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Research now suggests that head impacts commonly occur during contact sports in which visible signs or symp-

toms of neurological dysfunction may not develop despite those impacts having the potential for neurological injury.
Recent biophysics studies utilizing helmet accelerometers have indicated that athletes at the collegiate and high
school levels sustain a surprisingly high number of head impacts ranging from several hundred to well over 1000
during the course of a season. The associated cumulative impact burdens over the course of a career are equally im-
portant. Clinical studies have also identified athletes with no readily observable symptoms but who exhibit functional
impairment as measured by neuropsychological testing and functional MRI. Such findings have been corroborated
by diffusion tensor imaging studies demonstrating axonal injury in asymptomatic athletes at the end of a season.
Recent autopsy data have shown that there are subsets of athletes in contact sports who do not have a history of
known or identified concussions but nonetheless have neurodegenerative pathology consistent with chronic traumatic
encephalopathy. Finally, emerging laboratory data have demonstrated significant axonal injury, blood-brain barrier
permeability, and evidence of neuroinflammation, all in the absence of behavioral changes. Such data suggest that
subconcussive level impacts can lead to significant neurological alterations, especially if the blows are repetitive. The
authors propose “subconcussion” as a significant emerging concept requiring thorough consideration of the potential
role it plays in accruing sufficient anatomical and/or physiological damage in athletes and military personnel, such
that the effects of these injuries are clinically expressed either contemporaneously or later in life.
(http://thejns.org/doi/abs/10.3171/2013.7 JNS121822)
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management of mild traumatic brain injury, or con-

cussion. Clinical care of athletes with concussion
has traditionally centered on recognizing signs and symp-
toms associated with a concussive event. Over the last 2
decades, the cataloging of concussive manifestations into
tiered grading scales has allowed identification and ultimate
management of those injured, to guide their proper recov-
ery and safe return to participation in their sport. But these
grading scales have largely been replaced by recognizing

THERE has been growing interest in the diagnosis and

Abbreviations used in this paper: COl+ = presence of clinically
observed impairment; COI- = absence of COI; CTE = chronic trau-
matic encephalopathy; fMRI = functional MRI; FOI+ = presence of
functionally observed impairment; FOI- = absence of FOI; LOC =
loss of consciousness; mTBI = mild traumatic brain injury; NFL =
National Football League; TBI = traumatic brain injury.
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and characterizing concussion symptoms and their dura-
tion to determine the severity of head injury. It has been
recognized that sports concussion is associated with LOC
in a minority of patients (10%) and that other symptoms,
such as confusion, amnesia, dizziness, visual disturbances,
and headache, are more characteristic.*% Additionally,
appropriate management is centered on a symptom-free
waiting period of physical and cognitive rest, to allow the
athlete to usually return to subsequent play.

Emerging evidence now suggests that head impacts
commonly occur during contact or collision sports in
which symptoms may not develop and there are no out-
ward or visible signs of neurological dysfunction. These
impacts are often not recognized or identified as a concus-
sion at the clinical level. This evidence includes biophysics
data, advanced neuroimaging findings, and forensic analy-
ses of the brains of former football players who did not
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have a diagnosis of concussion during their playing career,
as well as the brains of laboratory animals subjected to
mild traumatic forces.

Subconcussion is a cranial impact that does not result
in known or diagnosed concussion on clinical grounds. It
can also occur with rapid acceleration-deceleration of the
body or torso, particularly when the brain is free to move
within the cranium, creating a “slosh” phenomenon.”
Subconcussion has its greatest effect through repetitive
occurrences whereby cumulative exposure becomes del-
eterious.

The concept of minimal or subconcussive injuries
thus requires examination and consideration of the role
they may play in accruing sufficient anatomical and/or
physiological damage, such that the effects of these inju-
ries are potentially expressed later in life. Our purpose in
this narrative review was to provide an organized, com-
prehensive overview of the available evidence supporting
the concept of subconcussion. Additionally, we empha-
sized that subconcussion is a previously underrecognized
phenomenon that needs further exploration and contem-
poraneous appreciation of its ability to cause significant
current and future detrimental neurological effects.

Methods

The primary means of identifying studies to be in-
cluded in our review was an electronic search of the Eng-
lish literature from 1900 to 2011 using various search
engines, including MEDLINE, PubMed, Google Scholar,

and the Cochrane Database. Initially, potential articles
were identified using a combination of the following
search terms: ‘“subconcussion,” “subconcussive head in-
jury,” “concussion,” “mild traumatic brain injury,” “TBIL,”
“animal models,” “repetitive traumatic brain injury,’
“pathophysiology,” “chronic traumatic encephalopathy,”
“neurodegeneration,” “head impacts,” “accelerometer,’
“neuropsychology,” “neuroimaging,” “‘magnetic resonance
imaging,” “functional magnetic resonance imaging,” and
“diffusion tensor imaging.” The abstracts of the various
retrieved studies were screened, and the clinical and labo-
ratory studies that focused on subconcussion or head inju-
ries and/or impacts in which no concussion was diagnosed
were chosen for inclusion in this narrative review. The
associated medical subheadings (MeSH) for each data-
base were used preferentially, when provided. In addition,
any relevant references from the evaluated literature were
searched and included in the review to ensure a thorough
capture of the literature.

Results
Laboratory Evidence of Subconcussive Effects

Traumatic brain injury is traditionally thought to in-
volve both primary and secondary injury phases. The
primary injury is represented by the moment of impact,
resulting from the translation of kinetic energy and force
vectors in a linear acceleration-deceleration mechanism,
through a rotational mechanism, or a combination of
both.?2 Secondary injury is the indirect result of the trau-
ma and its subsequent pathophysiological processes and
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includes both immediate and delayed cellular events.”? In
addition to primary and secondary injury, the concept of
a tertiary phase of TBI may now be thought of as ongoing
abnormalities in glucose utilization and cellular metabo-
lism as well as membrane fluidity, synaptic function, and
structural integrity.?3543-4366.677178 Thig phase of TBI may
become chronic and compounded if the individual is sub-
jected to repetitive minor head impacts.

There may be immediate and delayed cellular events,
which can include ionic shifts, disturbances in calcium
channels, ATP pump failure, and mitochondrial perturba-
tions resulting in neurological dysfunction and the poten-
tial for cell death through apoptotic pathways.>* In mTBI,
cellular metabolism is disturbed, ultrastructural damage
can occur, and both biochemical and vascular autoregula-
tion abnormalities may be involved.

In essence, axonal membranes are injured and axo-
nal transport is interrupted in a progressive process. This
concept is supported by recent autopsy findings in profes-
sional contact-sport athletes who demonstrate multifocal
areas of damaged neurons and their processes, remarkable
for tau protein antibody staining, representing a temporal
and spatial pattern of repetitive injury.0274%559-63 In ad-
dition, a recently proposed theory suggests that chronic
inflammation may occur, based in large part upon the ac-
tivation of microglia, leading to a cascade of deleterious
effects.’

Little attention was paid to repetitive mild head in-
jury before the year 2000, with just a few repetitive in-
jury studies being published.’¢%87 Since then, there has
been increased interest in laboratory research focused on
repetitive mTBI.!8:14.1723.25.374042.69.74.82.88 Mogst of these stud-
ies were performed in rodents, with a few performed in
pig models of TBI. In one study, DeFord et al. showed
that as compared with a single episode of mTBI, repeat
injury was associated with impairments in complex spa-
tial learning and cognitive impairment?’—this despite no
overt cell death in the cortex or hippocampus or blood-
brain barrier compromise.

Kanayama et al. demonstrated that repetitive mTBI
causes changes in cortical and hippocampal cytoskeletal
proteins, whereas a single injury does not.*® Laurer et al.
showed that a second injury induces both local and re-
gional changes in the cerebral cortex.* Given their results,
these authors suggested that the brain has an increased
vulnerability to a second traumatic insult for at least 24
hours following an initial episode of mild brain trauma.
Another study used microtubule-associated protein—2
staining techniques to demonstrate that local and remote
injuries are significantly greater if they occur in a shorter
time window following an initial injury in mice, which
exhibited minimal behavioral response following head
impact.* Some of these studies also documented evidence
of CNS injury despite no overt behavioral deficits, which
is consistent with subconcussive injury.

Some researchers have demonstrated evidence of
deleterious effects following a single subconcussive ex-
perimental head injury. By modifying the Marmarou
weight-drop model of concussion, we have been able to
diminish impact forces to effect no obvious reaction or be-
havior change, and thus simulating less than a concussive

J Neurosurg / Volume 119 | November 2013

Unauthenticated | Downloaded 08/23/22 10:23 AM UTC



Role of subconcussive impacts

injury.2>!-5* Using staining for amyloid precursor protein,
we have shown that these subconcussive impacts reliably
produce tearing of axons and the formation of axonal re-
traction bulbs in the brainstem-level descending motor
pathways. In reducing the fall height of a 450-g mass from
2 to 1 m, we found no alteration of consciousness or re-
sponsiveness but significant numbers of amyloid precursor
protein—positive axons compared with the number in con-
trols (JD Mills, JE Bailes, unpublished data, 2010).

In a fluid-percussion brain injury model in rats, Lif-
shitz and Lisembee found at 28 days that thalamic ventral
basal neurons exhibit atrophic changes without neuro-
nal death.*! Persistence in a chronic atrophic state after
ipsilateral hippocampal injury was noted to deprive the
deafferentated basal cholinergic neurons of trophic sup-
port, a finding consistent with detailed autopsy studies on
athletes with CTE.*-% In one vertical-impact model of
mTBI in rodents, the authors found that there was mini-
mal change in the animals’ behavioral response follow-
ing injury; however, at euthanization, the animals showed
dark, swollen neuronal soma.* Creed et al. showed that
compared with sham-injured mice, the mice with concus-
sive brain injuries had abnormal spatial acquisition and
working memory as measured by the Morris water maze
over the first 3 days (p < 0.001) but not later than the 4th
day postinjury.”® At 1 and 3 days postinjury, intraaxonal
accumulation of amyloid precursor protein in the corpus
callosum and cingulum was associated with neurofilament
dephosphorylation, abnormal transport of FluoroGold and
synaptophysin, and deficits in axonal conductance, which
continued until 14 days postinjury when axonal degenera-
tion was apparent. Although there may be recovery from
acute cognitive deficits, this model showed that even sub-
concussive brain trauma leads to axonal degeneration and
abnormal axonal function.'®

Shultz et al. investigated the effects of a mild lateral
fluid-percussion injury (0.50-0.99 atm) on rat behavior
and neuropathological changes in an attempt to better un-
derstand subconcussive brain injury.” In their study, male
Long-Evans rats received either a single mild lateral fluid-
percussion injury or a sham injury, followed by either a
short (24 hours) or a long (4 weeks) recovery period. No
significant group differences were found in behavioral
and axonal injury measures; however, the rats given one
subconcussive mild fluid-percussion injury displayed a
significant increase in microglial activation and reactive
astrogliosis at 4 days postinjury.”” The authors inferred
that this result was consistent with an acute neuroinflam-
matory response. Chronic neuroinflammation is a mech-
anism with the potential to contribute to the cumulative
and neurodegenerative effects of repeated subconcussive
injuries, and these findings are consistent with those in
humans experiencing a subconcussive impact.””

Clinical Evidence of Subconcussion

Biophysics Data.In most cases of head injury there are
components of both linear and angular forces at work. It
is important to remember the variables in play that deter-
mine the kinetic energy imparted by these forces (kinetic
energy = Amv?). Modern-day athletes are bigger, stronger,

J Neurosurg |/ Volume 119 / November 2013

and faster. Interestingly, neck-strengthening exercises and
increasing the mass of the head-neck segment have been
suggested as means of possibly reducing the incidence of
concussion or subconcussion; however, no definitive evi-
dence has proven that neck strengthening plays a role in
concussion prevention. Increased neck strength (not just
mass) may diffuse the forces imparted in a head impact
or may limit the cranial excursion and brain movement
inside the skull (slosh).”” Neck strength may be particu-
larly important at the junior and youth athletic levels and
in female athletes.*>'>8! In general, modern players have
amassed a greater total size (mass), thus increasing the
kinetic energy imparted in blows to the head. Moreover,
during the past several decades, the velocities of impacts
have increased and are probably the single greatest fac-
tor in the apparent rise in concussion incidence. In actual-
ity, it is the change in velocity, through acceleration and
deceleration, that relates to the energy transmitted to the
player’s body and brain.?

Concussion and subconcussion can occur in any
sport; however, American football has a high incidence of
concussion, largely because of the style of play, high rate
of impacts, and extent of participation.** The mandatory
use of helmets in American football has allowed for the
systematic analysis of injury biomechanics and real-time
measurements of forces, velocities, accelerations, and fre-
quencies of head impacts by using implanted telemetry
devices. In addition, studies organized by the NFL have
included detailed computerized video analysis of actual
game film in 182 concussive and subconcussive hits that
occurred between 1996 and 2001.% These impacts were
then modeled or reenacted in a laboratory setting using
crash test dummies. These studies showed that the high-
est strain forces were imparted to the deep midbrain level
near the head’s center of gravity, occurring 10 msec fol-
lowing impact. The researchers postulated that the forces
imparted to the mesencephalon, corpus callosum, and
fornix may be responsible for concussion symptoms, such
as LOC, amnesia, and cognitive dysfunction.** However,
in those instances without LOC, which are the majority,
there appeared to be significant forces transmitted to deep
midbrain and brainstem structures, which implies a mech-
anism in which subconcussive injury may also occur.

Broglio et al. examined 95 high school football play-
ers across four seasons by using a helmet telemetry system
to record the total number of head impacts and the associ-
ated acceleration forces.!! Results showed that the num-
ber of impacts during a 14-week season varied with an
athlete’s playing position and starting status. The average
player sustained 652 impacts (range 5-2235 impacts) dur-
ing a season. Linemen had the greatest number of impacts
per season (868); followed by tight ends, running backs,
and linebackers (619); quarterbacks (467); and receivers,
cornerbacks, and safeties (372). The seasonal linear accel-
eration burden averaged 16,746.1g, whereas the rotational
acceleration burden was 1,090,697.7 rad/sec.2 These find-
ings indicate that high school football players sustain a
high number of head impacts each season, with associated
cumulative impact burdens that are equally impressive.!!
Talavage et al., who used similar technology, found com-
parable numbers and rates of hit accumulations.”
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Studies have varied in their estimation of the thresh-
old for diagnosed or recognized concussion, both between
individual athletes and within the same athlete. One in-
vestigation monitored all football-related head impacts in
78 high school athletes (mean age 16.7 years) in the period
from 2005 to 2008 to better understand the biomechan-
ical characteristics of concussive impacts.”? Fifty-four
thousand two hundred forty-seven impacts were record-
ed, and 13 concussive episodes were captured for analysis.
Classification and regression tree analysis of impacts indi-
cated that rotational acceleration (5582.3 rad/sec?), linear
acceleration (96.1g), and impact location (front, top, and
back) yielded the highest predictive value of concussion.!?
In general, it is believed that the greatest risk is with a
linear acceleration greater than 95g, rotational accelera-
tion greater than 5500 rad/sec,> and impacts occurring on
the top, front, or back of the helmet."-?® The NFL studies
showed that while many impacts may exceed 98g, this is
the threshold for 75% human tolerance for symptomatic
concussion.®

Eckner et al. explored the characteristics of 20 con-
cussion-invoking impacts in 19 high school football play-
ers, analyzing the total number of head impacts, severity
profile values, cumulative linear and rotational accelera-
tion values during the same game or practice session, and
30-minute and 1-week periods preceding these impacts.>*
They found that concussions occurred over a wide range
of impact magnitudes and that the cumulative impact bur-
den prior to a concussion was not different from that be-
fore nonconcussive impacts of greater magnitudes in the
same athletes. Therefore, they concluded that an athlete’s
concussion threshold may be a dynamic feature over time
and that there is a lack of cumulative effects of nonconcus-
sive impacts on the concussion threshold. Alternatively,
another interpretation of such a study is that the type of
impacts occurring in players who sustain a concussion
can be no different from those occurring in asymptomatic
players, further pointing to the role and potential impor-
tance of subconcussive impacts.

Crisco et al. have investigated impact characteristics
in collegiate football players.'®2° They found that player
position and impact location were the most significant fac-
tors accounting for differences in head impacts. Running
backs and quarterbacks sustained the greatest-magnitude
head impacts, whereas linemen and linebackers received
the greatest overall number of head impacts. The total
number of head impacts was a median of 420 and a maxi-
mum of 2492. Prior studies have shown variance in the
total number of head impacts in collegiate players from
950 head impacts per season®32 to 1353 per season.”

Schnebel et al. used accelerometers embedded in the
crown of helmets in both high school and collegiate foot-
ball players.”” The authors found the expected number of
high-speed, open-field collisions in skill position athletes,
with forces in the range of 90-120g and a duration of
about 15 msec. They, like other researchers, documented
a threshold in the range of 60-90g (mean 75g) for con-
cussion and asserted that collegiate players tend to have
higher-impact accelerations than high school players in
similar playing positions. Moreover, the highest-intensity
impacts in high school players occurred frequently and at
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levels greater than 100g. However, the most intriguing and
unexpected finding in this study was that linemen incur
impacts of 20-30g on nearly every play. Given the foot-
ball tradition of linemen starting every play in the 3-point
stance and lunging forward to immediately encounter
their opposing player, head contact occurs on a constant
and ubiquitous basis. Schnebel and colleagues also noted
that linemen experienced high impacts of up to 120g forc-
es in 1 out of every 120 plays.”? If one were to extrapolate
these data to the average number of plays per game, line-
men sustain direct head impacts of an average force of 25g
45-55 times per game. Further, depending on the style of
practice sessions, similar head impact exposure may be
seen on a daily basis during both seasonal and spring
training periods. However, as Guskiewicz and Mihalik?
and others®’? have found, the magnitude of impacts to an
opponent’s football helmet does not necessarily correlate
with the probability of sustaining a concussion or its se-
verity.

Youth football players, generally 7-14 years of age,
constitute approximately 70% of all football players and of
3.5 million participants. Authors of a recent study moni-
tored 7 youth football participants, ages 7 and 8 years, dur-
ing a football season and noted an average of 107 impacts
per player for the season.?! Linear accelerations ranged
from 10 to 100g, and rotational accelerations ranged from
52 to 7694 rad/sec.? The majority of the impacts were to
the sides (36%) and front (31%) of the helmets, and 61%
occurred during practices. Of these hits, 38 were greater
than 40g and 6 were greater than 80g, all occurring at
practice sessions. This study was the first to document that
very-high-velocity impacts are possible at the youth level
of football play. Thus, while youth football players may
have fewer helmet impacts and lower-force hits than their
older counterparts, high-magnitude impacts may occur
nonetheless, and their long-term implications in an expo-
sure paradigm are uncertain.

Neuropsychological Evaluation. In a recent study, Gys-
land et al. sought to investigate the relationship between
subconcussive impacts and concussion history on clini-
cal measures of neurological function.’® Before and after
a single season 46 collegiate football players completed
5 clinical measures of neurological function commonly
used in the evaluation of concussion. These tests included
the Automated Neuropsychological Assessment Metrics,
Sensory Organization Test, Standardized Assessment of
Concussion, Balance Error Scoring System, and Graded
Symptom Checklist, and impact data were recorded using
the Head Impact Telemetry system. Although each play-
er averaged 1177.3 = 7729 head impacts over the course
of a season, Gysland and colleagues found that they did
not demonstrate any clinically meaningful changes from
preseason to postseason on the measures of neurological
function utilized.*® Similar findings were reported in an-
other study of college football players, according to both
Sideline Assessment of Concussion and Immediate Post-
Concussion Assessment and Cognitive Testing scores.>
Although there may be a dose response with regard to im-
pacts that must be considered over the course of a player’s
career, the measures of neurological function used may
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not have been sensitive enough to detect subclinical neu-
rological dysfunction in athletes sustaining many repeti-
tive subconcussive impacts.

However, additional research now suggests that these
nonconcussive impacts may not be benign. Killam et al.
found that nonconcussed collegiate athletes in contact
sports actually scored lower than controls in two memory
domains and had lower total scores on the Repeatable Bat-
tery for the Assessment of Neuropsychological Status.*®
Their study was limited by its small sample size as well
as its design. The independent groups were established on
the basis of self-reported data, which may yield less va-
lidity than a more rigorous prospective study design. The
retrospective survey design also did not allow for pretest-
ing of cognitive performance, and thus there was no in-
dividualized internal standardization. This finding might
suggest that the findings could be attributed to selection
bias; however, the controls (with which the nonconcussed
collegiate athletes were compared) also did not undergo
prestudy testing, and there did not appear to be any dif-
ferences in demographic characteristics including mean
grade point average. The authors’ data suggest that partici-
pation in contact sports may produce subclinical cognitive
impairments in the absence of a diagnosable concussion,
presumably resulting from the cumulative effects produced
by multiple mild head injuries. This and other studies'>’?
demonstrate that peak acceleration may not be a sufficient
measure to predict cognitive deficit and that greater impact
forces do not necessarily correlate with a greater likeli-
hood of neurological impairment. Instead, the cumulative
number of helmet impacts may become the major crite-
rion of subconcussive burden. The observable neurological
signs and symptoms are probably the result of interrupting
the communication between complex neural networks, and
thus representing a diffuse rather than a focal brain injury.

McAllister et al. studied 214 collegiate Division I foot-
ball and ice hockey players, analyzing their accelerometer
data and neuropsychological outcomes, as compared with
those in a control group of athletes in noncontact sports.
The authors found that the athletes in contact sports had
a worse performance on tests for new learning and that
poorer scores on postseason cognitive testing correlated
with greater head impact exposure. This worse perfor-
mance was evident despite the fact that none of the con-
tact-sport athletes had a documented sports concussion
during the period of study.*® In contrast, Miller et al., who
used Standardized Assessment of Concussion and com-
puterized neuropsychological testing in Division III foot-
ball players, found no difference among preseason base-
line, midseason, and postseason assessments in the players
who did not sustain a concussion.”® Thus, there may be
specific neuropsychological metrics that are better suited
or more sensitive in detecting the effects of repetitive sub-
concussion forces. Perhaps the symptoms or sequelae of
repetitive subconcussion require a greater amount of time
to develop than a single season.

Neuroradiological Findings. The role of neuroimag-
ing in concussion had been a progressive one. While most
standard MRI sequences have been designed to evaluate
for structural damage at the macroscopic level, recently

J Neurosurg |/ Volume 119 / November 2013

developed advanced sequences have the potential to in-
crease the sensitivity of MRI to detect both structural and
functional abnormalities associated with concussion. This
potential exists in the acute setting and, subsequently, in
the subacute and chronic phases of recovery. The use of
these new techniques is especially relevant in cases in
which conventional CT and MRI sequences cannot detect
macroscopic structural abnormalities.®

To test the hypothesis that subconcussive blows cause
an accumulation of neurophysiological changes, it is nec-
essary to measure changes in neurological function over
time. Talavage and colleagues performed MRI, fMRI,
and neurocognitive assessments in a group of high school
football players at 3 distinct times: 1) prior to the start of
contact practices, 2) during the season, and 3) 2—5 months
after the season concluded.” In addition to these assess-
ments, the Head Impact Telemetry system was used to
record head collisions during all contact practices and
games. In the absence of outwardly observable symptoms
of concussion, the athletes demonstrated quantifiable neu-
rophysiological changes on both fMRI studies and Imme-
diate Post-Concussion Assessment and Cognitive Testing.
Those players with functionally observed impairment
(FOI+) exhibited changes in fMRI activation while per-
forming a working memory task, and these changes were
at least as great as those in players in whom a diagnosis
of concussion (that is, a clinically observed impairment
[COI+]) had been made by the team physician (Fig. 1197).
Of particular interest, the FOI+ group of players was pri-
marily composed of linemen, individuals who experience
obligatory helmet-to-helmet contact on nearly every play
from the line of scrimmage; the number of blows to the
head was the only measure by which this groups’ telem-
etry values differed from those in players with diagnosed
concussion or who exhibited no neurophysiological altera-
tion (Table 1'°). This finding of neuropsychological distur-
bance in the absence of classic symptoms of concussion
is consistent with prior observations in 7 former NFL of-
fensive linemen and a wide receiver, as reported by Omalu
and colleagues and described below.61.63

A follow-up study by Breedlove et al. demonstrated
that the fMRI changes in many regions of the brain statis-
tically correlated with the number and (spatial) distribu-
tion of hits received after beginning contact practices.'
Critically, regression models constructed to relate the hits
experienced to the observed fMRI changes were found
to explain an even greater proportion of the variance for
the concussed group (COI+4) than the asymptomatic group
(COI-). The COI- group exhibited substantial hit-corre-
lated involvement of the visual processing systems in the
upper parietal and occipital lobes. In contrast, the COI+
group demonstrated significant relationships between the
number and locations of hits and the regions involved in
verbal working memory. This last observation strongly
suggests that the clinical diagnosis of neurological system
deficits may depend on which systems have been compro-
mised and that the entire (recent) history of blows to the
head plays a causal role in overall neurological changes.

A new study utilizing diffusion tensor imaging high-
lights the emerging clinical evidence for subconcussive
brain injury.’ Bazarian et al. investigated the ability to
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Fie. 1. Magnetic resonance and fMR images obtained in high school football players for baseline purposes prior to the season
(preseason), with repeated assessments made during (in-season) and after (postseason) the season. For each group, activation
is shown in axial (upper rows), sagittal (center rows), and coronal (lower rows) images intersecting near the left inferior parietal
lobule.  A: Group COI-/FOI-. Approximately half of the asymptomatic athletes exhibited minimal changes on their in-season
fMRI results.  B: Group COI-/FOI+. The other half of the asymptomatic athletes exhibited substantial changes on their fMR
images. C: Group COI+/FOIl+. This finding was on par with changes observed in concussed athletes, although the affected
regions differ considerably. Depicted fMRI maps illustrate preferential activation observed in a contrast of a 2-back single letter
task (orange-yellow activation) against a 1-back single letter task (blue-cyan activation), both of which were conducted in a single
fMRI run. Changes in direction (or presence/absence) of the contrast are considered meaningful. In-Season #1 = first assess-
ment during the competition season; In-Season #2 = second assessment during the competition season.

detect subject-specific changes in brain white matter be-
fore and after sports-related concussion. Their prospective
cohort study was performed in 9 high school athletes en-
gaged in hockey or football and 6 controls. All 15 subjects
underwent diffusion tensor imaging both pre- and postsea-
son within a 3-month interval. Concussion was diagnosed

in only 1 athlete (scanned within 72 hours of injury), and
8 suffered between 26 and 399 subconcussive head blows.’
Fractional anisotropy and mean diffusivity were measured,
and the percentage of white matter voxels with significant
(p < 0.05) preseason to postseason changes in these val-
ues was highest for the concussed athlete, intermediate for

TABLE 1: Summary statistics for peak translational acceleration and number of helmet impacts over the course of the

season in a population of high school football players*

Group (mean = SD; range)

Parameter

COI-/FOI-

COI-/FOl+ COI+/FOl+

peak translational acceleration (g)
no. of helmet impacts over the season

27.5 +16.6; 10.0-194.1
656 + 378; 226-1463

27.7 = 17.5; 10.0-255.6
1090 = 570; 396-1855

28.5+20.1;10.0-279.0
546 + 464; 218-1551

* The distributions of peak linear magnitude did not exhibit significant differences, but the number of blows sustained was sig-
nificantly different. In particular, the COI-/FOI+ group sustained significantly more blows than the COI+/FOI+ group (p < 0.05,

Tukey-Kramer test).
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those with subconcussive head blows, and lowest for con-
trols.” While analysis detected significantly changed white
matter in a single concussed athlete as expected, the most
striking findings were in the athletes who did not sustain
a concussion. Asymptomatic athletes with multiple sub-
concussive head blows had abnormalities in a percentage
of their white matter that was more than 3 times higher
than that in controls. The significance of these white mat-
ter changes and their relationship to head impact forces are
unknown and will require further studies.

Necropsy Tissue Analysis. The syndrome of CTE, ini-
tially described by Omalu et al. in 2005, is now known to
occur not only in football players, but also in boxers, wres-
tlers, hockey players, and even military personnel 45~ It
is believed to be a lesser form of injury than dementia pu-
gilistica, initially described by Martland in 1928. Chronic
traumatic encephalopathy is defined as a progressive neu-
rodegenerative syndrome caused by episodic and repeti-
tive blunt force impacts to the head and the transfer of
acceleration-deceleration forces to the brain. Patients with
this disease usually present clinically after a prolonged
latent period characterized by a composite syndrome of
mood disorders, neuropsychiatric disturbance, and cogni-
tive impairment. Gross brain examination is normal and
fails to disclose any area of remote injury, infarction, or
atrophy. Direct microscopic brain tissue analysis with tau
protein antibody staining reveals multifocal or diffuse
tauopathy, which may be associated with low-grade and
multifocal white matter rarefaction, microglial activation,
and parenchymal histiocytes. Chronic traumatic encepha-
lopathy is characterized by neuronal loss and hyperphos-
phorylated tau protein deposits in topographic neurofibril-
lary tangles and neuritic threads, usually without amyloid
plaques, involving various areas of the neocortex, subcor-
tical region, basal ganglia, and brainstem. Although amy-
loid plaques may be seen in a minority of cases, tauopathy
is the hallmark histologically.*’

We conducted an autopsy analysis in 8 former profes-
sional football players by using detailed and specialized
staining techniques for the presence of tau protein (Table 2;
unpublished data, 2012).57%° In all cases, similar neurobe-
havioral, neuropsychiatric, and neuropathological abnor-
malities consistent with CTE were found. In none of these

TABLE 2: Autopsy analysis of 7 former NFL players*

athletes was concussion a part of the medical or athletic
history. Whether methodology at the time was insufficient
to detect the presence of a concussion or whether under-
reporting occurred because of player ignorance or motiva-
tion or because of sports cultural issues is unknown. Seven
of these football players were linemen, a position that is
associated with constant, mandatory, and often gratuitous
head-to-head impacts. As reported by Schnebel et al., bio-
physics data reveal that linemen sustain 20-30g forces to
the head on nearly every play.”! Thus, our autopsy data and
the findings of McKee et al.%* demonstrate that there is
a subset of athletes in contact sports, especially former
football players, who do not have a prominent history of
known or identified concussions but nonetheless have typi-
cal tauopathy on autopsy examination.*>>?-% Taken togeth-
er, these necropsy tissue findings point to subconcussion
as a pathophysiological mechanism for unsuspected brain
injury in persons exposed to contact sports and/or repeti-
tive explosive blasts through military service.

Discussion

In recent years, there have been major advances in
our understanding of the incidence, biomechanical forces,
and cellular responses in mTBI. The amount of laboratory
research, both animal-based experiments and investiga-
tions into the cellular responses underlying concussion, as
well as clinical studies to determine the effects of concus-
sion, has exponentially increased.® In fact, it is now often
stated that the mTBI research produced during the past
decade supersedes the volume and content of all previous
information. An emerging concept is the phenomenon of
subconcussive impacts, as new evidence highlights their
ubiquity in contact sports and explosive blasts, as well as
their potential to contribute to the development of subacute
and chronic sequelae such as depression, postconcussive
syndrome, posttraumatic stress disorder, mild cognitive
impairment, CTE, and dementia pugilistica.

Previous work utilizing survey research from the
Center for the Study of Retired Athletes has shown that
both mild cognitive impairment and depression are more
common than expected in age-matched controls and that
a higher incidence is associated with 3 or more concus-
sions.?®?° In soccer, it has been suggested that repetitive

Duration of Professional

Case No.  Age (yrs) Career (yrs) Symptoms Pathology Cause of Death
1 50 17 Dep, FB, FM, SA AP, NFTs, NTs cardiac
2 45 7 Dep, FB, FM, SA NFTs, NTs suicide
3 45 10 Dep, FB, FM NFTs, NTs oD
4 35 10 Dep, FB, FM NFTs, NTs suicide
5 45 12 Dep, drugs, FM NFTs, NTs oD
6 39 7 Dep, drugs, FM NFTs, NTs oD
7 50 10 Dep, drugs, FM NFTs, NTs oD
8 26 5 Dep, personality changes NFTs, NTs fall from vehicle

* AP = amyloid plaque; Dep = depression; FB = failed business; FM = failed marriage; NFT = neurofibrillary tangle; NT = neuritic

thread; OD = overdose; SA = substance abuse.

J Neurosurg |/ Volume 119 / November 2013

1241

Unauthenticated | Downloaded 08/23/22 10:23 AM UTC



heading of the ball may lead to an increased risk of chronic
neurological injury.?” Studies in Division I college foot-
ball players have shown that those experiencing 3 or more
prior concussions had a triple incidence of subsequent
concussions and that those with multiple concussions had
more symptoms and took longer to recover.'3-3046:47

As noted previously, Talavage et al. discovered a new
category of injured athletes: those with no readily ob-
servable symptoms but who instead exhibited functional
impairment as measured by neuropsychological testing
and fMRI studies.” This “third group” in which abnor-
mal neurological performance occurred despite a lack of
symptoms typically associated with a clinically diagnosed
concussion may shed light on the issue of subconcussive
impacts and their relationship to chronic neurological syn-
dromes (Fig. 2). Subsequent work by the same investiga-
tors suggests that it is the accumulation of multiple blows
to the head, rather than a single event, that can produce
neurological impairments.'” Additionally, their work im-
plies that the sequence of blows experienced by a player
can mediate the severity of the observed symptoms that
lead to the clinical diagnosis of concussion, or the absence
thereof (for example, in the case of FOI+). The potential
for accumulated damage would also probably involve bio-
chemical factors of the period of cellular vulnerability, a
hypermetabolic state, or vascular dysautoregulation as the
pathophysiological mechanisms of mTBI.376.8083-85

In our laboratory and those of others, rodent models
of mTBI have resulted in a significant number of damaged
corticospinal tract axons, permeability in the blood-brain
barrier, remote effects away from the cortical impact site,
and altered neuronal soma. All of these alterations can oc-
cur in the absence of behavioral changes. Thus, there is
laboratory evidence that subconcussive-level impacts can
lead to anatomical and physiological alterations and that
they especially occur if the blows are repetitive. Biophys-
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ics data gathered through football helmet accelerometer
studies have shown that youth, high school, and college
players may experience a wide range of head impacts,
from 100 to over 1000 during the course of a season (Ta-
ble 3). As stated above, compared with location and mag-
nitude of forces, the cumulative number of head impacts
may best correlate with the potential for concussion oc-
currence or chronic effects. It is uncertain if head impacts
have a threshold for magnitude or for number, or both,
which could result in a cumulative risk for detrimental ef-
fects on brain structures or physiological function.

Our understanding of the issue of subconcussion is fur-
ther clouded by the marked variability between the thresh-
olds for clinically diagnosed concussion in terms of lin-
ear acceleration, rotational acceleration, and location and
number of impacts.10:11.18:32.33.506470.72.79 We stress that not
all head impacts should be considered potentially harmful.
An athlete’s risk of experiencing long-standing effects of
repetitive subconcussive blows is probably measured as a
cumulative dose over a lifetime and could include factors
such as age at exposure, type and magnitude of exposure,
recovery periods, differential rates of recovery, genotype,
individual vulnerability, and others. The role of protective
equipment and the variability in such equipment are also
factors that may come into play, but their contribution is
unknown. For now, there is a lack of evidence to make a
recommendation regarding the number of subconcussive
impacts an athlete should sustain prior to ending the ath-
lete’s season or career. As our knowledge about this emerg-
ing concept continues to evolve, refined and advanced
adjunctive measures of assessment may someday help to
guide such decisions to decrease the incidence of delayed
chronic neurological deficits associated with repetitive
subconcussion. For the time being, however, limiting the
overall head impact burden as much as possible is the most
prudent recommendation for today’s athlete.
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Fic. 2. Graph showing cranial impact exposure in football players of various ages. Biophysics data gathered through football
helmet accelerometer studies have shown that youth, high school, and college players may experience a wide range of head
impacts, from 100 to over 1000 during the course of a season. As compared with the location and magnitude of forces, the cumu-
lative number of head impacts is likely to best correlate with the potential for concussion occurrence and/or long-standing effects

and the development of neurodegenerative disease.
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TABLE 3: Comparison of head impacts in football by level of
competition*

Age No. of Average

Levelof  Range Head Impacts per

Authors & Year Competition ~ (yrs) Season (range)
Daniel et al., 2012 youth 5-14 107 (NA)
Breedlove etal., 2012 high school ~ 14-18 6251 (5—2235)
Broglio et al., 2011
Eckner et al., 2011
Schnebel et al., 2007
Talavage et al., 2013
Crisco et al., 2010 collegiate 18-22 1125t (125-2492)

Crisco et al., 2011
Guskiewicz et al., 2007
Gysland et al., 2012
Rowson et al., 2012
Schnebel et al., 2007

extrapolation professional ~ >22  >1200% (NA)

* The number of impacts accrued each season varies by position. NA
= not available.

1 Head impacts averaged from mean data available from accelerom-
eter studies at each level of competition.

T Estimate based on practice patterns and style of play.

Conclusions

There are both established and emerging clinical and
laboratory data that indicate that subconcussive impacts
to the brain may lead to detrimental effects on neurologi-
cal function, both short- and long-term, including the po-
tential for chronic neurodegenerative syndromes. Our un-
derstanding of these phenomena is still in its infancy and
evolving, but will probably determine the ultimate risk for
those exposed to repetitive mTBI in athletic endeavors or
military service. In the meantime, one strategy for football
players may be to minimize exposure to recurring cranial
impacts during practice sessions, as Pop Warner Football
has recently done at the youth level.”> Another possibility
is to change styles of play, such as having linemen no lon-
ger start in a down stance but instead in a squatting posi-
tion, to remove them from the inexorable, ubiquitous, gra-
tuitous head contact on every play. It is clear that further
research is needed to have a more complete appreciation
of the potential for the emerging concept of subconcussive
brain injury to ultimately develop potential translational
and preventative measures.
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