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Concussion

Abnormal Motor Response Associated With
Concussive Injuries: Biomechanical Comparison
Between Impact Seizures and Loss of Consciousness
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Context: Loss of consciousness (LOC) and impact seizures
associated with concussion represent different clinical presen-
tations of concussion; however, they are often investigated and
treated similarly. The biomechanical parameters differentiating
these 2 distinct signs of injury are poorly described.

Objective: To differentiate between cases of concussions
with LOC and those with impact seizures by comparing the
impact velocity, peak linear and peak rotational acceleration, as
well as brain tissue deformation in the cerebral cortex, white
matter, brainstem, cerebellum, thalamus, and corpus callosum.

Design: Descriptive laboratory study.
Patients or Other Participants: Elite American football

players who sustained an LOC (n¼ 20) or impact seizures (n¼
21).

Main Outcome Measure(s): Impact velocity, peak linear
and peak rotational acceleration, maximum principal strain,
cumulative strain damage measure at 10%, and strain rate (SR).

Results: The SR in the cerebral white matter was greater in
the LOC group than in the impact-seizure group. Similar trends
were observed for SRs in the cerebral cortex, brainstem, and
corpus callosum. No differences were present between groups
for the other variables in this study.

Conclusions: A lower SR in certain brain regions helps to
explain why motor function is preserved and can be observed in
patients with impact seizures versus LOC from concussive
injuries.

Key Words: loss of consciousness, impact seizure, strain
rate, American football

Key Points

� In general, loss of consciousness and impact seizures represent similar severities of brain trauma as defined by
brain tissue deformation.

� Only strain rate in the white matter was greater in the patients with loss of consciousness than in those with impact
seizures.

O
n rare occasions, impact seizures are an abnormal
motor response observed after concussive impacts.
The clinical signs include flexor behavior, extensor

behavior, or a combination of both in the upper, lower, or
both extremities.1–3 The few researchers who have
investigated impact seizures after sport-related concussions
have used different terms to describe them.

McCrory et al1,4 retrospectively evaluated videos of
Australian football and rugby league players after concus-
sive impacts and described 22 cases of abnormal motor
response as concussive convulsions. They characterized 6
players as having an initial tonic posture and 20 as having
myoclonic jerks. In 17 patients, the abnormal responses
were bilateral, whereas 7 players demonstrated some
lateralizing features. All athletes had normal imaging, and
all returned to play within 2 weeks of the injury.

McCrory and Berkovic5 then prospectively investigated
acute motor and convulsive manifestations during sport-
related events. They observed 102 cases of concussions that
had convulsive or motor (or both) features and classified
them as having loss of consciousness (LOC; n¼ 75), tonic
posturing (n¼ 25), clonic movements (n¼ 6), unsteady gait
(n ¼ 42), and righting movement (n ¼ 40). Again, none of

the athletes displayed abnormalities on neuroimaging, and
all returned to play without any sequelae.

Hosseini and Lifshitz2 screened videos for the presence
of LOC and reported that 66% of patients with concussions
who demonstrated LOC had a form of abnormal motor
response that they defined as the fencing response. The
authors then attempted to replicate similar responses in rats
using fluid-percussion injury. They found that the fencing
response could only be elicited using an impact consistent
with a moderately severe injury but not with a mildly
severe or sham impact. The investigators postulated that
head impacts with a fencing response represented more
severe injuries than those without. Studies using rodents
and the fluid-percussion model may not translate well to
sport concussions in humans. However, the work of
Hosseini and Lifshitz is unique, as they were the only
researchers who attempted to characterize the impact
magnitudes that led to impact seizures in concussive
injuries. To our knowledge, no authors have evaluated
impact magnitudes in humans.

The current literature on impact seizures suggests they
are closely related to LOC, and the National Football
League recently announced that impact seizures would
be treated the same as LOC in their concussion protocol

Journal of Athletic Training 765

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-18 via free access



(https://www.playsmartplaysafe.com/newsroom/videos/
nfl-head-neck-spine-committees-concussion-protocol-
overview/). Loss of consciousness and impact seizures
seem to be closely related, as they often occur
concomitantly; however, they represent different clinical
manifestations of concussive injuries. An LOC is
characterized by complete loss of motor tone, whereas
in impact seizures, a motor response is still present. This
difference could be explained by the biomechanics of the
concussive events and the resulting brain tissue defor-
mation.

Adams and Victor6 suggested that a sign or symptom of a
brain injury is an expression of both the brain regions that
are dysfunctional and those that are normally activated or
overactivated. The authors expected that patients presenting
with impact seizures would experience less brain tissue
deformation in specific brain regions, allowing some motor
function to be preserved.

Researchers3,7–11 have proposed that both LOC and
impact seizures associated with head injuries are caused
by dysfunction in the deep structures of the brain, such as
the thalamus, brainstem, and cerebellum. The depth of
brain tissue deformation is related to impact energy and
impact velocity.12,13

Physical reconstruction and finite element (FE) model-
ing of head impact are tools for estimating brain tissue
deformations associated with these impacts and under-
standing the biomechanics of the impacts that led to them.
Past investigators14–16 have used physical reconstruction
of head impacts in sports to differentiate between previous
concussion and no-injury impacts. Previous authors16–19

have examined the relationship between maximum
principal strain (MPS), cumulative strain damage at 10%
(CSDM10), and strain rate (SR) and concussions and have
reported the metrics associated with these types of
injuries. Thresholds for a 50% risk of concussions ranged
from 0.19 to 0.27 for MPS, from 0.35 to 0.47 for
CSDM10, and from 48.5 to 57.4 s�1 for SR.16–19 These
values varied depending on the type of impacts being
reconstructed, the model used, and the region of the brain
measured. Scientists15,16 have also used peak linear and
peak rotational accelerations from laboratory reconstruc-
tions to differentiate between concussions and no-injury
head impacts. Zhang et al16 reported a 50% risk of
concussion in American football players with 82g and
5900 rad/s2 for peak linear and rotational acceleration,
respectively. Viano et al15 reported average peak linear
acceleration of 94g and average peak rotational acceler-
ation of 6432 rad/s2.

Among American football players, LOC occurs in
approximately 8% of reported concussions.20 The inci-
dence of impact seizures in American football athletes has
not been studied, nor have the biomechanical differences
between these 2 clinical signs of concussion been defined.
A better understanding of the biomechanics associated
with LOC and impact seizures could provide information
about the severity of the impacts that cause them. The
purpose of our study was to differentiate between
concussions with LOC versus impact seizures by compar-
ing the impact velocity, peak linear and peak rotational
acceleration, and brain tissue deformation (ie, MPS,
CSDM10, and SR).

METHODS

Patient Selection

We reviewed 5 years of video footage (1280 games) and
press releases from elite American football games to
identify cases of concussions with abnormal motor
responses, concussions with LOC, and concussions with
impact seizures. Only players for whom a press release was
issued to confirm the concussion diagnosis were included in
this study.

We divided the cases of concussion into LOC and
impact-seizure groups using video evidence of the impact
and the period immediately following (0–2 seconds). The
LOC group consisted of athletes who demonstrated a
complete loss of motor tone and the inability to protect
themselves after the impact. The impact-seizure group
consisted of athletes who displayed flexion or extension
behavior of the upper or lower extremity (or both) in any
combination. Players whose injury status could not be
confirmed were not included in this study.

In total, we studied 20 cases of LOC and 21 cases of
impact seizures (Table 1). We performed a power analysis
on pilot data and determined that 16 cases would be
sufficient to observe differences in impact velocity, peak
linear and rotational accelerations, and MPS in the brain
regions studied. However, for CSDM10 and SR, the
suggested sample size varied between 24 and 523 in each
group, depending on the brain region. The low incidence of
impact seizures in American football players and the
strictness of our inclusion and exclusion criteria did not
allow us to examine such a large number of cases.
However, these data were reported and the trends
interpreted in consideration of the statistical power.

Video Analysis for Injury Reconstructions

We performed a video analysis to obtain the impact
velocity, impact location and direction, and type of event
leading to the injury (helmet-to-helmet collision, shoulder-
to-helmet collision, or fall). We calculated the impact
velocity using Kinovea (version 0.8.20; Bordeaux, France)
by determining the distance between the injured player’s
head and the impacting surface using a calibration grid
placed on the field at a set time before the impact (0.04–
0.20 seconds). We set the time before impact when we
determined that no changes in the player’s velocity before
impact were observable (ie, not being slowed down by a
tackle elsewhere on the body or not being slowed down in a
fall by protecting himself with his arms). To measure
velocity using this method, we had to be able to observe the
head of the injured player at the time of the impact and at
the required timeframe for distance measurement. We also
had to observe known markers in the frame and on the field
to apply a calibration grid and measure the distance before

Table 1. Cases of Loss of Consciousness and Impact Seizures

Caused by Falls, Helmet-to-Helmet Collisions, and Shoulder-to-

Helmet Collisions, No.

Injury Status Falls

Helmet-to-Helmet

Collisions

Shoulder-to-Helmet

Collisions Total

Loss of

consciousness 3 11 6 20

Impact seizures 2 10 9 21
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the impact. A calibration grid had to be placed on the
playing surface in proximity to and in the general
orientation of the impact. These methods yielded measure-
ment errors of less than 10% in ice hockey.21 Given that the
error is vastly influenced by the size and proximity of the
calibration grid, it is likely to be similar or smaller in
American football since there are more markings on the
field to establish an optimal calibration grid.

Impact Reconstructions

We collected the 3-dimensional peak linear and rotational
acceleration using a Hybrid III headform (Humanetics
Innovative Solutions, Farmington Hills, MI) with a 3-2-2-2
array of accelerometers22 mounted on an unbiased neck that
allowed similar movement in all planes of motion.23

Several anthropomorphic test devices exist for head-impact
testing and have both benefits and disadvantages. We chose
to perform the reconstruction using the Hybrid III because
it is the most widely used human impact-test surrogate.
Also, the unbiased neck was designed to mimic the Hybrid
III headform without the directional bias.

We reconstructed injuries caused by falls using a
monorail drop rig consisting of a drop carriage attached
to a 4.7-m-long rail. A pneumatic piston releases the
carriage once it has reached the height necessary to obtain
the desired impact velocity. A photoelectric time gate
placed within 0.02 m of the impact measures impact
velocity. The ground was represented by a sample of
artificial turf (ACT Global sports turf, Austin, TX) that
included the layers and materials that are common in
artificial American football fields.

We performed reconstructions of helmet-to-helmet and
shoulder-to-helmet collisions using a pneumatic linear
impactor consisting of an impacting arm, sliding table,
and frame. For helmet-to-helmet collisions, the impacting
arm mass was 15.9 kg and equipped with a Hybrid III
headform wearing an American football helmet, for a total
striking mass of 24.0 kg. We used an impacting arm of
13.1-kg mass with a 0.142-m-thick VN 602 foam (Rubatex
International, Bedford, VA) and an American football
shoulder pad24 to reconstruct the shoulder-to-helmet
impacts. A photoelectric time gate placed within 0.02 m
of the impact measured impact velocity. Figure 1 displays
the reconstruction setups for each type of event.

We used video analysis to determine the helmets the
injured players were wearing and used helmets with the
same type of liners for our reconstructions. We did not

impact helmets at the same location for more than 1 case (3
trials) for the purpose of consistency.

Finite Element Modeling

We used the Wayne State University Brain Injury Model
(WSUBIM) to obtain the MPS, CSDM10, and SR for the
cerebral cortex, cerebral white matter, brainstem, cerebel-
lum, thalamus, and corpus callosum (Figure 2). We used
PAM-CRASH software (ESI, Farmington Hills, MI) to run
the simulations. The material properties and model
validation can be found in Zhang et al.25 We chose the
WSUBIM because, of the models available to us, it
possessed the most stable brainstem, even though this
region has not been validated in any FE brain model.

Statistical Analysis

We performed independent-samples t tests to investigate
the differences between cases of LOC and cases of LOC
with impact seizures for peak linear acceleration, peak
rotational acceleration, and impact velocity as well as MPS,
CSDM10, and SR in the cerebral cortex, the remainder of
the cerebral white matter, the brainstem, the cerebellum, the
thalamus, and the corpus callosum. The remainder of the
cerebral white matter was defined as the white matter
identified by the WSUBIM without the portion correspond-
ing to the corpus callosum. The a level was set to .05.
Effect sizes were calculated using the Cohen d.

RESULTS

The kinematic data are reported in Table 2. Average
brain tissue deformations (MPS, CSDM10, and SR) are
reported in Tables 3 through 5. We did not find statistical
differences between the LOC group and the impact-seizures
group for any variables except SR in the white matter,
which was higher for the LOC group.

DISCUSSION

We hypothesized that the impact-seizures group would
have lower magnitudes of brain tissue deformation. This
hypothesis was true for the SR and significant in the white
matter (effect size¼ 0.69). The cerebral cortex, brainstem,
and corpus callosum showed similar trends in that the
impact-seizures group had lower SRs, but the differences
did not reach statistical significance. However, the observed
statistical power was insufficient (,0.80) to dismiss the
possibility that the SR in these regions might have been

Figure 1. Reconstruction setups for each type of event. A, Fall. B, Helmet-to-helmet collision. C, Shoulder-to-helmet collision.
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greater in the LOC group if we could have included a larger
number of cases. Several researchers26–29 have described
SR as being an important measure of neuronal dysfunction
and neuronal cell death. This supports the notion that
impact seizures may be the manifestation of function being
preserved in certain brain regions or white matter tracts that
allow certain muscle groups to be activated. Impact
seizures were associated with a lower rotational accelera-
tion around the x axis (P¼ .039), which explains the lower
SRs. This difference is likely to be the result of differences
in impact location between the groups. Our sample size did
not allow for statistical analysis to determine differences
among impact locations, but the LOC group seemed to be
associated with 2 clusters of impact sites: 1 on the side and
centric in nature and the other noncentric. In contrast,

impact locations associated with impact seizures were
sparser (Figure 3).

For MPS and CSDM10, no statistical differences were
present between the groups for any brain regions. Despite
the low power associated with CSDM10, the differences
between the groups were minimal and may not be clinically
relevant. The power was sufficient to conclude that there
were no differences in MPS between the LOC and impact-
seizures groups for any brain regions. The LOC and impact-
seizures group were homogeneous in terms of impact
velocity and the types of events that led to the injury. It is
possible that we did not detect differences in magnitudes
and volume of strain between the groups because the MPS
and CSDM10 are less sensitive to the interactions of the
factors that characterize the impacts (impact velocity,
impact location and direction, compliance, and striking

Figure 2. Wayne State University Brain Injury Model of the cerebral cortex, cerebral white matter, brainstem, cerebellum, thalamus, and
corpus callosum. The remainder of the cerebral white matter (located deep to the cerebral cortex) is not visible in this image.

Table 2. Impact Velocity, Peak Linear Acceleration, and Peak Rotational Acceleration for Groups With Loss of Consciousness and Impact

Seizures

Kinematic Variables

Mean 6 SD

Effect Size (Cohen d) P Value PowerLoss of Consciousness Impact Seizures

Impact velocity, m/s 8.7 6 1.6 8.7 6 1.5 0.02 .975 0.979

Peak linear acceleration, g 80.9 6 39.8 64.2 6 32.3 0.46 .150 0.835

Peak rotational acceleration (rad/s2) 5595 6 2472 4972 6 2379 0.25 .416 0.829

Table 3. Maximum Principal Strain in the Cerebral Cortex, Cerebral White Matter, Brainstem, Cerebellum, Thalamus, and Corpus

Callosum Associated With Loss of Consciousness and Impact Seizures

Brain Region

Mean 6 SD
Effect Size

(Cohen d) P Value PowerLoss of Consciousness Impact Seizures

Cerebral cortex 0.59 6 0.27 0.48 6 0.15 0.46 .149 0.898

Cerebral white matter 0.47 6 0.18 0.39 6 0.10 0.57 .077 0.951

Brainstem 0.38 6 0.16 0.32 6 0.10 0.34 .286 0.914

Cerebellum 0.22 6 0.08 0.20 6 0.06 0.19 .542 0.924

Thalamus 0.33 6 0.15 0.28 6 0.09 0.40 .223 0.877

Corpus callosum 0.38 6 0.18 0.32 6 0.10 0.42 .237 0.862
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mass) when the 2 groups are so similar. The magnitudes of
strain in our injury groups were greater than those described
by researchers using similar methods. This suggests that
LOC or impact seizures (or both) are more severe than
concussions without these signs in terms of the magnitude
of the strain. Kleiven17 observed that an MPS of 0.21
indicated a 50% risk of concussion, whereas Patton et al18

suggested MPS values of 0.15, 0.15, and 0.27 indicated a
50% concussion risk in the midbrain, corpus callosum, and
gray matter, respectively. As expected, both research
teams17,18 reported mean values below those we obtained
in all brain regions. Because these researchers used FE
brain models with different brain material properties,
comparisons across FE models should be cautious. Using
the WSUBIM, Zhang et al16 found that an MPS of 0.24
defined an 80% risk of concussive injury in American
football players. All the MPS values we demonstrated in
this study were above the 80% risk value suggested by
Zhang et al16 except the cerebellum. Magnitudes of brain
tissue strain are linked to injury severity: ie, higher strains
are associated with greater dysfunction and perhaps tissue
death.27–29 Although this research was not designed to
provide information on return-to-play protocols after LOC
and impact seizures associated with concussive impacts,
their association with severity of brain trauma suggests that
further work is needed to understand the importance of
delaying the return to contact sports when an athlete
displays these signs.

We did not detect any differences in impact velocity,
peak linear acceleration, or peak rotational acceleration
between the 2 groups. Our groups consisted of cases
involving the 3 most common types of concussive events
among American football players: falls, helmet-to-helmet
collisions, and shoulder-to-helmet collisions.30 These
events resulted in different shapes of acceleration curves
characterized by different peak values and durations of
acceleration. The values of peak linear and peak rotational
acceleration reported in this study were lower than those

previously noted for concussions in American football
athletes,15,16 despite resulting in greater brain tissue
deformation. Thus, an interaction was present between
event types and peak acceleration values; for meaningful
interpretations, peak acceleration thresholds should be
specific to the event types.

Limitations

Certain limitations are inherent to the methods used in
this study. We assigned athletes with confirmed concus-
sions to different groups based on video analysis and not
onsite evaluations due to an inability to access this
information. To ensure accuracy in group designation, we
were careful to eliminate cases for which the response was
ambiguous, but we could have misinterpreted an athlete’s
responses during the video analysis. Ambiguous cases of
LOC consisted of videos in which it was unclear whether
the athletes were simply resting on the ground for a period
of time or were truly unconscious. Cases of impact seizures
in which athletes displayed a brief motor response (,1
second) were discarded to avoid including those in which
the motor response was either voluntary or the result of
inertia of the limbs after the impacts. Impact seizures could
have been misinterpreted as LOC if the motor response
occurred during the fall that ensued from the collision or if
the athlete was positioned in such a way that the motor
response could not be seen.

Physical reconstructions and FE modeling of head
impacts do not take into consideration individual anatom-
ical and physiological differences that may influence an
individual’s tolerance to head impacts and associated
responses. The biofidelity of headforms is sometimes
compromised to improve reproducibility of testing. Com-
parisons of responses between headforms can be difficult.
Furthermore, FE brain models only provide an approxima-
tion of the brain tissue deformation sustained during the
head impact and have specific limitations. For example, the

Table 5. Strain Rates (s�1) in the Cerebral Cortex, Cerebral White Matter, Brainstem, Cerebellum, Thalamus, and Corpus Callosum

Associated With Loss of Consciousness and Impact Seizuresa

Brain Region

Mean 6 SD
Effect Size

(Cohen d) P Value PowerLoss of Consciousness Impact Seizures

Cerebral cortex 98.5 6 58.9 70.5 6 30.5 0.59 .068 0.764

Cerebral white matter 83.7 6 47.7 57.8 6 23.4 0.69 .037 0.842

Brainstem 60.8 6 32.7 49.7 6 21.5 0.40 .205 0.769

Cerebellum 46.7 6 22.8 42.4 6 17.8 0.21 .503 0.770

Thalamus 55.4 6 30.4 53.8 6 18.0 0.46 .144 0.647

Corpus callosum 67.9 6 40.3 51.9 6 21.3 0.49 .118 0.729

a Significant differences are demonstrated in bold.

Table 4. Cumulative Strain Damage at 10% in the Cerebral Cortex, Cerebral White Matter, Brainstem, Cerebellum, Thalamus, and Corpus

Callosum Associated With Loss of Consciousness and Impact Seizures

Brain Region

Mean 6 SD
Effect Size

(Cohen d) P Value PowerLoss of Consciousness Impact Seizures

Cerebral cortex 0.49 6 0.19 0.47 6 0.19 0.11 .733 0.857

Cerebral white matter 0.45 6 0.26 0.42 6 0.23 0.11 .720 0.569

Brainstem 0.21 6 0.21 0.17 6 0.20 0.15 .628 0.050

Cerebellum 0.26 6 0.23 0.19 6 0.20 0.32 .308 0.126

Thalamus 0.48 6 0.33 0.43 6 0.27 0.16 .621 0.386

Corpus callosum 0.55 6 0.30 0.55 6 0.24 0.06 .985 0.605

Full brain 0.45 6 0.22 0.42 6 0.18 0.15 .641 0.746
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material properties are established based on in vivo and in
vitro animal models of tissue deformation, and the methods
used in these studies influenced the results. Zhang et al25

validated the WSUBIM for pressure and brain motion by
studying cadavers, which may not fully represent what
happens in a live athlete. In addition, these validations did
not include all the brain regions we analyzed, such as the
brainstem and cerebellum.25 Another limitation of the FE
model is that it is a gross representation of the brain.
Improving the details and axonal arrangement of certain
brain regions could result in clearer distinctions among
various outcomes of clinical presentation. Despite the
limitations associated with FE models of the brain, the
models were useful for comparisons between the groups.

CONCLUSIONS

We found that the SR in the white matter differentiated
between the LOC and impact-seizures groups. Other
regions, such as the cerebral cortex, brainstem, and corpus
callosum, also presented with lower SRs in the impact-
seizures group compared with the LOC group. In addition,
we showed that athletes with LOC and impact seizures
sustained similar magnitudes and volumes of strain.
Overall, concussions with impact seizures were similar to
concussions with LOC but both types were more severe
than concussions without these signs.
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