zero for the reconstructed cases because the orientation and tim-
ing of the impact varied between test setups. A 1 g trigger was typically
used to determine the start of the impact, although a 3 g trigger was
used in Tests 7, 38, 39, 48, 59, 69, 84, and 92, and a 5 g trigger was used
in Test 77 owing to noise in the acceleration (37).

High-speed video recorded head kinematics in the reconstruction
using an orientation that was similar to one of the views from the game
video. This allowed a one-to-one comparison of the game and recon-
struction kinematics (see Fig. 1), and facilitated fine adjustments in the
impact orientation and alignment in the laboratory to match game
kinematics. A study was conducted to quantify sources of error and
variability in the reconstructions (27). That work showed the tests to be
repeatable and with minimal error. In the laboratory reconstructions,
every effort was made to reduce potential sources of error.

Collision Biomechanics
Impact force (F) from the striking player is the sum of a head inertia

force and neck compression acting in the collision:

where aStriking is the resultant acceleration of the striking player’s
head, FN is the resultant neck compression force and mStriking is the
mass of the striking player’s head above the neck load cell (37). Mass
was mStriking � 5.90 kg and included the Hybrid III head (3.64 kg),
load cell above the sensing element (0.34 kg), and helmet with face-
mask (1.92 kg). Mass below the sensing element is not included in
Equation 1 because the striking player’s neck load was measured. In
the collision, the striking player used the top or crown portion of the
helmet. This area is substantially stiffer than the side or facemask
region of the helmet but involves a padded liner. Impact compresses
the liners of both helmets as force increases.

Impact force from the striking player is equilibrated by acceleration
of the struck player:

where aStruck is the resultant acceleration of the struck player’s head.
Mass of the struck player is mStruck � 8.40 kg and includes the head
(4.38 kg), neck (1.06 kg), helmet with facemask (1.92 kg), and a portion
of the torso mass (1.04 kg). The resultant accelerations are assumed
collinear for this analysis, and the masses were determined to equili-
brate the peak impact force.

Head acceleration of the striking player is lower than that of the
struck player because the effective mass of the striking player is greater
than that of the struck player. The neck load cell in the striking player
measures the contribution from the torso mass in the collision, which
adds to the impact force. The effective mass of the striking player is:

where mEff. Striking � 14.0 kg based on average head acceleration and
impact force. This gives a mass ratio of mEff. Striking/mStruck � 1.67 or a
67% greater effective mass of the striking player than that of the struck
player during peak force. The impact force, head acceleration and head
∆V describe the initial collision mechanics resulting in concussion of
the struck player.
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F = mStrikingaStriking+FN (1)

F = mStruckaStruck (2)

mEff. Striking = F/aStriking (3)



ture. Initial testing showed that the carriage mass did not influence the
initial phase of high impact force. The torso mass does, however, influ-
ence head displacement as neck loads increase and the torso mass is
accelerated. Neck strength is a factor by coupling the struck player’s
torso into the impact. A stronger, stiffer neck reduces head acceleration
in the struck player according to Equation 6. Forces due to neck and
helmet padding deformation were reduced during unloading by
assuming a coefficient of restitution of 0.45.

A step-forward solution to the equations of motion was developed
in Microsoft Excel (Microsoft Corp., Redmond, WA) to simulate the
player’s responses in NFL reconstruction tests. An impact speed of 9.7
m/s was used because it is the average of the laboratory reconstruc-
tions of concussions for Conditions A and B. A close match was found
in the level and timing of the impact force, head acceleration and neck
loads. The peak acceleration of the striking player’s head was 70.5 g
and the struck player was 102.9 g for a peak force of 9700 N (dH � 55
mm) at 8.2 milliseconds. ∆V was 7.1 m/s for the struck and 5.6 m/s for
the striking player. Force developed in the neck reached 4600 N (dN �

49 mm) at 18.6 ms. The model was considered validated with the NFL
reconstruction tests by matching the essential timing and amplitude of
head impact responses.

Influence of Neck Strength (Stiffness)

The model was used to consider the influence of various parameters
on the relative response of the head. Particularly, neck strength and its
effect on head responses was investigated in the helmet collision by
varying the neck stiffness while keeping the other conditions constant
in the model, except the torso mass was increased to 17.2 kg to match
the upper torso mass of the adult (19).

For this analysis, differences in neck strength (stiffness) for the 
10-year-old, 5% female, 95% male Hybrid III dummies were deter-
mined from the literature (9, 19, 20, 22, 42) and used to adjust the 80
N/mm found for the 50% male Hybrid III in the reconstruction tests.
This gave 28 N/mm for the 10-year-old, 39 N/mm for the 5% female,
and 113 N/mm for the 95% male Hybrid III dummies. Because these
values are calculated for a relaxed neck that is able to maintain the head
upright, higher values of neck stiffness were considered to reflect the
greater anthropometry and tensing capability of highly trained ath-
letes. Values up to 240 N/mm were evaluated.

Head Injury Tolerances: Resultant head acceleration is used to calcu-
late the Severity Index (SI) used by the National Operating Committee
on a Standards for Athletic Equipment (NOCSAE) in its football helmet
standard:

where a(t) is the resultant translational acceleration at the head cg and
T the duration of the acceleration. NOCSAE limits SI to 1200. The
National Highway Traffic Safety Administration (NHTSA) uses the
Head Injury Criterion (HIC), which is a variation of SI:

where t1 and t2 are determined to maximize the HIC function and a(t)
is the resultant translational acceleration of the head cg. A limit of 15
milliseconds is typically used. NHTSA limits HIC to 700 for 15 mil-
liseconds duration and 1000 maximum value. The studies of Pellman
et al. (28) found the tolerance for NFL concussion was SI � 300 and
HIC � 250. Head rotation is a second type of biomechanical response
that influences head injury; however, there is no concurrence on tol-
erance limits.

Impact causes a rapid increase in head velocity, which displaces and
rotates the head after the primary impact force. As the head displaces,
the struck player’s neck develops load and the analysis of equilibrium
becomes more complicated because head rotation changes the orienta-
tion of the x, y, and z axes with respect to an inertial frame of reference.
This causes the axis system in one dummy head to continually change
with respect to the orientation in the other head. The use of resultant
values assumes the responses are collinear.

Modeling the Helmet-to-helmet Reconstruction Tests

In helmet-to-helmet collisions, the striking player lines up their head,
neck, and torso to deliver force to the helmet of the struck player. The
collision involves an initial velocity of the striking player Vstriking (0),
who has an effective mass mEff.Striking of 14.0 kg based on the NFL
reconstruction tests (37). This mass includes the head, helmet, and
added mass of the torso of the struck player through neck compression.

As the collision proceeds, the helmet padding and shells deform.
Impact force (F) develops in proportion to the stiffness (kH) of the inter-
action between the helmets:

where dH is the relative displacement between the heads of the striking
and struck player. Based on modeling the reconstruction tests, kH is 175
N/mm. Impact force decelerates the striking player and accelerates
the head of the struck player, which is assumed to accelerate in the
direction of impact. Deceleration of the striking player is:

Acceleration of the struck player is reduced by forces developed in
the neck. Force in the struck player’s neck (FN) occurs as the head is
moved by the follow-through of the striking player. Initially, it is shear
force but as the head displaces and rotates, the neck force becomes
primarily axial tension with the added effects of bending and rotation.
Acceleration of the struck player’s head is:

Force in the neck is proportional to the relative displacement
between the struck player’s head and torso (dN). This includes the
cumulative effects of neck shear, tension, and bending as the head is
displaced and rotated in the collision. Neck stiffness (kN) is related to
anthropometry and muscle tension with the added effects of ligament
and tendon stretching at the extremes of the natural range of motion.
Neck stiffness is the cumulative effect of 3-D forces and displacements.
Force in the neck is:

Viano (36) found that the neck stiffness in extension was 5 N/mm
for relaxed neck muscles supporting the head in an upright position
subjected to inertial (whiplash) loading without direct contact on the
head. For the forced response here, the effective neck stiffness is much
greater. Based on four NFL reconstructions in which head displace-
ment and neck force were measured, the effective stiffness of the
Hybrid III dummy neck was kN � 80 N/mm. This is based on a result-
ant neck force of 1548 � 735 N and displacement of 18.0 � 4.1 mm at
10 milliseconds.

Force in the struck player’s neck accelerates the torso (aTorso):

where the torso mass (mTorso) is 6.06 kg for the reconstruction tests of
Pellman et al. (28, 29, 32) and Viano and Pellman (37). This was deter-
mined by subtracting the 1.04 kg mass involved in the head accelera-
tion from the 7.1 kg carriage attached to the guidewires of the drop fix-
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F = kHdH (4)

aStriking = F/mEff. Striking (5)

aStruck = (F – FN)/mStruck (6)

FN = kNdN (7)

aTorso = FN /mTorso (8)

SI = ∫
Τ

a(t)2.5dt (9)

HIC ={(t2-t1)[ ∫
t
2

a(t)dt/(t2-t1)2.5}max (10)
t
1



Neck Injury Tolerances
For the Hybrid III dummy, the upper neck tolerance for axial tension

is 4170 N and compression is 4000 N (20). Neck tolerance for shear is
3100 N. The extension bending moment tolerance is 96 Nm and lateral
bending is 143 Nm. The tolerance for head rotation is 96 Nm about the
z axis (20, 24). Neck injury criterion is used by the National Highway
Traffic Safety Administration to evaluate the combined effects of sagit-
tal extension-flexion and tension-compression. Neck injury criterion is
not used here because the predominant modes of neck response are lat-
eral and about the z axis in the NFL reconstructions of the struck player.

Statistical Analyses
The significance of differences in responses for the concussed player

was determined using the t test with unequal variance and a two-sided
distribution. The t test was performed using Microsoft Excel.

RESULTS

Biomechanics of the Struck, Concussed Player
Figure 3 shows biomechanical responses for the concussed

player (Case 38) from a reconstructed NFL game impact. The
collision and reconstruction are shown in Figure 1. It involves
an impact to the side of the helmet and some aspects of the case
have been previously described by Viano and Pellman (37).

The helmet collision develops impact force reaching 9780 N
(2198 lb) at 8 ms and extends over a duration of approximately
15 ms. The force occurs as the striking player lines up his head,
neck, and torso, coupling mass from his body into the impact.
The striking player continues forward, driving through the
other player.

Because the collision is oblique to the side of the helmet, the
primary acceleration is lateral (y direction) to the struck
player’s head. The resultant acceleration reaches 106 g in 6 ms
and then decreases. The impact also causes head rotational
acceleration about the z and x axes. The rotational accelera-
tions turn (twist) the head to the right around the superior-
inferior axis (z axis) and laterally bend the neck to the right
about the x axis.

Head acceleration causes a rapid increase in lateral and rota-
tional velocity. By 10 ms, the lateral velocity has reached 6.7
m/s. By 20 ms, the y axis velocity has reached 8.8 m/s and the
head has been displaced 104 mm laterally to the right. The
head has also rotated 25.6 degrees around the z axis and 17.6
degrees around the x axis, resulting in a 40.1-degree change in
the resultant head angle.

Head displacement and rotation load the neck. Lateral shear
force develops during the impact; and, with head displacement
to the right, the neck is put into axial tension. Neck tension
increases to 2420 N (544 lb) at 21 ms as the head moves to the
right and the neck bends. The combination involves z axis rota-
tion to the right and lateral neck bending about the x axis.

There is minimal bending moment resisting the z axis rota-
tion of the Hybrid III head, although the Mz moment continues
to rise over 30 ms. The primary bending resistance is lateral,
reaching 62 Nm at 14 ms. After the peak head impact force
and during the phase of rapid head displacement, the neck is

deformed, building up forces and moments that couple the
torso mass of the struck player into the final aspects of the col-
lision. Neck loads alter head kinematics and influence the early
and late responses of the head.

Twenty-five Reconstructed NFL Collisions
Table 1 summarizes the peak head accelerations for the struck

and striking players involved in impacts causing concussion.
The average impact velocity was 9.3 � 1.9 m/s. Three cases
involved falls to the ground and did not include a striking
player. Five cases were significant helmet impacts but did not
result in concussion. The peak head acceleration for the struck
player was 94 � 28 g and 6432 � 1813 r/s2, resulting in a
change in velocity of 7.2 � 1.8 m/s and 34.8 � 15.2 r/s. The
data provided in Table 1 are resultant values. HIC was 381 �
197 (SI, 436 � 242) for the struck player.

Impact Conditions A and B involve loading to the facemask
and helmet shell within � 90 degrees of eyes straight forward.
This constitutes the front of the helmet. These impacts are for-
ward of the head cg and the z axis of the neck. NFL game
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FIGURE 3. Line graphs showing the biomechanical responses from the
reconstruction of the struck NFL player (Case 38), including the impact
force of the helmet collision, head accelerations, velocities and displace-
ments, and neck forces and moments for the concussed player.



impacts involve the striking player hitting either the right or
the left side of the opponent’s helmet. This analysis, however,
assumes that all impacts are from the right. For impact
Conditions C and D, the struck player experiences the highest
translational accelerations as the load is closer to the head cg.

Table 2 demonstrates the average translational head
responses at 10 and 20 ms for the struck player in Conditions
A to D, including head acceleration, velocity, and displacement.
Table 3 provides similar averages for rotational kinematics. The
average was determined using the absolute value of the
responses; however, a negative sign is included in the tables
when the majority of the responses had the same response
direction. When the sign was a mix of positive and negative
values, a positive average is shown.

Tables 2 and 3 show a fourfold increase in head displacement
and rotation between 10 and 20 ms. For the B impacts, head

acceleration dropped from peak values approaching 100 g to
19.8 � 10.3 g at 20 ms, and the struck player’s head has reached
8.3 � 2.0 m/s ∆V. The resultant head displacement increased
from 22.1 � 5.6 mm at 10 ms to 97.7 � 20.7 mm at 20 ms; head
rotation increased from 7.8 � 1.9 degrees to 33.8 � 6.1 degrees.
The primary rotation is about the z axis for impacts to the front
of the helmet (Conditions A and B) because the impact is for-
ward of the head cg and z axis of the neck.

Figure 4 shows the relatively large z axis rotations of the head
for impacts to the front of the helmet. At 20 ms, x axis rotation
was greater than 15 degrees in 18 (95%) of the 19 reconstruc-
tions for Conditions A and B and greater than 25 degrees in 15
(79%) cases. The data also show the importance of lateral dis-
placement of the head with concussion. At 10 ms, the average
translational and rotational displacements are 20.2 � 6.8 mm
and 6.9 � 2.5 degrees. By 20 ms, displacements have increased
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a HIC, head injury criterion; accel, acceleration; SD, standard deviation. Cases without a striking player involve helmet impacts to the turf. Cases 48, 59, 154, 175, and 182 were severe
impacts that did not result in concussion.

TABLE 1. Peak biomechanical responses for the struck and striking National Football League players for 25 impacts causing concussiona

Impact Struck players Striking, uninjured players

Peak trans Peak Peak
Peak rota-

Peak trans- Peak Peak
Peak ro-

Case Condi-
Velocity Force HIC

lational �V rotation
tion vel- HIC

lational �V rotation
tation vel-

no. tion
(m/s) (N)

accel (g) (m/s) accel (r/s2)
ocity (r/s)

accel (g) (m/s) accel (r/s2)
ocity (r/s)

69 A 10.3 4796 153 61 5.0 4381 19.9 50 38 3.1 2620 23.0

77 A 9.9 5612 185 80 5.2 5148 36.4 53 35 4.2 2714 25.5

84 A 9.4 6431 222 82 6.3 9193 80.9 78 45 4.4 3169 26.5

113 A 7.0 6323 140 59 5.1 3965 12.8 75 61 3.7 3700 31.2

118 A 10.7 8937 378 101 9.6 7017 42.9 73 56 3.7 3687 23.4

124 A 11.4 7959 282 81 7.5 7138 34.8 73 56 3.1 4086 16.1

148 A 6.6 4065 99 48 5.1 3476 23.9 37 33 3.9 2466 26.5

157 A 10.8 9568 472 103 8.1 6750 33.5 180 79 5.0 4662 15.7

181 A 11.7 6877 382 93 7.1 8011 36.5 333 85 7.3 6613 55.8

9 B 10.3 11680 600 134 10.1 7428 27.4 217 79 2.3 6719 18.7

38 B 9.5 9776 554 118 9.7 9678 50.8 127 60 4.0 5205 28.2

39 B 10.9 7889 522 129 8.4 5921 36.1 43 44 2.3 4487 10.4

57 B 8.8 5333 206 77 6.0 6514 37.0 38 32 4.1 4151 33.2

71 B 10.3 8258 510 123 7.3 5400 35.0 434 102 6.6 5541 32.4

98 B 9.6 7953 301 91 6.2 7548 43.4 187 84 4.8 4487 38.5

125 B 11.7 9015 633 113 9.1 7716 63.3 111 47 4.2 3366 28.1

135 B 10.0 11490 566 138 8.6 7540 41.0 179 81 3.8 5005 29.3

155 B 9.1 6247 341 100 6.6 6940 37.0 61 45 4.2 4217 29.5

162 B 5.5 4505 77 52 4.2 2615 18.4 30 29 3.2 1672 17.2

7 C 6.9 6030 93 61 4.6 6266 28.1 51 50 2.2 2832 9.8

67 C 8.1 632 135 8.0 5957 13.8

92 C 11.1 11510 508 107 10.0 6878 44.2 164 60 5.6 6070 43.8

164 C 10.8 7872 370 124 6.0 9590 26.6 202 89 5.1 6136 30.8

123 D 6.3 730 121 8.3 4727 30.3

133 D 6.0 557 113 8.4 5012 16.0

Average 9.3 7642 381 98 7.2 6432 34.8 127 58.5 4.1 4255 27.0

SD 1.9 2259 197 28 1.8 1813 15.2 104 21.4 1.3 1405 10.6



fourfold to 87.6 � 21.2 mm and 29.9 � 9.5 degrees. Figure 5
shows the resultant displacement and rotation for the indi-
vidual cases at 10 and 20 ms. The responses are clustered
below 35 mm and 15 degrees at 10 ms but significantly
increase by 20 ms.

For impacts to the back of the helmet, the head experiences
a high ∆V, particularly with rebound off the ground. For
Condition D, ∆V was 9.4 � 1.1 m/s at 20 ms and head displace-
ment was 107.7 � 15.7 mm. The head experiences rotations
primarily about the z axis for Condition C and about the y and
z axes for Condition D.

Figure 6 shows the neck force and moment measured in
four struck players. The largest force is neck tension, which
reaches its maximum at around 20 ms. The largest neck
moments are about the x axis. They reach maxima after the
primary impact force and are consistent with the lateral
bending of the neck seen in Figure 1. The moment about the
z axis increases steadily through 40 ms and is associated with
increasing head rotation angles. At 20 ms, the twist moment
around the z axis averaged 17.7 � 3.3 Nm and neck tension
was 1704 � 432 N for the four tests with the struck player
having the upper-neck load cell.

Geometry of the Helmeted, Hybrid III Head and Neck

Figure 7 is a drawing of a helmet on a player with axes
through the cg of the head. The facemask extends approxi-
mately 160 mm forward, and the front of the chin is 95 mm
forward of the head cg. For Condition A impacts, contact is
120–160 mm forward of the head cg and an additional 50 mm
forward of the z axis of the neck. For Condition B impacts,
the contact ranges from 0 to 120 mm forward of the head cg.
Impacts to the back of the helmet (Conditions C and D) are
closer to the head cg and z axis of the neck. The forward pro-
jection of the helmet, chinstrap, and player’s face from the
z axis of the neck and head cg promotes z axis rotation for
impacts to the front of the helmet.

Depending on the initial axis of impact and subsequent
helmet-head motion, the moment arm may be as large as 70
to 140 mm forward of the z axis of the neck. Figure 8 shows
the Hybrid III head and neck. The neck axis is leaning for-
ward 5 degrees in the Hybrid III dummy. The centerline of
the upper neck bracket is 18 mm rearward of the z axis
through the head cg; it is 30 mm rearward at the lower 
neck bracket.
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a SD, standard deviation.

TABLE 2. Average translational responses of the struck player’s head at 10 and 20 ms with concussiona

Acceleration (g) Velocity (m/s) Displacement (mm)

Ax Ay Az Ar Vx Vy Vz Vr Dx Dy Dz Dr

Condition A, 10 ms

Average –37.8 42.0 4.2 60.2 –3.1 2.9 –0.4 4.4 –11.7 10.3 –1.8 16.2

SD 19.1 13.5 3.6 9.8 1.3 0.9 0.3 1.2 5.2 4.8 1.3 6.3

Condition A, 20 ms

Average 4.8 5.9 –10.8 14.9 –4.5 4.0 –0.7 6.9 –50.7 46.4 –6.0 73.8

SD 5.1 5.7 7.8 8.0 2.0 1.0 0.3 1.5 21.2 11.0 4.2 14.6

Condition B, 10 ms

Average –15.7 49.5 –6.1 54.0 –1.7 5.3 –0.7 5.8 –6.9 20.1 –2.9 22.1

SD 15.8 18.9 7.6 21.6 0.7 1.4 0.8 1.2 2.3 6.3 3.3 5.6

Condition B, 20 ms

Average 5.6 7.6 –15.3 19.8 –2.3 6.7 –1.7 8.3 –27.9 84.0 –13.3 94.7

SD 6.0 5.1 11.0 10.3 1.5 1.8 1.2 2.0 13.4 22.0 13.1 20.7

Condition C, 10 ms

Average 4.3 36.2 –10.4 39.8 0.8 5.0 –1.7 5.5 3.5 20.8 –7.0 22.9

SD 5.9 26.6 7.7 24.6 0.5 1.5 1.2 1.6 1.0 7.8 4.7 7.9

Condition C, 20 m

Average 3.5 6.6 –22.1 24.0 0.7 6.4 –2.4 7.7 11.0 81.0 –26.9 90.6

SD 3.5 5.6 14.2 14.3 0.7 2.0 1.7 2.3 7.0 20.7 20.1 25.3

Condition D, 10 ms

Average 55.8 31.3 –32.8 73.0 5.2 2.5 –3.0 6.7 18.1 8.4 –11.3 24.0

SD 20.1 6.5 29.0 31.2 1.7 0.9 0.4 1.3 10.6 4.7 0.2 9.0

Condition D, 20 ms

Average –8.6 6.1 –8.8 14.3 6.0 3.2 –4.6 9.4 78.7 39.7 –50.3 107.7

SD 11.5 3.9 6.3 12.5 0.1 0.2 0.5 1.1 18.1 10.2 8.9 15.7



Relationships for Concussion Risks

Chou and Nyquist (3) assumed a half-sine head acceleration
and determined various relationships for head impacts and
HIC. For example, Equation 10 simplifies to:

where Ap is the peak head acceleration (in g) and T is the dura-
tion of the half-sine pulse (in s). HIC can also be related to
head impact variables, such as the head ∆V (in m/s) and peak
acceleration Ap:

They also determined that displacement of the head is:

where d (in m) is head displacement at the end of the half-sine
acceleration. One relationship they did not determine can be
found by combining Equations 12 and 13. This gives a relation-
ship between HIC, head ∆V and head displacement (d):

Concussion in NFL Players

Table 4 shows the most common signs and symptoms of con-
cussion in NFL players during the 1996 to 2001 seasons (30).
The most common symptom is a headache (55.0%), followed
by dizziness (41.8%), and then a series of cognitive and mem-
ory problems. Neck pain occurs in 12.6% of concussions. This
sample included 787 reported concussions in 3826 team games
(1913 games) during preseason, regular, and playoff games.
The annual incidence of concussion was 131.2 � 26.8 per year,
or 0.41 per game, in this sample.

The reconstruction data was analyzed for impact responses
causing concussion (37). Peak head acceleration was 94.3 �
27.5 g with concussion and 67.9 � 14.5 g without (t � 3.02;
df � 12; P � 0.005). The peak impact force averaged 7642 �
2259 N with concussion and 5209 � 1774 N without injury
(t � 2.62; df � 7; P � 0.017). The head ∆V was 7.08 � 1.88 m/s
with concussion and 5.38 � 0.48 m/s without (t � 3.75; df � 24;
P � 0.0005). These differences are statistically significant.
Similar response comparisons have not been made for head
displacement and rotation.
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HIC = 0.4146A2
p

.5 T (11)

HIC= 0.0132�VA1
p
.5 (12)

d = 0.1246�V2/Ap (13)

HIC = 0.0058�V4/d1.5 (14)

a SD, standard deviation.

TABLE 3. Average rotational responses of the struck player’s head at 10 and 20 ms with concussiona

Rotational acceleration (rad/s2) Rotational velocity (rad/s) Angle (degree)

�x �y �z �r �x �y �z �r �x �y �z �r

Condition A, 10 ms

Average 1322 1419 2155 3266 6.2 4.7 19.7 26.2 1.2 1.1 4.6 6.0

SD 1169 1436 1639 1888 5.1 4.5 14.2 14.2 1.5 0.7 3.2 3.2

Condition A, 20 ms

Average 857 –693 –939 1645 12.6 –13.5 23.7 47.8 5.7 –3.9 17.8 27.0

SD 540 468 745 619 6.7 6.9 31.6 22.1 4.4 3.2 13.7 13.2

Condition B, 10 ms

Average 1794 427 –2007 3149 14.1 –4.7 20.8 32.8 3.4 –1.0 4.8 7.8

SD 1631 321 1580 1580 7.8 3.7 11.5 7.4 2.1 0.8 2.5 1.9

Condition B, 20 ms

Average 1514 583 976 2248 21.1 –6.8 25.9 54.7 14.3 –4.2 17.4 33.8

SD 1510 466 1235 1546 9.7 4.4 14.3 12.0 8.1 2.9 12.5 6.1

Condition C, 10 ms

Average 1904 1143 –472 2354 16.6 5.4 11.8 29.0 4.2 1.4 3.8 7.6

SD 513 528 430 457 12.7 3.7 8.4 6.2 2.9 1.0 3.0 2.4

Condition C, 20 ms

Average 1177 –754 406 1537 21.6 3.6 8.0 46.9 15.9 4.3 8.9 29.8

SD 835 454 282 810 15.4 2.1 5.6 4.5 11.2 1.1 7.8 5.2

Condition D, 10 ms

Average –607 1486 477 1707 2.3 8.3 –11.6 21.8 0.6 1.4 –3.4 5.0

SD 762 729 249 975 3.2 3.8 4.7 3.4 0.4 0.8 0.2 0.9

Condition D, 20 ms

Average 556 867 607 1212 9.4 18.3 –5.0 40.8 4.0 7.5 –8.0 23.2

SD 276 850 452 961 7.0 20.8 6.6 12.8 3.6 8.2 2.6 4.9



HIC is proportional to the fourth power of the head ∆V and
inversely related to head displacement to the 1.5 power.

Kinetic energy (E) transferred to the head of the struck player
is related to head ∆V:

so HIC can be considered proportional to the square of the
kinetic energy transferred to the struck player’s head in a col-
lision divided by head displacement to the 1.5 power.
Equation 14 is helpful in considering relationships and influ-
ences on head injury, including the influence of neck strength
on concussion risk.

Concussion is correlated with HIC (28). Equation 14 indi-
cates that HIC are related to ∆V4. This means that a 10% reduc-
tion in head ∆V gives a 34% reduction in HIC assuming a con-
stant head displacement (d). ∆V has a significant influence on
concussion risk. Equation 14 also shows the influence on
increased head displacement (i.e., padding thickness on the
side of the helmet). A 10% increase in head displacement
reduces HIC 15%. The benefit of head displacement increases
by the 1.5 power. However, head ∆V and d are interdependent
and the actual benefits of head displacement are less because of
the coupling of the parameters.

Influence of Neck Strength
Figure 9 shows the results of helmet impact simulations

where neck stiffness was varied from 30 to 240 N/mm and all
other parameters were held constant, except torso mass. The
responses are shown normalized to that of the 50% Hybrid III
dummy that was used in the laboratory reconstructions. Data
points represent the simulated responses and the line is a curve
fit using a power function. Increasing neck stiffness reduces
peak head acceleration and ∆V. The effect makes a large differ-
ence in HIC because the difference in ∆V is raised to the fourth
power. Because HIC is the strongest correlate with concussion
in the NFL reconstructions (28), this analysis indicates an
important role for neck strength controlling head responses
and concussion risk.

For example, an increase in neck tension from 80 to 180
N/mm causes a 14% reduction in head ∆V, but a 46% reduction
in ∆V4 and only a 11% reduction in head displacement at 15 ms.
Using Equation 14, the effect on HIC is a 35% reduction. By
introducing early forces in the neck, head acceleration and ∆V
are lower and HIC is substantially reduced by coupling more of
the torso mass into the collision. The weaker necks of females
and children cause a disproportionate increase in head ∆V and
HIC and would significantly increase the risk of concussion.
The ∆V4 response of the 10-year-old boy and 5% female are
about twice that of the 50% male.

DISCUSSION

Role of the Neck in Concussion
This study has shown that neck force influences head rota-

tion and displacement and may play a role in the development
of brain dysfunction after closed head injury. These results are
consistent with the earlier observations of Denny-Brown and
Russell (4) that concussion in animal models depended on
movement of the head and neck and that head ∆V was a signif-
icant factor in brain injury. They are also consistent with obser-
vations from the world of boxing that knockouts and many
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E = 0.5mStruck�V2 (15)

FIGURE 4. Bar graphs showing the resultant head displacement and rota-
tion at 10 and 20 ms for the struck player. The average responses are
shown for impacts to the helmet (Conditions A–D). The x axis is the ante-
rior-posterior direction, the y axis is the lateral direction, and the z axis is
the superior-inferior direction. Rotation about the x axis is lateral bending,
rotation around the y axis is flexion-extension, and rotation around the z
axis is head rotation where the eyes move right or left.

FIGURE 5. Resultant displacement and rotation of the head for NFL con-
cussions averaging 20.2 � 6.8 mm and 6.9 � 2.5 degrees at 10 ms, and
87.6 � 21.2 mm and 29.9 � 9.5 degrees at 20 ms.



effects are influenced by not only the early neck forces but
rapid head displacements and ∆V of the collision.

Much of the clinical symptomatology of concussion is
related, at least in part, to dysfunctions in deep midline brain

serious brain injuries occur as a result of diminished tone of the
neck muscles (35). A series of blows to the head may result in
a “groggy state” in which “the muscle tone, most obviously
that of the neck, is reduced, and the head moves like a pendu-
lum under the blows. It sustains, therefore higher accelerations
and, consequently, more severe effects” (35).

The findings of the present study are also consistent with
the authors’ previous observations using finite element models
that the highest strains and strain rates in the brain occur more
than 10 ms after the high impact forces and that the greatest
strains and strain rates were seen in deep midline structures,
such as the midbrain, which are near the head cg (38, 39). Late
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FIGURE 7. Representation of the head with helmet showing the loca-
tion of the cg of the player’s head and typical dimensions of the facemask
and shell.

FIGURE 8. Schematic of the Hybrid III dummy head
and neck showing the head cg and offset of the center-
line of the upper and lower neck and chin. Modified
from, Backaitis SH, Mertz HJ (eds): Hybrid III: The
First Human-like Crash Test Dummy. Society of
Automotive Engineers, PT-44, Warrendale, 1994 (1).

FIGURE 6. Line graphs showing neck forces and moments measured at the
upper neck for four struck players (Cases 38, 57, 84, and 118). The signs of

some responses have been reversed so the trends are in the same direction.



structures. In a previous study (38), finite element modeling
was used to demonstrate correlations between late occurring
shear strain in deep midline structures such as the midbrain,
the fornix and the corpus callosum to concussion-related cog-
nitive and memory dysfunction, loss of consciousness and
delayed return to play. Many of the frequently seen symptoms
and/or signs of concussion in NFL players are included in
these categories, including dysfunction of immediate recall,
retrograde amnesia, difficulties with information processing,
difficulties with attention, anterograde amnesia, and loss of
consciousness.

The most common symptom, headache, did not correlate
with FE modeling results. Although headache is a non-
specific symptom in terms of localization, it is not unreason-

able to speculate that the brainstem region may serve as a
generator for some types of migraine-like headaches after
concussion. It is also not unreasonable to suggest that two
other common symptoms after concussion, namely dizziness
and blurred vision, which did not correlate with late high
strains in the deep midline structures on FE modeling, may be
at least partially the result of brainstem dysfunction. It is,
therefore, possible that lessening the late high shear forces in
the deep midline brain structures might also lessen the pat-
tern and severity of the clinical syndrome of concussion.
These strains occur late, after the high forces of the helmet col-
lision, during the period of time during which the neck is
being deformed by head displacement.

These findings may help to explain some of the clinical phe-
nomena of concussion in sports. A number of studies have sug-
gested that younger athletes (children and adolescents) have a
higher susceptibility to concussion and a more delayed recov-
ery from concussion than those in their 20s and 30s (5, 15–18,
23, 33, 41). The reasons for these differences are not clear,
although some type of increased susceptibility to trauma in
the developing brain seems like a plausible explanation.

The results of this present study suggest that the answer
may, in part, lie in the relatively weaker, developing neck mus-
culature of the younger athlete. High school and college foot-
ball players have weaker neck muscles than professional foot-
ball players based on scaling in various publications (7, 13,
19–22). As a result, they may exhibit higher head displace-
ments than their professional counterparts. This could result in
higher strains and strain rates in the midline brain structures
occurring late in the collision sequence. This could also explain
why head impacts resulting from velocities and accelerations
of lower magnitude have a more deleterious effect upon the
brains of younger athletes than those of higher velocities and
accelerations seen in the professional game upon those more
mature brains (Fig. 9). As a result of their relatively weaker
neck muscles, younger athletes may develop higher ∆V, which
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a RGA, retrograde amnesia; AGA, anterograde amnesia.
b Based on 623 reported cases.

TABLE 4. Initial signs and symptoms for 787 reported concussions in National Football League games from 1996 to 2001a

Signs and symptoms (n � 2166) No. Percentage 95% confidence interval

Headache 433 55.0 (51.5%, 58.5%)

Dizziness 329 41.8 (38.4%, 45.2%)

Immediate recall 201 25.5 (22.5%, 28.5%)

RGA delayed 142 18.0 (15.3%, 20.7%)

Problems processing information 138 17.5 (14.8%, 20.2%)

Blurred vision 128 16.3 (13.7%, 18.9%)

Attention problems 102 13.0 (10.7%, 15.3%)

Neck pain 99 12.6 (10.3%, 14.9%)

AGA delayed 74 9.4 (7.4%, 11.4%)

Unconsciousnessb 58 9.3 (7.0%, 11.6%)

Fatigue 71 9.0 (7.0%, 11.0%)

FIGURE 9. Line graph showing the response of the head relative to the
average male (50% male Hybrid III), including the head ∆V and ∆V4,
which is proportional to HIC (see Equation 14). Data on neck strength are
taken from the literature and are identified for various sized people with
normal neck tension to maintain the head upright. Stronger necks repre-
sent maximum tension for well-conditioned athletes.



results in a magnified increase in HIC and, thus, an increased
risk of clinical concussion.

If a crucial difference is between the strength of neck muscu-
lature and not between the levels of brain development, then it
follows that increasing the strength of those neck muscles
might diminish the frequency and severity of concussion in
younger athletes. In fact, our model shows that increasing the
strength of the neck muscles diminishes head ∆V, resulting in
a significant lowering of the HIC because of the powerful math-
ematical relationship between the two, see Equation 14. This
indicates that even relatively small changes in the strength of
neck muscles may have significant effects on the forces related
to the development of clinical concussion. This effect needs to
be verified.

Weight training or other exercise programs aimed at specifi-
cally increasing the strength of neck muscles that resist rotation
(z axis rotation of the head) might be of special value in this
regard. It is our understanding that strength training focuses on
neck muscles resisting flexion-extension and to a lesser degree
lateral bending. We are unaware of any exercise program to
develop muscles resisting head rotation (twist). It also may be
possible to engineer protective equipment that limits head dis-
placement and rotation in younger football players, thus low-
ering their susceptibility to concussion.

In a similar vein, it is possible that the incidence of concus-
sion in female athletes could be lowered if head ∆V and dis-
placement could be lessened. Female athletes generally have
weaker neck muscles than males (9, 19–22). Females are, there-
fore, more likely to experience higher ∆V and displacements
after impact than their male counterparts (Fig. 9). Exercise
and/or weight training programs that specifically increase the
strength of neck muscles that resist rotation and head displace-
ment might lower the incidence of concussion in women’s
sports. A similar benefit for female athletes might also result
from protective equipment design changes that limit head
movement after impact.

The helmet collision model was used to determine impact
velocity as a function of neck stiffness (strength) that gave the
same head ∆V as for the 50% male. This resulted in a power fit
relationship: VStriking � 0.436kN

0.189, R2 � 0.995. The 5% female
has a 13% lower impact velocity for an equivalent head ∆V as
the 50% male. Head acceleration for the struck player is influ-
enced by forces in the neck. The relationship can be seen in a
variation of Equation 6:

where the neck stiffness (kN) and head displacement with
respect to the torso (dN) determine force in the neck. Force in
the neck resists head displacement and is proportional to the
relative displacement between the struck player’s head and
torso. Becasue kN and mStruck are smaller in the 5% female than
the 50% male, head acceleration will be greater for the same
impact force. The greater the strength of the neck, the lower the
head acceleration and ∆V for a given helmet impact force.

Based on the present results, one could suggest that a specific
individual difference that may account for the variability in

susceptibility to concussion is strength of neck musculature,
specifically in regard to the ability to resist head rotation and
displacement. These differences may be genetic or develop-
mental in origin and could possibly be altered by specific exer-
cise programs. Some players with increased susceptibility (e.g.,
perhaps those few NFL players who experience multiple con-
cussions) as a result of relative neck musculature weakness
might benefit from preventative exercise programs specifically
aimed at increasing the strength of the neck muscles that resist
rotation and head displacement and/or by custom designed
protective equipment aimed at limiting delayed head rotation
and displacement.

The authors’ previous studies have shown that head impacts
exceeding certain velocities and accelerations are correlated
with the occurrence of concussion in NFL players (28, 29). The
present study shows that head ∆V may be a more important
factor in concussion risk than the absolute impact velocities
and peak head accelerations. This can help to explain why
some NFL players who sustained head impacts that exceeded
the velocity-acceleration thresholds did not experience clinical
concussion and some who sustained head impacts below those
thresholds did develop clinical concussion (28, 29). The authors
have tried to explain these cases as being the result of “individ-
ual differences” between players, but there may be underlying
biomechanical factors influencing concussion risk. This study
has quantified some of those factors but has not quantified the
effects of differing head rotation because there is no accepted
head injury criterion for rotation. It seems logical that the high
z axis rotations may be a factor in concussion.

Impacts to the Front of the Helmet
Another interesting finding of this study is that impacts to

the facemask resulted in larger head rotations than impacts
directly to the helmet shell. Because the facemask juts far out in
front of the face, it is significantly further from the head’s cg
and the z axis of the neck than the helmet shell itself. As a
result, impacts to the facemask have a greater moment arm
than those to the shell, resulting in significantly higher rota-
tions. This may result in higher forces affecting the midbrain
and other deep midline structures, thus increasing the risk of
clinical concussion. Similarly, blows directly to the chin or lat-
eral loads through the chinstrap may also increase risk of clin-
ical concussion because the chin protrudes forward of the head
cg. This may also explain why boxing blows directly to the
chin from a hook often result in knockouts. It may be possible
to engineer different facemasks and different chinstraps that
limit rotations and head displacements occurring from loads
forward of the head cg and z axis of the neck. Such equipment
improvements might lessen the incidence and/or severity of
concussion in all football players.

Concussion Relationships
Pellman et al. (28) determined an HIC tolerance of 250 for

concussion based on the reconstruction of NFL player injuries.
Using an HIC of 250 in Equation 14, the allowable head ∆V is
related to the distance moved by the head during impact:
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∆V � 14.4d0.375. For a d value of 0.05 m (50 mm), the allowable
∆V is 4.7 m/s. The allowable ∆V increases gradually with head
displacement. A 20 mm increase in distance gives a 0.63 m/s
increase in head ∆V; this is only a 13% increase. This is a rela-
tively small increase in head ∆V for a large increase in the dis-
tance the head is displaced during impact. Head ∆V is the dom-
inant factor in Equation 14. This is consistent with the
observation of Denny-Brown and Russell (4) that the rapid
change in head velocity (∆V) is a key factor in brain injury.
The most effective means to reduce the risk of concussion
may be to reduce head ∆V in the response region of most sus-
ceptibility to injury.

Because of the highly nonlinear nature of head ∆V, HIC,
and the probability of concussion, a 10 to 20% reduction in
head ∆V or HIC may mean anything from virtually no
change in concussion risk to something substantial. This
depends on the particular value of the biomechanical
response in relation to concussion risk. Logist risk functions
have been defined for NFL concussions (28) and they are sig-
moidal in shape with a region of increasing risk between
plateaus at 0 and 100% risk. Any reduction in a biomechani-
cal response needs to be considered in regard to its effect on
reducing concussion risk in the transition region between the
plateaus of low and high risk. Furthermore, there remains
debate over the most meaningful biomechanical parameters
associated with head injury (25, 26, 28).

New Football Helmets
By 1980, significant reductions in serious head injuries were

observed with the voluntary adoption of National Operating
Committee on Standards for Athletic Equipment (NOCSAE)
standards by helmet manufacturers. In youth football, a 51%
reduction in fatal head injuries, a 35% reduction in concus-
sions, and a 65% reduction in cranial fractures were observed
(12). Between 1981 and 1985, there were further reductions in
fatal head injuries. Although rule changes were also imple-
mented, most of the reductions were considered to be related
to helmet design because neck injury rates increased, indi-
cating that significant head impacts were still occurring.
Hodgson and Thomas (11) reported on the performance of
pre- and poststandard helmets in NOCSAE tests; 84% of the
prestandard helmets exceeded an SI of 1450, whereas the
poststandard helmets exhibited an average SI of 1064. Mertz
et al. (21) converted the SI values to serious head injury risks
and concluded that the NOCSAE standard and helmet design
changes had reduced the risk of head injury from 55 to 12%.
Cantu and Mueller (2) have summarized reductions in fatal
head injuries in football.

In the early 2000s, football helmets were specifically modified
to reduce concussion risks. This included the Adams USA Pro
Elite, Riddell Revolution, and the Schutt Sport Air Varsity
Commander (AVC) and DNA. These designs have been shown
to reduce concussion risks in collisions representative of NFL
player experiences (40). Depending on the biomechanical
response, the reductions are in the range of 10% for HIC and
peak head acceleration and up to 20% based on rotational accel-

eration. This is an encouraging trend with the newer helmets as
NOCSAE pursues the development of football helmet stan-
dards for concussion (32). This study describes additional fac-
tors that may influence concussion and may point to further
means to improve player safety.
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COMMENTS

Perhaps the most important take-home message from this latest in
the series of remarkable articles by the National Football League’s

(NFL) Mild Traumatic Brain Injury (MTBI) Committee is that increas-
ing a player’s neck strength may be an effective way to minimize the

risk of future concussions. Another interesting result is that some inter-
ventions that seem intuitively obvious, such as increasing the amount
of padding in helmets, may not be as effective as one might think at
preventing concussions.

Alex B. Valadka 
Houston, Texas

This study, Part 14 of the NFL MTBI Committee’s studies, focuses on
head impact velocity and the various force vectors involved with

football collisions in reference to concussive injuries. Their findings
showed characteristic head displacement, rotation, acceleration, and
neck loads depending on several factors. A total of 31 collisions that
involved 25 concussions in players who were struck, the majority of
whom sustained frontal impacts, were reconstructed and analyzed.
Much data is presented regarding the biomechanical forces sustained;
for instance, the peak head acceleration for the struck player was
94 � 28 g and a velocity change of 7.2 � 1.8 m/s. Head displacement,
rotation, and neck tension were all computed using their modeling
methods. Another key finding was that progressive increases in neck
stiffness reduced peak head acceleration and change in velocity,
emphasizing the influence of an effectively strong neck to mitigate
head rotation, displacement, and, presumably, the forces transmitted to
the brain.

They report that the highest strain forces and rates occur more than
10 m/s after a high-impact force, with impartation by rapid head dis-
placement of these forces to the deep brain structures. They postulate
that the midbrain is the anatomical site of concussion origin. It is not
surprising that the forces continue to propagate to the midbrain level,
but I disagree with the authors’ assertion that many of the clinical man-
ifestations of concussion represent mesencephalic dysfunction. Rather,
in my experience, the majority of concussion symptoms are cortical in
origin, and headaches do not originate at the brainstem region but are
vascular and supratentorial. Although the relative contribution of neck
musculature is undoubtedly of vast importance, I don’t think weak
necks have been a major contributing cause of the majority of concus-
sions in football, especially at the collegiate and professional levels.
Rather than being caused by having a weak neck, I believe there is suf-
ficient experiential and experimental evidence to conclude that being
struck with high velocity forces and/or in an unprepared state (e.g.
being “blindsided”) is what leads to most traumatic brain injuries in
sports. On another matter, it is also not accurate to infer the degree of
long-term injury potential by analysis of active players.

As reported, the newer helmet designs have reduced head injury cri-
terion by 10% and peak head acceleration by up to 20% in rotational
acceleration. Viano et al. state that concern for concussion in football
began in the mid-1990s. However, it actually began with the work of
Richard Schneider and others in the late 1960s when football helmet
modifications first began in earnest. As noted, by the early 1970s, sig-
nificant helmet improvements had occurred. In my personal experi-
ence, the change from the old web suspension to the thick internal
padding and four-way chin strap were the biggest advances thus far,
notwithstanding the changes in recent helmet models, some of which
were driven by commercial reasons. Given the nature of the sport and
its participants, a progressively linear reduction of head injuries may
not be possible with further helmet modifications, as acceleration-
deceleration forces will continue to be operative regardless of head
protection. They suggest that future modifications in the face mask
and chin strap system may be possible. However, I am not certain
whether or not the lever arm potential of the face mask could ever be
substantially reduced. Currently, even the buckling of all four fixation
points of the chin strap is not enforced by officials.

NEUROSURGERY VOLUME 61 | NUMBER 2 | AUGUST 2007 | 327

CONCUSSION IN PROFESSIONAL FOOTBALL



Within the limitations of the authors’ case study selection and two-
dimensional model, this study adds to our knowledge and is replete
with data of the physics involved in football and those biomechanical
forces associated with concussion. Future researchers should continue
to measure these factors and build upon the work which Viano et al.
have begun.

Julian E. Bailes
Morgantown, West Virginia

Viano et al. have presented their 14th article in their series examin-
ing MTBI in professional football. Using analysis from video

replays and simulators in the laboratory setting, they reconstructed a
total of 31 collisions that resulted in concussions in 25 players. They
were able to measure the translational and rotational acceleration of the
head and loads placed on the neck during these collisions.
Furthermore, the authors developed a model examining the role of
increasing neck stiffness on the biomechanics of concussions.

This work by Viano et al. is another important contribution toward
better understanding the forces sustained by the head and neck during
blunt head trauma. By reconstructing and analyzing specific instances,
they provide us with a glimpse at the forces necessary to cause concus-
sions in the human brain. Although these insights are from the study
of impacts in professional football, the information gathered can be
used as a model and database for the study of MTBI in general. 

Another interesting aspect of this article was their examination of
neck strength and its ability to minimize the displacement and acceler-
ation of the head during impact, thus decreasing the chances of sustain-
ing a concussion. It will be interesting to see if new training techniques
(i.e., additional neck strengthening exercises) or equipment designs
(i.e., modifications to the shoulder pads and helmets) can be developed
to take advantage of this information.

Although there have been some discussions in the past regarding
findings from previous articles in this series, this particular addition
serves as a necessary and thorough biomechanical study of MTBI.
Besides providing us with more insight into the biomechanics of con-
cussions, studies such as these allow product manufacturers to tailor
their equipment designs to minimize and better dissipate these forces
and to better protect the tens of thousands of individuals who play
some form of organized football every year.

Min S. Park 
Michael L. Levy 
San Diego, California

This biomechanical model of head impact in professional football
suggests that stronger neck muscles will reduce the likelihood of

concussion. Certainly, this makes anatomical sense. However, the
model fails to account for a player’s relative awareness or unaware-
ness of an impending impact. Many concussions occur after a “blind-
side” hit that the concussed player never saw coming and which
occurred without any preemptory neck flexion on the part of the con-
cussed victim. So, although this biomechanical modeling is a useful

exercise in the abstract, it may have less relevance on the field.
Nonetheless, safer helmets are needed to further reduce the incidence
of concussion in these professional athletes given the deleterious and
cumulative impact of repeated concussion. Of note, the authors’ asser-
tion, citing their own work, that there are minimal effects of multiple
concussions in active NFL players is in stark contrast with much of the
recent concussion literature (1–4). 

Daniel F. Kelly
Los Angeles, California

1. Centers for Disease Control and Prevention (CDC): Sports-related recurrent
brain injuries: United States. MMWR Morb Mortal Wkly Rep 46:224–227,
1997. 

2. Guskiewicz KM, McCrea M, Marshall SW, Cantu RC, Randolph C, Barr W,
Onate JA, Kelly JP: Cumulative effects associated with recurrent concussion
in collegiate football players: The NCAA Concussion Study. JAMA 290:
2549–2555, 2003. 

3. Kelestimur F, Tanriverdi F, Atmaca H, Unluhizarci K, Selcuklu A, Casanueva
FF: Boxing as a sport activity associated with isolated GH deficiency.
J Endocrinol Invest 27:RC28-32, 2004.

4. Wall SE, Williams WH, Cartwright-Hatton S, Kelly TP, Murray J, Murray M,
Owen A, Turner M: Neuropsychological dysfunction following repeat concus-
sions in jockeys. J Neurol Neurosurg Psychiatry 77:518–520, 2006.

Viano et al. and the NFL MTBI Committee are to be congratulated on
the 14th contribution in a superb series of the analysis of concus-

sions in NFL players. The subject of helmets and neck strength are an
important part of this discussion. It should be stated again that the
1980s National Operating Committee on Standards for Athletic
Equipment standard and subsequent significant helmet changes made
for a huge drop in fatalities, fractures, and concussions in football play-
ers everywhere. The current study will add more specific knowledge on
how to better protect the NFL player and, hopefully, by extrapolation,
protect all who play the sport. However, the true incidence of intracra-
nial injury in NFL players is not known. There is no prospective Class
I or II data from the NFL tracking each player with a concussion.
Although each player now receives extensive neuropsychological exam-
inations as part of their baseline examination, which is a major positive
step in protection and management of the players, there have been no
guidelines introduced on how to best manage each concussed player.
This decision is left to the team physician. The data presented in Part 7
of this fascinating series of articles revealed that approximately 15% of
players return to play immediately and approximately 34% rest and
return to the same game after concussion. According to the authors in
Part 7, return-to-play did not appear to present an increased risk of a
second injury. However, until the team doctors, players, and their agents
request that all concussed players undergo a routine scan, we shall
never fully grasp the true sequelae of these concussions and how best
to protect the players in addition to designing better helmets. 

Richard G. Ellenbogen 
Seattle, Washington
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