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Abstract. Mild traumatic brain injury (mTBI) in contact sport is a problem of such magnitude that improved approaches to
diagnosis, investigation and management are urgent. Concussion has traditionally been described as a transient, fully reversible,
cerebral dysfunction. However, this seemingly ‘mild’ injury sometimes results in long-lasting and disabling post-concussion
symptoms (PCS) and abnormal neuropsychological profiles characteristic of frontal and/or temporal lobe dysfunction. At present,
the pathological changes following concussion remain unclear, but it is now widely accepted that concussion results mainly in
functional disturbance rather than structural damage. Therefore, functional imaging techniques can help in demonstrating brain
abnormalities undetectable by structural imaging methods.
This paper will review the use of functional magnetic resonance imaging (fMRI) in studies of concussion. Our existing and
ongoing fMRI studies will be described as examples to highlight the potential and contribution of this non-invasive functional
neuroimaging technique in the assessment of sports-related concussion and its management.
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1. Introduction

In 1998, the NIH Consensus Statement [44] indicat-
ed that head trauma is common and results mainly from
motor vehicle accidents, acts of violence, and sports
injuries, and is more than twice as frequent in males
as in females. Because the neuropathological, neu-
rological and neurobehavioral consequences of mTBI
and concussion overlap, these two terms will be used
interchangeably here. Concussion has recently been
redefined with new emphasis on functional rather than
structural injury, transient nature, and a graded set of
clinical syndromes that may or may not involve loss of
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consciousness [2–4]. This is because mTBI can pro-
duce demonstrable structural brain damage whether or
not a loss of consciousness occurs at the time of in-
jury [54]. The recent Summary and Agreement State-
ment of the 2nd International Conference on Concus-
sion in Sport (Prague, 2004) [43] did not change the
definition beyond noting that, in some cases post con-
cussive symptoms (PCS) may be prolonged or persis-
tent and that concussion severity could only be de-
termined in retrospect after all concussion symptoms
have cleared, the neurological examination is normal
and cognitive function has returned to baseline [5]. It
did, however, come to an understanding that concus-
sion may be categorized for management purposes as
either simple (symptoms resolving without complica-
tion over 7–10 days) or complex (persistent symptom
recurrence with exertion, convulsions, prolonged loss
of consciousness, prolonged cognitive impairment).
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Concussion used to be considered as a temporary
fluctuation in consciousness with no long-term effect
on cognition. As such, no significant damage to neu-
rons was believed to have ensued. Recent popular cases
of athletes and other individuals with persistent cogni-
tive deficits following concussion (the post-concussion
syndrome) suggest that this is not always the case [6].
Concussion is a particular concern in contact sports,
such as hockey and football, because once cleared to
play, the players return to an environment in which a
head injury has a reasonable likelihood of recurring.
In North America, there is a growing list of athletes
whose careers have been jeopardized or ended prema-
turely due to the effects of multiple concussions. An
emerging hypothesis in the study of neurotrauma is that
repeated mTBI may cause cumulative damage to the
brain [19,51], which could ultimately result in memory
and learning dysfunction. Recurrent brain injuries are
common in many sports [30] as some include blows to
the head (contact sports) or use the head as part of play-
ing the game (e.g. heading the ball in soccer). Studies
have shown that soccer players who regularly head the
ball have more brain concussions, and show impair-
ment on multiple neuropsychological tests [37,39] but
see [22]. In American football, players with repeat-
ed concussions perform worse on neuropsychological
tests than those with either a single concussion or no
history of concussion [13]. Many concussions result
in deterioration of planning and memory [38], func-
tions to which the frontal and temporal lobes (particu-
larly the hippocampus), respectively, contribute. After
a concussion, individuals often exhibit diverse symp-
tomatology and abnormal neuropsychological profiles
involving learning and memory of new material, pre-
sumed to be associated with hippocampal function, as
well as working memory, attention, information pro-
cessing speed, and integrative tasks that contribute to
executive function (frontal-lobe function).

1.1. Functional MRI in concussion

Whereas imaging techniques such as CT and MRI
can furnish knowledge of intracranial anatomical ab-
normalities, functional techniques such as fMRI could
provide insights into the pathophysiological and func-
tional sequelae of injury. Although information on
brain function has traditionally been obtained using ra-
dioactive tracer techniques to measure changes in cere-
bral blood flow in response to functional activations,
fMRI has become the method of choice for making
brain-behavior inferences. FMRI detects the conse-

quence of neuronal activation in cortical matter by ob-
serving regional changes in either T1 from increased
blood perfusion, or T2 from reduced paramagnetic de-
oxyhemoglobin levels. The most common approach
is based on blood oxygenation changes, and the sig-
nal contrast thus generated has been termed BOLD, for
blood oxygenation-level dependent [50]. FMRI stud-
ies hold great potential for widespread research and
clinical use because fMRI does not require exposure
to any radioactive substance, has temporal resolution
limited only by brain hemodynamics, and spatial reso-
lution comparable to that of conventional MRI. Thus,
fMRI offers us the opportunity to use within as well as
across subjects designs. This promotes the implemen-
tation of prospective, neurophysiologic investigations
in which preinjury baseline measures of neural func-
tion are obtained for each participant in anticipation of
future deleterious events, such as brain injury.

In fact, fMRI has been used with concussed patients
in a prospective study that used an auditoryn-back
working memory task with a high processing load [40].
Individualswith mTBI showed an increase in activation
only in right frontal and parietal cortex while controls
showed a greater increase in activation in parietal cor-
tical areas bilaterally. Also, mTBI subjects had smaller
increases in brain activation than controls. The authors
have used fMRI to probe episodic memory in mTBI.
Subjects learned a 10-item word list and passively lis-
tened to the learned words interspersed with 38 nov-
el words during fMRI acquisition in an event-related
design. In healthy controls, familiar words were asso-
ciated with predominant activation of right prefrontal
cortex and novel words with medial temporal cortical
activation. Significant reductions in activation were
observed in the mTBI group suggesting that within one
month of injury, there are demonstrable differences in
the ability to activate, allocate, and modulate memory
processing resources [41]. Jantzen et al. [25] carried out
fMRI and neuropsychological testing in four athletes
before and after concussion. FMRI after injury showed
increased activation in the parietal and lateral frontal
and cerebellar regions when compared with preinjury,
in the absence of changes in cognitive performance.

In an fMRI study carried out in our laboratory, Chen
et al. [12] compared brain activations of 16 concussed
athletes with a group of normal controls using the ex-
ternally ordered task, one of the working memory tasks
devised by Petrides and validated in studies of patients
with lateral frontal lesions, monkeys with dorsolateral
prefrontal cortex (DLPC) lesions and functional neu-
roimaging work with PET and fMRI [45–49]. The
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Fig. 1. a) Average t-statistic maps comparing control and concussed groups for working memory tasks; note reduced activation for the concussed
group; b) Reduced percent BOLD signal change for athletes; c) Summary of the % signal change in the mid-DLPC foreach athlete while
performing the working memory task. The dark and light shaded areas represent 90% and 95% quantiles of the control group, respectively.
Adapted from [21].

results showed the expected fronto-cortical activations
for eight normal control subjects (NC). All the athletes
but one had subjective complaints of post concussive
symptoms (PCS) at the time of the functional imaging

study. Interestingly, the one symptom-free athlete was
also the only one showing an activation pattern similar
to that of the control group, while all the symptomatic
athletes displayed a different activation pattern, regard-
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Fig. 2. a) Group average activation maps for the verbal and non-verbal working memory tasks, superimposed on each group’s average MRI. Note:
task-related brain activities are reduced in athletes with concussion and persisting post-concussive symptoms. b) PCS score and BOLD change
correlation. An inverse relationship between PCS score and % BOLD signal change is observed in the prefrontal regions of interest. (aDLPC=
anterior dorsolateral prefrontal cortex; pDLPC= posterior dorsolateral prefrontal cortex). Adapted from [38].

less of whether they experienced loss of consciousness
at the time of the injury (Fig. 1). More specifically,
the performances of the athletes varied from chance to
normal but they had weaker and fewer task-related ac-
tivations than the controls. In some cases, particular-
ly in those that had multiple concussions, there was a
lack of task-related activation and the activation peaks
were mainly located within the posterior prefrontal re-
gion. The authors examined percent BOLD changes in
the regions of interest of single individuals and com-
pared them to those of the control subjects. The results
show a greater increase in DLPC bilaterally for con-
trol subjects and an athlete who performed well (the
only asymptomatic concussed athlete), while % BOLD
change for an athlete who performed poorly was com-
paratively low. In that study, an athlete with multiple

concussions was tested twice: six months following
his last concussion and three months later. Consistent
with an improvement in his subjective complaints and
dissipation of PCS, the results showed an increase in
his behavioral score on the visual version of the task
and an augmentation of the prefrontal activations as-
sociated with the task. These findings suggest that the
presence of PCS can be an important, if not the most
important, indicator for the diagnosis and prognosis of
concussive injury, and that it can have significant impli-
cations in establishing a concussion grading scale. The
results also suggest that working memory tasks as well
as fMRI imaging are useful in identifying an underlying
fronto-cortical dysfunction following concussion.

While earlier concussion guidelines had placed em-
phasis on loss of consciousness as a primary diagnos-
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Fig. 3. Additional brain activations in the temporal regions of both groups with PCS, not seen in the controls. Adapted from [38].

Fig. 4. fMRI results showing different task-related brain activities in control subjects and concussed athletes with symptoms of depression. Note:
a, b, c= slice level in the prefrontal cortex.

tic indicator, these have been abandoned in favor of a
multifactorial approach, in which PCS are key markers
in the assessment of cerebral concussion and in making
return-to-play decisions [6,12,14,33,43].

1.2. Revised definition of concussion, PCS and fMRI

The Concussion in Sport Group (CISG) [2–4] rec-
ommended that combined measures of recovery should
be utilized to assess injury severity (and/or prognosis)
and guide return-to-play decisions rather than previous
grading systems. In the case of concussed athletes,
there is a need for tools with which to measure sever-
ity of concussive injury as well as effects of interven-
tion or management. Players who have had a concus-
sion are at a greater risk of impaired playing perfor-
mance, further injury, and sustaining another impact
before recovery from the initial trauma [7,23,29,42].
In addition, PCS may become persistent and refrac-
tory to treatment [1,23]. These findings have impor-
tant implications with respect to grading of concussion,
management and return-to-play guidelines [14,21,24,
27,31]. Neurological examinations and mental status

evaluation offer only gross measurements and may not
detect subtle findings that are often present, which may
account for missed diagnoses and premature return-to-
play decisions. Consequently, new approaches to eval-
uating injury-severity emphasize the lower grade in-
juries [6,33], as they are often unrecognized, and stress
the importance of PCS [9,18].

Although this approach is helpful in facilitating clin-
ical judgment and patient management, concern has
been raised as to the reliability of self-reported symp-
toms. To address this issue, a study [9] was carried out
in our laboratory to examine the relationship between
self-reported PCS and results on a computerized cogni-
tive test battery and fMRI activation studies in a group
of concussed athletes with persisting PCS (“complex
concussion”) [43]. The primary objective was to eval-
uate the use of the PCS score as a diagnostic indicator
in complex concussion and to investigate whether the
severity of self-rated symptoms reflects the degree of
ongoing behavioral and functional changes after a cere-
bral concussion. The results showed that, as a group,
athletes with a PCS score greater than 21 (moderate
severity) showed significantly slower response times
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Fig. 5. Quantitative analyses control vs. depressed athletes with concussion. a) Areas where significant task-related peaks were identified and
chosen for quantitative analyses; b) Percent BOLD change from baseline condition in each region of interest; c) Relationship between depression
scores and % BOLD signal changes: the higher the depression score, the lower the % BOLD signal changes in the right and left DLPC; the
higher the depression score , the lower the decrease in negative % BOLD signal changes in the anterior cingulate (ACC) and medial orbitofrontal
cortices (Med. OFC).

than the control group on the matching and one-back
tasks from the computerized cognitive battery. In addi-
tion, their functional MRI results displayed an almost
complete absence of activation in the prefrontal regions
of interest when performing a working memory task
(Fig. 2a). This lack of cerebral activity in the frontal
region was seen for both verbal and non-verbal tasks.

In contrast, athletes with a PCS score ranging from
6–21 (mild severity) performed as well as the normal
control group on the cognitive test battery. When test-
ed with fMRI, they nevertheless showed reduced fMRI
signals in the prefrontal regions of interest compared
with the normal control subjects, although the foci were
significantly greater than those shown by the moderate
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PCS group. Regression analyses were performed on
the PCS scores and BOLD signal changes to examine
the relationship between the self-reported PCS and the
fMRI activation pattern. The result confirmed a nega-
tive relationship between BOLD signal change and the
severity rating of PCS (Fig. 2b).

Furthermore, additional brain activations in the tem-
poral regions of both groups, not seen in the controls,
were observed (Fig. 3). Interestingly, the authors have
noted similar ‘atypical’ activation foci in a different
group of athletes, and they attributed them to the use
of compensatory mechanisms through recruitment of
extra neuronal resources [12]. Taken together, these
results support the ability of the self-rated PCS score to
suggest different degrees of behavioral and functional
deficits [8,9,11].

To our knowledge, this study was the first to vali-
date with functional neuroimaging and cognitive test-
ing the self-rated PCS scale and to confirm that there
is a physiological correlate to PCS. It also showed that
the presence of self-reported symptoms is a scientifi-
cally valid measure of injury severity and strengthened
the clinical validity of the PCS scale as a diagnostic
tool. Further, it highlighted the potential of fMRI, in
conjunction with the working memory task, to detect
abnormalities among symptomatic concussed athletes
who had normal structural imaging results [8,9,11].

1.3. Depression following concussion and fMRI

In addition to somatic symptoms such as headaches
and fatigue and cognitive deficits (e.g. memory, con-
centration, planning and organization), PCS include
psychiatric complications, such as anxiety, irritability
and depression. Most studies on sport concussion have
focused on the somatic and cognitive aspects, while the
psychiatric dimension of PCS remains largely unex-
plored. This may be particularly relevant in sport con-
cussion [26] as depression has readily been attributed
to the loss of position on the team, lack of team support
environment, the lack of defined timeline to recovery
and the fact that this injury is “invisible”, raising issues
of compliance or malingering. An acknowledgement of
the importance of affective symptoms with concussion
injury and recovery was raised at the most recent Inter-
national Concussion Symposium [43]. In addition, the
anecdotal success of treatment with antidepressants in
isolated sport concussion cases raises awareness of the
contribution of mood symptoms to this pathology.

To understand better the underlying neural mecha-
nisms of mood disturbance, particularly depression ex-

pressed by athletes following a cerebral concussion, a
fMRI study was carried out in our laboratory to com-
pare neural responses associated with a working mem-
ory task between athletes with concussion who com-
plained of depression, athletes with concussion who
did not complain of depression and non-injured con-
trol athletes [10,11]. Athletes in the three groups filled
out the Beck Depression Inventory (BDI-II) and un-
derwent an fMRI session during which they performed
our externally ordered working-memory task known
to engage prefrontal cortex [17,20]. The non-injured
control group as well as the athletes with concussion
who did not report depression (BDI-II score less than
10) exhibited the expected increase in fMRI signal in
the DLPC and ventrolateral prefrontal (VLPC) regions,
consistent with our previous findings (Fig. 4). Those
athletes with concussion who complained of depression
were divided into two groups according to the severi-
ty of their depressive symptomatology: mild (BDI-II
score between 10 and 19) and moderate (BDI-II Score
between 20 and 29). No athlete complained of severe
symptoms. Results showed that those athletes with
concussion and mild symptoms of depression have at-
tenuated fMRI signals in the DLPC while the reduction
in activation is even more pronounced in those with
moderate symptoms of depression (Fig. 4).

Volume-of-interest (VOI) analyses were carried out
to quantify the observed differences in neural activities.
Four VOIs were identified in the prefrontal cortices
(two in each hemisphere). The corresponding mean
percent BOLD signal change from the baseline to work-
ing memory condition was then calculated. Athletes
with mild depression showed significantly less BOLD
signal increases than the control group in the left an-
terior DLPC while the moderately depressed athletes
showed further reduction in BOLD signal increases in
the right and left anterior DLPC, and right posterior
DLPC (Fig. 5a–b).

To examine further the relationship between brain
activations and the severity of depressive symptoms,
scores on the BDI-II were used as a covariate to iden-
tify brain regions where changes in BOLD signals are
modulated by the scores on the depression scale. The
results showed that the magnitude of fMRI BOLD sig-
nals in both right and left DLPC was negatively corre-
lated with the severity of depressive symptoms as as-
sessed with the BDI-II (Fig. 5c). It was also noted that
the BOLD signals in the anterior cingulate (ACC) and
medial orbitofrontal cortices (mOFC) were positively
correlated with BDI-II scores (Fig. 5c). A crucial dif-
ference in the ACC and OFC between the two groups
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Fig. 6. Relationship between post-concussive symptoms and depression. BOLD signal attenuation in the right DLPC occurred in both depressed
and non-depressed concussed athletes. Athletes with PCS and depression showed more signal reduction than athletes with PCS alone. Athletes
with depression showed smaller negative BOLD signals in ACC and mOFC. This pattern was not seen in non-depressed concussed athletes with
PCS.

with high PCS scores with and without depression was
observed, however. In these cerebral areas, athletes
with high PCS scores but not depression showed simi-
lar negative BOLD signal changes as the control group.
In contrast, these negative BOLD responses were sig-
nificantly attenuated in those athletes with high PCS
scores and symptoms of depression.

This difference can be illustrated further by contrast-
ing the BOLD responses of this group with those re-
porting mild depressive symptoms. Both groups had
similar PCS scores (25 versus 27) and showed reduced
activations in the right DLPC when compared to the
control subjects (Fig. 6). However, only those with de-
pression had significantly less task-related BOLD de-
creases in the ACC and mOFC, and they showed greater
signal reduction in the right DLPC compared with the
non-depressed but high PCS score group. Thus, while
the reduced brain activations in the right DLPC were
likely due to the combination of the PCS and depressive
symptoms, the changes in ACC and mOFC appear pri-
marily related to the presence of depressive symptoms.

One explanation for the decrease in negative BOLD
signals is an overall increase in neural activities in the
ACC and OFC of the depressed athletes. Elevated neu-
ral activities in these regions have been associated with
experimentally induced anxiety and sadness in normal
subjects and patients with major depressive disorder
(MDD) [36]. PET studies on major depression have
also reported increased metabolism in the ACC, re-
versible with antidepressant medication [16]. In a study
using fMRI, Rose et al. [52] reported that patients with

MDD had relatively higher fMRI signals in the medial
OFC and ACC when performing ann-back working
memory task than normal control subjects. Although
none of our athletes with symptoms of depression were
diagnosed with MDD, our results are strikingly similar
to functional neuroimaging findings in major depres-
sion and suggest that depression following head trauma
may share the same underlying neural mechanism as
MDD.

Studies that examined outcomes following traumatic
brain injury have reported a prevalence of depression a
few years after the injury [15,28,32,52,53]. The ques-
tion arises as to whether the symptoms of depression
represent an emotional reaction to the trauma and to
the ongoing PCS, or whether there is an organic basis
to them. Recently Jorge et al. [28] reported that de-
pression following head trauma was equally frequent
among mild, moderate and severe cases one year post-
injury. In addition to worse functional outcome, head
injury patients with depression also showed significant-
ly reduced gray matter volumes in the left prefrontal
cortex. Levin et al. [34,35] found that mTBI patients
with documented CT scan lesions were at greater risk
of developing major depressive episodes three months
post-injury. These findings, together with our results,
point to an organic basis to the depressive symptoma-
tology following brain trauma. Our data also indicate
that the presence of depressive symptoms is associated
with a greater reduction in cerebral activity in the DLPC
than with PCS alone and are consistent with reports
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Fig. 7. Serial fMRI studies. a) Comparison of brain activations associated with the working memory tasks at baseline (PCS score= 4) and after
concussion (<72 hrs; PCS score=27) in 8 subjects. Note reduced activations; b) Serial fMRI results from concussed athletes with symptom
resolution and with no symptom resolution. Note: task-related brain activities in the frontal region are clearly observed only in athletes with
symptom resolution; c) Serial fMRI results from 4 healthy normal athletes. The results demonstrate consistent task-related brain activities in the
prefrontal region, indicating good test-retest reliability.

of greater disability and poorer outcome in depressed
head trauma patients.

1.4. Serial fMRI in concussion: The McGill
Concussion Study (ongoing)

A major advantage of the fMRI technique is its non-
invasive nature which allows serial testing in the same
subject within a short time span. This has great im-
plication in a clinical setting since it permits monitor-
ing of recovery in concussed individuals. In addition,
intrasubject comparisons are more likely to be sensi-
tive to change than intersubject comparisons and use of
normative data. Since 2003, the present authors have
built with support from the Canadian Institute of Health
Research, a solid database of 83 McGill varsity hock-
ey and football athletes who were free of neurological
and/or psychiatric disorders, and who did not have a
concussion at least in the preceding 12 months. These
players still have at least two-three years of playing
time such that they are being followed and new ad-
ditions to the teams can also be recruited. The data-
bank includes: a) baseline PCS assessment; b) for-
mal neuropsychological testing; c) computerized cog-
nitive testing; d) fMRI studies associated with a work-

ing memory task and one that requires navigation and
orientation; e) high resolution structural MRI’s (DTI,
T1, T2 and FLAIR); f) measurements of hippocampal
volumes. This procedure allows pre versus post injury
comparisons for each individual within the group who
may subsequently become concussed.

So far our data indicates that the brain activations
(mid-DLPC) associated with the externally ordered
working memory tasks for 83 normal athletes were
remarkably similar to those reported in our previous
studies. We are thus confident of the inter-individual
reliability of fMRI. Of the 83 baseline subjects, eight
sustained a sport-related concussion and were admin-
istered the protocol within 72 hours after the injury.
Comparison of the brain activations associated with the
working memory tasks at baseline (mean PCS score=
4) and after concussion (<72 hrs;mean PCS score=27)
in the 8 subjects showed a quasi absence of cerebral
activations in the regions of interest (Fig. 7a).

Three athletes with an orthopedic injury were admin-
istered the protocol within the same time frame in order
to examine the effect of an injuryper se. There was
almost no change in brain activations associated with
the working memory tasks in these athletes with or-
thopedic injury but not concussion suggesting that the
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reduced brain activity in symptomatic concussed ath-
letes are not simply due to the general effect of having
sustained an injury.

Follow-up studies were also carried out following
symptom resolution in four athletes with concussion
and one orthopedic injury. Task-related brain activities
in the frontal region were clearly observed only in those
athletes with symptom resolution while the same re-
gions remained relatively silent for those with persistent
symptoms (Fig. 7b). The subject with a resolved ortho-
pedic injury showed remarkably similar scans. Finally,
the same protocol was re-administered to four unin-
jured athletes to verify test-retest reliability. The serial
fMRI results demonstrate consistent task-related brain
activities in the prefrontal region, indicating good test-
retest reliability (Fig. 7c). Thus, our results show that
fMRI is sensitive enough to detect abnormal activation
patterns at the individual level and that task-related ac-
tivations can be consistently and reliably produced [12,
26].

2. Conclusion

Our aim is to develop the means to evaluate the ef-
fects of head trauma as well as to monitor progress in
cognitive performance and verify recovery. We believe
our studies will provide a new look at brain plastici-
ty in adults. It is important to identify athletes (pro-
fessional and amateur) at high risk for persistent PCS
because these individuals will benefit from counselling
with regard to return to play, retirement from sport,
increased vulnerability, and concussion rehabilitation
and protection issues. Repeated concussion can have
serious effects on cognition. This is known. However,
it is not clear what the signs are that indicate major
upcoming cognitive problems. Given the opportuni-
ty to reassess athletes with mTBI with neuropsycho-
logical evaluation, structural imaging and fMRI, we
may be able to establish patterns of performance both
in neuropsychological test profile, structural MRI and
fMRI indices suggesting that any further mTBI in a
given athlete could prove serious. If such signs could
be established, they could impact the practice of sports
medicine where both the athletes and their teams may
underestimate the potential cumulative effect of repeat-
ed mTBI. Such signs and criteria can only be estab-
lished if one can follow athletes longitudinally with de-
tailed evaluation (clinical, neuropsychological, struc-
tural and fMRI scanning). Ultimately, we hope to
extrapolate our results to other populations suffering

mTBI (motor vehicle accidents, falls, older adults, and
children; e.g. see Fig. 6 for % BOLD change in regions
of interest expected for normals) because the economic
cost to society (e.g. lost working hours, reduced quality
of life) is so great and needs to be reduced.
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