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Abstract: The evidence base for sport-related concussive
brain injury is reviewed in this paper. In the past, pathophysi-
ological understanding of this common condition has been ex-
trapolated from studies of severe brain trauma. More recent
scientific study demonstrates that this approach is unsatisfac-
tory, and the clinical features of concussion represent a pre-

dominantly functional brain injury rather than manifest by
structural or neuropathological damage. Such understanding of
this condition remains incomplete at this stage.
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INTRODUCTION

Although concussion is a well-recognized clinical en-
tity, its pathophysiological basis remains a mystery. The
clinical syndrome of concussion with a relatively short-
lived period of posttraumatic neurologic dysfunction fol-
lowed by full recovery has been described for over 3,000
years. Although many extensive and well-planned re-
search studies conducted in the past have provided some
understanding of the pathophysiological changes to the
brain following mild head injury, the nature of these
changes has not yet been resolved.'*

DOES EXPERIMENTAL CONCUSSION TRULY
REPRESENT CLINICAL CONCUSSION?

Since most brain injuries do not result in death, the
study of human brains is necessarily limited in attempt-
ing to identify the neuropathologic changes occurring
after clinical concussion. For this reason, experimental
concussion using a variety of animal models has been the
principal research tool. It remains controversial as to
whether the results observed from these studies are an
accurate representation of human concussion. Difficulty
in interpretation of such studies include:

1. The use of anesthetized animals, which makes it dif-
ficult to characterize the acute clinical effects of
brain trauma. In addition, the interpretation of post-
traumatic amnesia and other cognitive symptoms
cannot be readily evaluated in animals.’~°
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2. Because the quantitative biomechanics of impact
force is not yet established for the human case, the
ability to compare experimental biomechanical
and/or mathematical models is limited. >

3. Animals with small brains can tolerate much higher
acceleration or deceleration forces due to certain me-
chanical factors such as the amount of extracellular
space, posture, and differing geometry of the brain—
spinal cord axis.'®"'? Similarly the use of cervical
collar restraints may enable the animal to sustain
much higher linear accelerations without the produc-
tion of concussion.*
Most animal models use loss of consciousness as the
principal evidence for the presence of concussive
injury. Given that this occurs in the minority of cases
of sport-related concussion,'® the validity of such
models using this domain as the sole determinant of
concussion is open to doubt.

Despite these criticisms, in severe brain injury there is
substantial evidence that animal models of traumatic
brain injury provide reliable and valid information that
may be applicable to human patients.'* However, basic
scientific research needs to focus on the physiological
changes to the brain following milder forms of head
trauma such as those sustained in sporting environments.

THE BIOMECHANICS OF CONCUSSION

Concussion is the result of acceleration—deceleration
forces applied to the moving brain. This in turn causes
shearing forces or distortion of the vascular and neural
elements of the brain. The precise mechanism and bio-
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mechanical parameters that occur in response to neural
tissue strain has not yet been determined.'’

Applied loads to the head may be either static (with an
impact time duration exceeding 200 ms) or dynamic (less
than 200 ms).” When the head is immobilized, there is
considerably more force needed to produce a concussion
than when it is free to move.>'® Experimental animal
concussion could only be produced at tested levels of
acceleration up to 1,230 g when the moving head was
free to rotate; no concussion was observed when head
rotation was prevented or allowed only to translate.'" Tt
was also demonstrated that wearing a neck collar pro-
tected the brain during impact to the head presumably
due to a reduction of the angulation of the head on the
neck, which minimizes the shear strains in the brain.''

It has been shown in primate animal models of brain
injury that static loads seldom result in loss of conscious-
ness even with severe skull fractures and brain contu-
sions.>’ On the other hand, dynamic loads (particularly
angular acceleration) have been shown to be the common
cause of head injury. Rotation, particularly in a coronal
plane, appears to be necessary for loss of consciousness
as well as diffuse and focal lesions in the brain.'!

Other animal research, using a frog model, has dem-
onstrated that concussion closely correlated with the ac-
celeration of the head during a concussive below. A
minimum threshold acceleration beneath which there
was no neuropathologic change, and the maximum ac-
celeration beyond which the neuropathologic changes
were not immediately reversible, were demonstrated.!”

In 1974, Ommaya et al. developed the centripetal
theory of cerebral “concussion” (i.e., acceleration con-
cussion). This theory invoked the geometric, structural,
and material properties of the cranium and its contents.
In this theory, the clinical effects of rotational accelera-
tion are produced by a centripetal progression of strains
from the outer surfaces to the core of the brain (coincid-
ing with the midbrain and basal diencephalon). At low
levels of inertial loading, injurious levels of shear strain
would not extend deeper than the cortex, while strains
large enough to reach the well-protected mesencephalic
part of the brainstem would result in loss of conscious-
ness.'' Although this model reflects the clinical aspects
of moderate-to-severe brain injury, it does not explain
the clinical features of mild brain injury or concussion in
the historical sense.? Also, there is other animal research
that casts doubt upon these findings. In a primate brain
injury model, Jane et al. showed that axon degeneration
was apparent in the inferior colliculus, pons, and dorso-
lateral medulla, whereas no degeneration was observed
in the subcortical white matter.'® From a clinical stand-
point, cases of concussion with transient loss of con-
sciousness in the absence of cortical symptoms are com-
monplace."’

WHAT ARE THE PHYSIOLOGICAL CHANGES
TO THE BRAIN FOLLOWING CONCUSSION?

The effects of diffuse injury to axons and neurones
sustained at the time of head injury may or may not be

reversible depending on the magnitude of the blow.
Some authors have suggested that strains produced by all
head injuries result in axonal injury such that they be-
come stretched and distorted, producing axonal dysfunc-
tion.®1%18:2021 Recent experimental evidence suggests
that the pathogenesis of axonal dysfunction resulting
from head trauma is complex.?* Alteration in axolemmal
membrane permeability induced by impact may cause
alterations in ionic flux and exert either direct or indirect
effects upon the axonal cytoskeleton.?

In addition, Hovda et al. revealed that a cascade of
neurochemical, ionic, and metabolic changes occur fol-
lowing experimental brain injury.'* Most notably, an in-
jury-induced ionic flux across the cell membrane due to
the release of the excitatory amino acids has been shown
to increase glycolysis with a dissociation of metabolism
and cerebral blood flow, resulting in a state of metabolic
depression.'* Each element of the cascade has a different
time window that may have important implications in
both assessing and treating concussed individuals.'*

Other investigators have shown that mechanical stress
can produce a sudden neuronal depolarization, followed
by a period of nerve cell transmission failure.® In animal
experiments, this also has been consistently observed in
the reticular formation of the midbrain following a con-
cussive blow.** Trauma-induced membrane depolariza-
tion coupled with changes in cytoskeletal structure result
in aberrant cellular signalling pathways that are reflected
in the acute genomic response to injury.?**

Brain vascular structures also may be vulnerable to
injury. Neuronal cell loss in specific regions of the hip-
pocampus, and breakdown of the blood-brain barrier,
have been demonstrated in an animal study of severe
brain injury.?® The resultant ischemic degeneration in
hippocampal cell fields was associated with significant
memory impairment. Blood—brain barrier disruption also
may allow a window of opportunity for compounds, such
as excitotoxic amino acids, to cross this breach and cause
local injury.?’

In human brain injury cases, alterations in cerebral
blood flow have been demonstrated. Where ongoing
postconcussive symptoms have been present, reduced ce-
rebral circulation time®® and cerebral vasoconstriction
with altered CO reactivity has been demonstrated.?’

The relationship of alteration in intracranial pressure
following head injury has also been studied. In severe
brain injury or where “malignant” brain edema®® com-
plicates an acute injury, a prolonged and marked increase
in intracranial pressure frequently occurs and may be
sufficient to cause death due to respiratory arrest.”' In
concussive injury, no change in intracranial pressure has
been demonstrated in animal models.'® Similarly, it has
been shown that diffuse axonal injury is not due to raised
intracranial pressure.*?

The traumatic coma of experimental cerebral “concus-
sion” has been shown to be associated with failure of
activity in the mesencephalic reticular formation.'' Sev-
eral studies in different animal models of experimental
concussion have also demonstrated ultrastructural and
biochemical alterations in the brainstem structures.™'%3
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Although experimental research has enhanced our un-
derstanding of the physiological changes to the brain
following severe head trauma, there still remains uncer-
tainty as to what is happening to the brain following
minor concussive injuries and, in particular, sport-related
concussion.

WHAT IS THE NEUROPATHOLOGY
OF CONCUSSION?

The nature of transient loss of cerebral function fol-
lowing a blow to the head has excited much speculation
over the centuries, directed as to whether microscopic
neuropathologic changes occur or whether other cerebral
pathophysiological processes manifest the clinical symp-
toms of concussion. At this stage these important issues
remain unresolved.

Denny-Brown and Russell demonstrated the absence
of neuropathologic change in a primate model of con-
cussion, and suggested that concussion reflected a tran-
sient or functional disturbance in neurologic function.'®
Nevertheless, Sir Charles Symonds, an influential En-
glish neurologist, proposed that widespread irreparable
damage resulted from cases of severe concussion, and
that even in the slightest degree of concussion, there
probably were a small number of perished neurons.**
This idea was supported by Peerless et al., Povishlok et
al., and Oppenheimer, who argued more specifically that
diffuse axonal injury was the pathologic basis of trau-
matic unconsciousness or coma in concussion.?!¥>-*¢
However, there are however a number of methodological
problems with these studies.

Oppenheimer reported that diffuse microscopic le-
sions were evident in cases of “concussion.”*> This paper
has subsequently become one of the most widely cited
histologic studies of concussion in man. There are a
number of concerns with this study, not least being the
lack of clinical detail provided and the absence of ex-
ploration of potential confounding factors such as age or
alcohol use. It also seems surprising that although Op-
penheimer stated that it was not his intention to address
“the meaning of the term concussion or its pathologic
basis,” his study continues to be cited to this day, often
exclusively, as the basis for the notion of permanent
damage following concussion. Gennarelli has offered an
alternative analysis of these results suggesting that the
number of damaged axons and neurons in this study was
too small and not widely enough distributed to explain
all of the clinical phenomena of concussion. He therefore
concluded that many more axons must be affected at a
functional level without permanent damage.'”

In Peerless and Rewcastle’s study, conclusions were
drawn regarding the pathophysiology of concussion from
histologic examination of only three cases of severe head
injury.?' Povishlok et al. is the other commonly cited
paper in this area. The authors set out to demonstrate
axonal injury in a fluid percussion cat model of minor
head injury and then extrapolated their animal model
findings to human concussion.*®

Many authors have characterized the entity of diffuse
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axonal injury (DAI) in further animal and human studies;
however, in these cases the clinical manifestation that
they are studying reflect moderate-to-severe brain
trauma rather than the entity of concussion.>’*

The duration of unconsciousness may reflect the like-
lihood of brain pathology. In one animal study, the
length of unconsciousness was predictive of histologic
damage at 48 hours after head injury. This pathologic
change was particularly marked if loss of consciousness
persisted for 4 minutes or more.*® Limited studies in
mild brain injury do not support the notion of loss of
con4s70iousness as a primary determinant of injury sever-
ity.

IS THERE A GENETIC SUSCEPTIBILITY TO
BRAIN INJURY IN SPORTS?

Recent research in boxers has suggested that chronic
traumatic encephalopathy (CTE) or the so-called “punch
drunk syndrome” may be associated with a particular
genetic predisposition. The apolipoprotein E (ApoE) ep-
silon-4 gene (ApoE4), a susceptibility gene for late onset
familial and sporadic Alzheimer’s disease, may be asso-
ciated with an increased risk of CTE in boxers.**' In a
nonboxing population, ApoE4 polymorphism was sig-
nificantly associated with death and adverse outcomes
following acute traumatic brain injury as seen in a neu-
rosurgical unit.>? In a recent prospective study of severe
traumatic brain injury, ApoE genotypes were tested for
their ability to predict days of unconsciousness and func-
tional outcome after 6 months.>® There was a strong
association demonstrated between the ApoE4 allele and
poor clinical outcome.

Furthermore, ApoE-deficient (knockout) mice have
been shown to have memory deficits, neurochemical
changes, and diminished recovery from closed head in-
jury when compared with controls.®® Tt is suggested that
ApoE plays an important role in both neuronal repair®
and antioxidant activity®® resulting in ApoE knockout
mice exhibiting an impaired ability to recover from
closed head injury. Although only in early stages, the
interaction between genetic and environmental factors
may be critical in the development of postconcussive
phenomena and/or sequelae.

WHAT IS

you are
3 however,

is at best slim.

it was found that there was
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fact, in a recent study (Delaney et al., unpublished ob-
servations), four of five concussions were not recognized
as such by professional football players.

the authors

In other words, players
with more self-reported “concussions” may actually put
themselves at further risk of head injury by their danger-
ous play, not because simply having one concussion ne-
cessitates a higher risk of subsequent concussions.

DOES REPEAT CONCUSSION RESULT IN
CUMULATIVE DAMAGE?

Apart from boxing-related head injuries, the most
widely cited studies of the cumulative effects of concus-
sion have investigated patients who had suffered injuries
sustained in motor vehicle accidents and injuries severe
enough to warrant presentation to hospital. Generally,
concussive injuries suffered in sports such as football
involve lesser degrees of acceleration—deceleration
forces than that experienced in motor vehicle acci-
dents.’*? Athletes with sport-related injuries typically
recover quickly and usually do not require acute hospital
admission.

It is widely acknowledged that boxing carries with it a
high risk of neurologic injury.

Limitations of retrospective studies in concussion,
such as the widely cited motor vehicle accident studies
by Gronwall et al., include diagnostic uncertainty relying
on self-reported injury recall and the unreliability in the
assessment of severity of previous injuries. For example,
some head injuries in the cited studies were “assessed”
up to 8 years after their occurrence with no medical
documentation.’®° Although methodological problems
flaw this study, however, the study supports the conten-
tion proposed by Symonds®® that cumulative deficits
may follow repeated concussive injury, such as evi-
denced by the “punch drunk” state of chronic traumatic
encephalopathy seen in boxing.®*%*

has been able to duplicate
these findings.

In other retrospective studies involving a wide range
of traumatic brain injury, loss of consciousness was as-
sociated with evidence of permanent change in fine mo-
tor control. The significance of this symptom in isolation
from other cognitive domains is questionable.®” Other
studies have suggested that this may be an effect of en-
vironmental factors rather than due to the effect of in-
jury.”®

There have been few prospective studies of sport-
related concussion.'>”'~"* In a study of American grid-
iron football, the authors found that, while information
processing deficits were evident within 24 hours of in-
jury, neuropsychologic function had returned to normal
levels when it was retested within 5 to 10 days following
injury.”! Similar findings were reported in studies of
Australian Rules football players. Concussive injuries in
this sport tend to be mild, with neuropsychologic perfor-
mance returning to preinjury levels within the first few
days following injury.'*’*"3 Similarly, postconcussive
symptoms such as headache, nausea, poor concentration,
and fatigue also resolve within the first few days postin-
jury. The classic “postconcussive syndrome,” which is
frequently seen following brain trauma sustained in mo-
tor vehicle crashes, is seen less often in the sporting
situation.

Similarly, there is little evidence that sustaining sev-
eral concussions over a sporting career will necessarily
result in permanent damage. The anecdotal approach was
originally proposed by Quigley in 1945 and adopted by
Thorndike, who suggested that if any athlete suffered
three concussions that involved loss of consciousness for
any period of time, the athlete should be removed from
contact sports for the remainder of the season.”” This
approach has no scientific validity yet continues to be
quoted to this day as the main rationale in most of the
return-to-play guidelines.

The consensus on the cumulative effect of a concus-
sion will not be resolved until there is a comprehensive
definition and grading scale for concussion severity.
With that established, whether repeated brain injury (or
concussion) is cumulative will not be the question, but
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rather what severity of an injury causes summation and
for how long does this residual effect last?

In a recent paper, the evidence that repeated concus-
sion was a risk factor for this condition was critically
reviewed.®® Published cases of SIS were classified as
definite, probable, possible, or not SIS according to four
criteria. In order for a case to be classified as definite
SIS, all four criteria must have been satisfied. Seventeen
published cases of SIS were identified. None were clas-
sified as “definite” SIS, five were considered to be
“probable” SIS cases, and 12 were classified as “not”
SIS, primarily because there was an absence of a wit-
nessed second impau:t.80 In addition, the veracity of team
mate recall of concussive episodes, which is often the
basis of a “first impact” in such cases, was shown to be
unreliable. Based on these results, the investigators con-
cluded that there is a lack of evidence to support the
claim that SIS is a risk factor for diffuse cerebral swell-
ing.

Even if there had been proper documentation that sat-
isfied the four criteria listed above, the fact that there
have been only a handful of published articles leaves
many sport practitioners questioning the actuality of this
syndrome.®" In this paper, the central issue is whether
repeated concussion was a risk factor for cerebral swell-
ing, which is the putative definition of SIS. There is
published evidence that acute (and delayed) brain swell-
ing may occur following a single blow to the head and
also in association with a structural injury such as a
subdural hematoma.®?
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