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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.1,2

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.3–6

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.2,3,6–9

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.10–12 Similarly the use of cervical
collar restraints may enable the animal to sustain
much higher linear accelerations without the produc-
tion of concussion.4

4. 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,13 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.14 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.15

Applied loads to the head may be either static (with an
impact time duration exceeding 200 ms) or dynamic (less
than 200 ms).7 When the head is immobilized, there is
considerably more force needed to produce a concussion
than when it is free to move.2,16 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.11 It
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.11

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.2,7 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.11

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.17

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.11 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.2 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.18 From a clinical stand-
point, cases of concussion with transient loss of con-
sciousness in the absence of cortical symptoms are com-
monplace.19

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.6,15,18,20,21 Recent experimental evidence suggests
that the pathogenesis of axonal dysfunction resulting
from head trauma is complex.22 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.22

In addition, Hovda et al. revealed that a cascade of
neurochemical, ionic, and metabolic changes occur fol-
lowing experimental brain injury.14 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.14 Each element of the cascade has a different
time window that may have important implications in
both assessing and treating concussed individuals.14

Other investigators have shown that mechanical stress
can produce a sudden neuronal depolarization, followed
by a period of nerve cell transmission failure.6 In animal
experiments, this also has been consistently observed in
the reticular formation of the midbrain following a con-
cussive blow.23 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.24,25

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.26 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.27

In human brain injury cases, alterations in cerebral
blood flow have been demonstrated. Where ongoing
postconcussive symptoms have been present, reduced ce-
rebral circulation time28 and cerebral vasoconstriction
with altered CO reactivity has been demonstrated.29

The relationship of alteration in intracranial pressure
following head injury has also been studied. In severe
brain injury or where “malignant” brain edema30 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.31 In
concussive injury, no change in intracranial pressure has
been demonstrated in animal models.16 Similarly, it has
been shown that diffuse axonal injury is not due to raised
intracranial pressure.32

The traumatic coma of experimental cerebral “concus-
sion” has been shown to be associated with failure of
activity in the mesencephalic reticular formation.11 Sev-
eral studies in different animal models of experimental
concussion have also demonstrated ultrastructural and
biochemical alterations in the brainstem structures.3,18,33
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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.16

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.34

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.21,35,36

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.”35 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.15

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.21 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.36

Many authors have characterized the entity of diffuse

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.37–45

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.46 Limited studies in
mild brain injury do not support the notion of loss of
consciousness as a primary determinant of injury sever-
ity.47

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.48–51 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.52 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.53 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.83 It is suggested that
ApoE plays an important role in both neuronal repair84

and antioxidant activity83 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 THE RISK OF REPEAT
CONCUSSIONS IN SPORT?

It has become a widely held belief that, having sus-
tained a concussive injury, you are then more prone to
future concussive injury; however, the evidence for this
is at best slim. In a widely quoted study by Gerberich et
al., which involved self-reported questionnaires relating
the prior history of head injury in high school gridiron
football players, it was found that there was an increased
risk of subsequent concussions in players with a past
history of concussion.54 Significant methodological
problems flaw this study. Not least is the fact that they
not only included cases of concussion but catastrophic
brain injury as well. Furthermore, the reliability of a
self-diagnosis of concussion is questionable given that
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only 33% of those with loss of consciousness and 12% of
those with other symptoms were medically assessed. The
majority of the diagnoses of “concussion” were by the
coach, other teammates or by the players themselves. In
fact, in a recent study (Delaney et al., unpublished ob-
servations), four of five concussions were not recognized
as such by professional football players.

It would seem obvious that in any collision sport, the
risk of concussion is directly proportional to the amount
of time playing the sport. In other words, the more games
you play, the more chance of an injury occurring. There-
fore the likelihood of repeat injury may simply reflect the
level of exposure to injury risk.

In addition, the authors acknowledge that the observed
increased likelihood of concussion could also be ex-
plained by a player’s style of play. Using dangerous
game strategies and illegal tackling techniques may in-
crease the player’s risk of injury. 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. Simi-
lar criticisms can also be levelled at another retrospective
study, where it was reported that once an initial concus-
sion was sustained, the probability of incurring a second
concussion greatly increases.55

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.56–59 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. Boxing, however, should
not be considered as a model for cumulative head injury
seen in other sports, since it presents unique risks to the
athlete in terms of the frequency of repetitive head
trauma.60–63

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.56–59 Although methodological problems
flaw this study, however, the study supports the conten-
tion proposed by Symonds20 that cumulative deficits
may follow repeated concussive injury, such as evi-
denced by the “punch drunk” state of chronic traumatic
encephalopathy seen in boxing.62,64

In another series of retrospective studies involving re-
tired Scandinavian soccer players, although cognitive
deficits were noted, significant methodological problems
flaw the study,65–68 notably, the lack of preinjury data,
selection bias, lack of observer blinding, and inadequate
control subjects. Approximately 40% of the control
group were found to be cognitively impaired. The au-
thors conclude that the deficits noted in the former soccer
players were explained by repetitive trauma such as
heading the ball. The pattern of deficits, however, is
equally consistent with alcohol-related brain impairment,
a confounding variable that was not controlled for. To
date, no independent group 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.69 Other
studies have suggested that this may be an effect of en-
vironmental factors rather than due to the effect of in-
jury.70

There have been few prospective studies of sport-
related concussion.13,71–74 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.71 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.13,72,73 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.75 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.

In animal studies of experimental concussion, animals
have been repeatedly concussed 20 to 35 times during
the same day and within a 2-hour period. Despite these
unusually high numbers of injuries, no residual or cumu-
lative effect was demonstrated.9

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?

DOES REPEAT CONCUSSION RESULT IN
SECOND IMPACT SYNDROME?

Second impact syndrome (SIS) frequently is men-
tioned in the concussion literature but surprisingly has
little scientific evidence for its existence. It is a term used
to describe the potential catastrophic consequences re-
sulting from a second concussive blow to the head before
an individual has fully recovered from the symptoms of
a previous concussion.76,77 The second head injury is
believed to result in loss of cerebrovascular autoregula-
tion, which in turn leads to brain swelling secondary to
increased cerebral blood flow.30,78,79 Mortality in this
condition approaches 100%.

In a recent paper, the evidence that repeated concus-
sion was a risk factor for this condition was critically
reviewed.80 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 impact.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.81 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.82

Although the scientific evidence for SIS is lacking, the
repercussions of placing an athlete at risk for the poten-
tial consequences of a “second impact syndrome” is the
basis of existing return-to-play guidelines that recom-
mend removal of a concussed athlete from play. How-
ever, if SIS is not a real entity, such management rec-
ommendations may be inappropriate.

REFERENCES

1. Walker A. The physiological basis of concussion: 50 years later. J
Neurosurg 1994;81:493–494.

2. Ommaya A. Head injury mechanisms and the concept of preven-
tative management: a review and critical synthesis. J Neurotrauma
1995;12:527–546.

3. Brown W. Experimental concussion. Ultrastructural and biochemi-
cal correlates. Am J Pathol 1972;67:41–68.

4. Ommaya A, Rockoff S, Baldwin M. Experimental concussion. J
Neurosurg 1964;21:241–265.

5. Parkinson D. Concussion. Mayo Clin Proc 1977;52:492–499.
6. Shetter A, Demakis J. The pathophysiology of concussion: a re-

view. Adv Neurol 1979;22:5–14.
7. Ommaya A. Biomechanical aspects of head injuries in sports. In:

Jordan B, Tsaris P, Warren R, eds. Sports Neurology. Gaithers-
burg, MD: Aspen Publishers, Inc., 1990.

8. Parkinson D. Recovery from mild concussion. Neurosurgery 1988;
23:682–684.

9. Parkinson D. Concussion is completely reversible: an hypothesis.
Med Hypotheses 1992;37:37–39.

10. Ommaya AK, Hirsch AE, Flamm ES. Cerebral concussion in the
monkey: an experimental model. Science 1966;153:211–212.

11. Ommaya AK, Gennarelli TA. Cerebral concussion and traumatic
unconsciousness. Correlation of experimental and clinical obser-
vations of blunt head injuries. Brain 1974;97:633–654.

12. Palmer A. Concussion: the result of impact injury to the brain. Vet
Rec 1982;111:575–578.

13. Maddocks DL, Dicker GD, Saling MM. The assessment of orien-
tation following concussion in athletes. Clin J Sport Med 1995;5:
32–35.

14. Hovda D, Lee S, Smith M, von Stuck S, et al. The neurochemical
and metabolic cascade following brain injury: moving from animal
models to man. J Neurotrauma 1995;12:903–906.

15. Gennarelli TA. Mechanisms and pathophysiology of cerebral con-
cussion. J Head Trauma Rehab 1986;1:23–29.

16. Denny-Brown D, Russell WR. Experimental cerebral concussion.
Brain 1941;64:93–163.

17. Parkinson D, Jell R. Concussion. Acceleration limits causing con-
cussion. Surg Neurol 1988;30:102–107.

18. Jane JA, Steward O, Gennarelli T. Axonal degeneration induced by
experimental noninvasive minor head injury. J Neurosurg 1985;
62:96–100.

19. McCrory PR. Were you knocked out? A team physician’s ap-
proach to initial concussion management. Med Sci Sports Exerc
1997;29(7 Suppl):S207–S212.

20. Symonds CP. Concussion and its sequelae. Lancet 1962;i:1–5.
21. Peerless SJ, Rewcastle NB. Shear injuries of the brain. Can Med

Assoc J 1967;96:577–582.
22. Povishlok J, Pettus E. Traumatically induced axonal damage: evi-

dence for enduring changes in axolemmal permeability with asso-
ciated cytoskeletal change. Acta Neurochirurgica Supplementum
1996;66:81–86.

23. Ward A. The physiological basis of concussion. Clin Neurosurg
1964;12:129–134.

24. McIntosh T, Juhler M, Raghupathi R, et al. Secondary brain injury:
neurochemical and cellular mediators. In: Marion D, ed. Traumatic
Brain Injury. New York: Thieme Medical Publishers, 1999:39–54.

25. Chopp M. The roles of heat shock proteins and immediate early
genes in central nervous system normal function and pathology.
Curr Opin Neurol Neurosurg 1993;6:6–10.

26. Hicks R. Mild experimental brain injury in the rat induces cogni-
tive deficits associated with regional neuronal loss in the hippo-
campus. J Neurotrauma 1993;10:405–414.

27. Baldwin S. Bloon brain barrier breach following cortical contusion
in the rat. J Neurosurg 1996;85:476–481.

28. Taylor AR. Slowing of cerebral circulation following concussional
head injury: its relationship to symptoms and the etiology of con-
cussion. In: Caveness WF, Walker AE, eds. Head Injury. Phila-
delphia: J.B. Lippincott, 1966:235–241.

29. Gilbert M. Aetiology and treatment of post concussion syndrome.
Headache 1968;8:57–61.

30. Bruce DA, Alavi A, Bilaniuk L, et al. Diffuse cerebral swelling
following head injuries in children: the syndrome of “malignant
brain oedema.” J Neurosurg 1981;54:170–178.

31. Langfitt T, Tannanbaum H, Kassel M. The aetiology of acute brain
swelling following experimental brain injury. J Neurosurg 1966;
24:47–56.

32. Adams JH, Graham DL, Murray KS, et al. Diffuse axonal injury
due to non-missile head injury in humans: an analysis of 45 cases.
Ann Neurol 1982;12:557–563.

33. Jane JA, Rimel RW, Alves WM, et al. Minor and moderate head

P. McCRORY ET AL.164

Clin J Sport Med, Vol. 11, No. 3, 2001

Reviewer
Highlight

Reviewer
Highlight

Reviewer
Highlight

Reviewer
Highlight

Reviewer
Highlight



injury: model systems. In: Dacey RG, Winn HR, Rimel RW, et al.,
eds. Trauma of the Central Nervous System. New York: Raven
Press, 1985:27–33.

34. Symonds CP. Concussion and contusion of the brain and their
sequelae. In: Brock S, ed. Injuries of the Skull, Brain and Spinal
Cord: Neuropsychiatric, Surgical and Medico-Legal Aspects. Lon-
don: Ballière, Tindall & Cox, 1940:69–111.

35. Oppenheimer D. Microscopic lesions in the brain following head
injury. J Exp Neurol 1968;26:77–84.

36. Povishlok J, Becker D, Cheng C, et al. Axonal change in minor
head injury. J Neuropath Exp Neurol 1983;42:225–242.

37. Adams JH, Graham DI, Gennarelli TA. Primary brain damage in
non-missile head injury. In: Baethman A, Go K, Unterberg U, eds.
Mechanisms of Secondary Brain Damage. New York: Plenum,
1986:1–13.

38. Adams JH, Doyle D, Ford I, et al. Brain damage in fatal non-
missile head injury in relation to age and types of injury. Scott Med
J 1989;34:399–401.

39. Blumbergs P, Jones N, North J. Diffuse axonal injury in head
trauma. J Neurol Neurosurg Psychiat 1989;52:838–841.

40. Blumbergs P, Scott G, Manavis J, et al. Staining of amyloid pre-
cursor protein to study axonal damage in mild head injury. Lancet
1994;344:1055–1056.

41. Clark J. Distribution of microglial clusters in the brain after head
injury. J Neurol Neurosurg Psychiat 1974;37:463–474.

42. Gennarelli TA, Thibault LE, Adams JH, et al. Diffuse axonal in-
jury and traumatic coma in the primate. Ann Neurol 1982;12:
564–574.

43. Gennarelli TA. Cerebral concussion and diffuse brain injuries. In:
Torg JS, ed. Athletic Injuries of the Head, Neck and Face. Phila-
delphia: Lea & Febiger, 1982:93–104.

44. Gennarelli TA. Mechanisms of brain injury. J Emerg Med
1993;11(Suppl 1):5–11.

45. Zimmerman R, Bilaniuk L, Gennarelli T. Computed tomography
of shearing injuries of cerebral white matter. Radiology 1978;127:
393–396.

46. Morehead M. Histopathological consequences of moderate con-
cussion in an animal model: correlation with duration of uncon-
sciousness. J Neurotrauma 1994;11:657–667.

47. Leninger B, Gramling S, Farrell A, et al. Neuropsychological defi-
cits in symptomatic minor head injury patients after concussion
and mild concussion. J Neurol Neurosurg Psych 1990;53:293–296.

48. Saunders A, Strittmatter W, Schmechel D. Association of Apoli-
poprotein E allele epsilon 4 with late onset familial and sporadic
Alzheimer’s disease. Neurology 1993;43:1467–1472.

49. Jordan B, Relkin N, Ravdin L. Apolipoprotein E epsilon 4 asso-
ciated with chronic traumatic brain injury in boxing. JAMA 1997;
278:136–140.

50. Corder E, Saunders A, Strittmatter W. Gene dose of Apolipopro-
tein E type 4 allele and the risk of late onset Alzheimer’s disease
in families. Science 1993;261:921–923.

51. Jordan B. Genetic susceptibility to brain injury in sports: a role for
genetic testing in athletes? Phys Sportsmed 1998;26:25–26.

52. Teasdale G, Nicol J, Murray G. Association of Apolipoprotein E
polymorphism with outcome after head injury. Lancet 1997;350:
1069–1071.

53. Friedman G, Froom P, Sazbon L, et al. Apolipoprotein E-epsilon 4
genotype predicts a poor outcome in survivors of traumatic brain
injury. Neurology 1999;52:244–248.

54. Gerberich SG, Priest JD, Boen JR, et al. Concussion incidences
and severity in secondary school varsity football players. Am J
Public Health 1983;73:1370–1375.

55. Albright J. Head and neck injuries in college football. An eight
year analysis. Am J Sports Med 1985;13:147–152.

56. Gronwall D, Sampson H. The Psychological Effects of Concussion.
Auckland: Oxford University Press, 1974.

57. Gronwall D. Paced auditory serial addition task: a measure of
recovery from concussion. Percep Mot Skills 1977;44:367–373.

58. Gronwall D, Wrighson P. Memory and information processing
capacity after closed head injury. J Neurol Neurosurg Psych 1981;
44:889–895.

59. Gronwall D, Wrightson P. Cumulative effects of concussion. Lan-
cet 1975;ii:995–997.

60. Hall ED, Traystman RJ. Secondary tissue damage after CNS in-
jury. Current Concepts (Upjohn) 1993:1–28.

61. Casson I, Siegel O, Sham R, et al. Brain damage in modern boxers.
JAMA 1984;251:2663–2667.

62. Jordan B, ed. Medical Aspects of Boxing. Boca Raton: CRC Press,
1993.

63. Cantu RC, ed. Boxing and Medicine. Champaign, IL: Human Ki-
netics, Inc., 1995.

64. Martland HS. Punch drunk. JAMA 1928;19:1103–1107.
65. Tysvaer A, Storli O. Association football injuries to the brain: a

preliminary report. Br J Sports Med 1981;15:163–166.
66. Tysvaer A, Storli O, Bachen N. Soccer injuries to the brain: a

neurologic and encephalographic study of former players. Acta
Neurol Scand 1989;80:151–156.

67. Tysvaer A, Lochen E. Soccer injuries to the brain: a neuropsycho-
logical study of former soccer players. Am J Sports Med 1991;19:
56–60.

68. Tysvaer AT. Head and neck injuries in soccer the impact of minor
head trauma. Sports Med 1992;14:200–213.

69. Murelius O, Haglund Y. Does Swedish amateur boxing lead to
chronic brain damage? 4. A retrospective neuropsychological
study. Acta Neurol Scand 1991;83:9–13.

70. Bijur P, Haslum N, Golding J. Cognitive outcomes of multiple
head injuries in children. J Devel Behav Paediatr 1996;17:
143–148.

71. Barth JT, Alves WM, Ryan TV, et al. Mild head injury in sports:
neuropsychological sequelae and recovery of function. In: Levin
HS, Eisenberg HM, Benton AL, eds. Mild Head Injury. New York:
Oxford University Press, 1989:257–275.

72. Maddocks D, Saling M. Neuropsychological sequelae following
concussion in Australian rules footballers. J Clin Exp Neuropsy-
chol 1991;13:439–441.

73. Maddocks DL. Neuropsychological recovery after concussion in
Australian rules footballers [PhD thesis]. Melbourne: University of
Melbourne, 1995.

74. Alves WM, Rimel RW, Nelson WE. University of Virginia pro-
spective study of football induced minor head injury: status report.
Clin Sports Med 1987;6:211–218.

75. Thorndike A. Serious recurrent injuries of athletes. N Eng J Med
1952;246:552–556.

76. Cantu RC. Second impact syndrome: immediate management.
Phys Sportsmed 1992;20:55–66.

77. Cantu RC, Voy R. Second impact syndrome: a risk in any contact
sport. Phys Sportsmed 1995;23:27–34.

78. Bruce DA. Delayed deterioration of consciousness after trivial
head injury in childhood. Br Med J 1984;289:715–716.

79. Snoek JW, Minderhoud JM, Wilmink JT. Delayed deterioration
following mild head injury in children. Brain 1984;107:15–36.

80. McCrory PR, Berkovic SF. Second impact syndrome. Neurology
1998;50:677–683.

81. Rice SG. Head injury rules: based on one tragedy? Sports Med
Prim Care 1995;1:9–12.

82. Narayan R, Wilberger J, Povishlok J. Neurotrauma. New York:
McGraw-Hill, 1996.

83. Lomnitski L, Kohen R, Chen Y, et al. Reduced levels of antioxi-
dants in brains of ApoE deficient mice following closed head
injury. Pharmacol Biochem Behav 1997;56:669–673.

84. Chen Y, Lomnitski L, Michaelson D, et al. Motor and cognitive
deficits in Aproprotein E-deficient mice after closed head injury.
Neurosci 1997;80:1255–1262.

EVIDENCE-BASED REVIEW OF SPORT-RELATED CONCUSSION: BASIC SCIENCE 165

Clin J Sport Med, Vol. 11, No. 3, 2001


