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Abstract: After minor head injury (MHI) postconcussive symptoms (PCS) such as memory and atten-
tion deficits frequently occur. It has been hypothesised that PCS are caused by microstructural damage
to the brain due to shearing injury, which is not detectable with conventional imaging, and may be re-
sponsible for a functional deficit. The purpose of this study was to correlate functional magnetic reso-
nance imaging brain activation of working memory and selective attention with PCS. 21 MHI patients
and 12 healthy controls were scanned at 3T. Stimulation paradigms were the n-back and Counting
Stroop tasks to engage working memory and selective attention, respectively. Functional data analysis
consisted of random effects group analyses, correlating brain activation patterns with the severity of
PCS as evaluated with the Rivermead postconcussion symptoms questionnaire. At minimal working
memory load, activation was seen in patients with greater severity of PCS in the working memory net-
work. With an increase of working memory load, increase of activation was more pronounced in
patients with greater severity of PCS. At high and increased working memory load, activation associ-
ated with the severity of PCS was seen in the posterior parietal area, parahippocampal gyrus, and pos-
terior cingulate gyrus. Activation related to selective attention processing was increased with greater
severity of PCS. The increased activity in relation to working memory and attention, and the recruit-
ment of brain areas outside the working memory network at high working memory load, may be con-
sidered a reflection of the brain’s compensatory response to microstructural injury in patients with
PCS. Hum Brain Mapp 30:2789–2803, 2009. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

Head injury is a major health and societal burden, with
an estimated incidence of 235 patients per 100,000 in
Europe [Tagliaferri et al., 2006]. The vast majority of head
injury patients present with a near-normal level of con-
sciousness [Glasgow coma scale (GCS) score of 13–15] and
are considered to be MHI patients [Carroll et al., 2004;
Cassidy et al., 2004; Kraus and Nourjah, 1988]. Despite
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being classified as minor, more than 80% of these head
injury patients experience postconcussive complaints in
the first week after the injury. Symptoms are generally
self-limiting, and, while still present in 30% of patients
1 month after the injury, have commonly disappeared after
6 months, only to persist in a small minority of patients
[Alexander, 1995; Ingebrigtsen et al., 1998; King, 2003;
Lishman, 1988].
Postconcussive symptoms (PCS) comprise a wide variety

of somatic, psychological, and cognitive complaints such
as headache, fatigue, depression, and memory and atten-
tion deficits [Alexander, 1995, 1997; Dikmen et al., 1986;
WHO, 1993]. The presence of a minimum of three symp-
toms for at least three months after the injury is used as a
criterion for the diagnosis of the postconcussion syndrome
[American Psychiatric Association, 1994; WHO, 1993], for
which a neuropathological substrate is still lacking [Evans,
1992; WHO, 1993]. With conventional imaging techniques
of the brain, such as computed tomography (CT) or mag-
netic resonance imaging (MRI), generally no structural
abnormalities are found [Bigler, 2001; Hofman et al., 2001].
Despite the subjective severity of complaints in these

patients, neuropsychological tests are also usually normal.
If abnormal, deficits tend to be subtle, and are most com-
monly found in the cognitive domains of working memory
and selective attention [Bohnen et al., 1992a,b; Cicerone
and Azulay, 2002]. Working memory refers to the cogni-
tive process during which a limited amount of information
is kept in memory for a brief period of time for further
cognitive manipulation. A common task to engage work-
ing memory is the n-back task, during which at least five
areas of the brain have shown to be involved, namely the
dorso- and ventrolateral prefrontal cortex, the supplemen-
tary motor and premotor areas, and the posterior parietal
area [D’Esposito et al., 1998, 2000; Jonides et al., 1997;
Owen et al., 2005; Smith and Jonides, 1998]. Selective atten-
tion concerns the process of directing attention towards a
specific stimulus, and is traditionally tested with the
Stroop colour word task, in which the difference in
response time for a neutral stimulus (inducing an auto-
matic response) and response time for an interference
stimulus (inducing a response for which interfering infor-
mation needs to be ignored) is considered a measure of
selective attention [Stroop, 1935]. Brain areas involved in
the processing of selective attention are the dorsolateral
prefrontal cortex, the supplementary motor area, and the
anterior cingulate cortex [Bush et al., 1998; Egner and
Hirsch, 2005].
It has been hypothesised that PCS are caused by micro-

structural damage to the brain due to shearing injury,
which is not detectable with conventional imaging, and
may be responsible for a functional deficit [Bigler, 2001,
2003; King, 1997; Lishman, 1988; Szymanski and Linn,
1992]. A compensatory mechanism of the brain could
explain the discrepancy between the subjective severity of
cognitive complaints and—near—normal findings on neu-
ropsychological testing [Audoin et al., 2003]. Previous

functional MRI (fMRI) studies of MHI patients have
indeed shown altered patterns of activation during the
performance of working memory tasks [Chen et al., 2004;
Christodoulou et al., 2001; McAllister et al., 1999, 2001],
consisting of reports of both increased [McAllister et al.,
1999, 2001] and decreased [Chen et al., 2004] activation in
the dorsolateral prefrontal cortex and increased activation
in the posterior parietal area [McAllister et al., 1999, 2001]
during an n-back task, and more dispersed activation and
the recruitment of brain regions in the contralateral
hemisphere during a paced auditory serial addition task
[Christodoulou et al., 2001]. Meanwhile, it is conceivable
that a more global change in brain activity after MHI
occurs, and that previously reported findings are not task-
specific. An association of brain activation with postcon-
cussive complaints has as yet not been assessed.
In the present study, we used fMRI to correlate PCS af-

ter MHI with neural correlates of the two cognitive
domains commonly affected, i.e. working memory and
selective attention. We also assessed whether PCS were
associated with brain activation during a simple, noncogni-
tive finger tapping task.

METHODS

Study Population

Patients were prospectively and consecutively included
if they met the following inclusion criteria: aged 18–
50 years, presentation to our emergency department with
blunt head trauma, a GCS score of 13–15, a normal neuro-
logical examination, and normal CT of the head performed
within 24 h of injury. As a control group, healthy volun-
teers were recruited from the included patients’ peers and
family where possible, and additionally from hospital co-
workers.
Head injury patients and controls were excluded if they

had a history of neurological or psychiatric disease, had
previous head injury, used prescription medication other
than oral contraceptives, or had contraindications for MR
imaging.
The study protocol was approved by the Erasmus MC

institutional review board and written informed consent
was obtained from all participants.

Participant Characteristics

General demographical data were collected from all par-
ticipants. Educational level was specified according the
Dutch educational system, in which several levels of sec-
ondary education exist. The participants’ educational level
was based on their highest level of education completed
and classified accordingly as follows: (1) primary educa-
tion only; (2) lower-level secondary education; (3) middle-
level secondary education; (4) higher-level secondary or
postsecondary education. The number of years of educa-
tion completed was also recorded. All participants under-
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went general neurological examination and testing of
crude cognitive function by means of the Mini Mental Sta-
tus Examination (MMSE) [Folstein et al., 1975].
In the head injury patients, the number and severity of

postconcussive complaints was assessed by means of the
Rivermead postconcussion symptoms questionnaire
(RPSQ) [King et al., 1995]. The RPSQ is a five point-scale
of 16 symptoms that are common after head injury, and
has a high test-retest and inter-rater agreement for
the assessment of the presence and severity of PCS
[Ingebrigtsen et al., 1998; King et al., 1995]. Patients rate se-
verity of each symptom in comparison with preinjury lev-
els on a scale from zero (no symptoms) to four (severe
symptoms), thus adjusting for the high base-rate of (some
of these) symptoms in the general population. Additional
symptoms may be recorded and rated similarly. The
higher the sum score, the more (severely) symptoms are
present after the injury.

MRI Acquisition Protocol

Imaging was performed on a 3T MR system (HD plat-
form, GE Healthcare, Milwaukee, WI) �1 month after the
injury. An eight-channel head coil was used for reception
of the signal. For anatomical reference a high-resolution
three-dimensional (3D) inversion recovery (IR) fast spoiled
gradient echo (FSPGR) T1-weighted image was acquired,
with the following pulse sequence parameters: repetition
time (TR)/echo time (TE)/inversion time (TI) 10.7/2.2/300
ms; flip angle 188; matrix 416 3 256 and field of view
(FOV) 250 3 175 mm2 resulting in an in-plane resolution
of 0.6 3 0.7 mm2; 192 slices with a slice thickness of
1.6 mm and 0.8 mm overlap; acquisition time: 4:57 min.
For functional imaging, a single shot T2*-weighted gradi-
ent echo echo-planar imaging (EPI) sequence sensitive to
blood oxygenation level dependent contrast was used (TE
30 ms; flip angle 758; acquisition matrix 64 3 96 and FOV
220 3 220 mm2 resulting in an in-plane resolution of 3.4 3
2.3 mm2; slice thickness 3.5 mm). TR, the number of slices
(which was the maximum number that could be acquired
within the given TR), and acquisition time varied accord-
ing to the stimulation paradigm: for the finger tapping
task TR was 3,000 ms, number of slices 39, and acquisition
time 4:15 min; for the n-back task TR was 2,500 ms, num-
ber of slices 32, and acquisition time 6:43 min; for the
Stroop task TR was 2,000 ms, number of slices 26, and ac-
quisition time 6:10 min. Slice localisation was prescribed in
the axial plane, covering at least the supratentorial brain.
All functional imaging data acquisitions included five
dummy scans that were discarded from further analysis.

Functional MRI Stimulation Paradigms

All tasks were presented using Presentation v9.81 soft-
ware (Neurobehavioral Systems, Albany, CA) installed on
a desktop PC, which was dedicated for stimulus presenta-
tion. External triggering by the MR system ensured syn-

chronisation of the stimulus paradigms with the imaging
data acquisition and precise recording of task performance
and response times through fibre optic button response
pads. Auditory tasks were presented binaurally through
an MRI compatible headphone system; visual tasks were
presented in near-darkness using a projector and a back-
projection screen that was visible with a mirror mounted
on the head coil. All tasks were designed according to a
blocked design with 30 s block duration.

Finger tapping

The first task was a self-paced finger tapping task at an
approximate rate of 1 Hz during which consecutive oppo-
sition of the thumb to each of the other fingers of the right
hand only was performed. The task consisted of eight
blocks (4:00 min) of alternating active (right-hand finger
tapping) and rest (no finger tapping) conditions. Simple
instructions indicating the start of the active and rest con-
ditions were presented auditorily.

n-Back task: Working memory and vigilance

We used the n-back task to engage continuous attention
(vigilance) and verbal working memory. Four different
conditions with increasing levels of working memory load
were presented: (1) rest, (2) 0-back, (3) 1-back, and (4) 2-
back. Stimuli consisted of auditorily presented numbers
(0–9), one stimulus presented every 3 s. Simple auditory
instructions indicated the start of each condition. Partici-
pants responded by pressing a response button with the
right thumb. During the rest condition, no stimuli were
presented and the participant was instructed to do noth-
ing. During the 0-back condition, participants were
instructed to press the response button whenever the num-
ber ‘‘0’’ was presented. During the 1-back condition, a
response was required when the presented number
matched the previous one. During the 2-back condition, a
response was required when the presented number
matched the number before the previous one. The 0-back
condition requires continuous attention (vigilance) and
only minimal working memory; the 1-back condition rep-
resents moderate, and the 2-back condition high working
memory load. A single task consisted of 13 blocks, and the
task was performed twice. Conditions were counterbal-
anced within and across the two tasks, i.e. each condition
was equally often preceded and followed by each of the
other conditions [Donaldson and Buckner, 2002].

Stroop task: Selective attention

To engage selective attention, the counting Stroop task
was used [Bush et al., 1998], which was presented visually.
Responses were given by means of two response boxes,
one held in each hand, with two buttons each to be
pressed with the thumb. Simple visual instructions indi-
cated the start of the rest, the neutral, and the interference
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conditions. The task started and ended with the rest condi-
tion, during which no stimuli were presented and the par-
ticipant was instructed to do nothing. A further 10 blocks
were presented, alternating the neutral and the interfer-
ence condition. During the neutral condition, single or
multiple (up to four) animal names were presented every
2.5 s for 1.4 s, and the participant was instructed to press
the response button (representing the numbers one to
four) that matched the presented number of animal names.
During the interference condition, single or multiple (up to
four) written-out numbers (one, two, three, and four) were
presented, and the participant was instructed to press the
response button matching the presented number of words
(i.e. ‘‘three three’’ 5 button no. 2). During this condition,
oddballs were interspersed pseudo-randomly, during
which the participant was required to press the response
button matching the presented number itself (and not the
number of words) when it was written in capital letters
(i.e. ‘‘THREE THREE’’ 5 button no. 3). A single task con-
sisted of 12 blocks, and the task was performed twice.
Conditions were counterbalanced within and across the
two tasks.

Statistical Analysis

Participant characteristics

The MHI patients were divided into two groups, accord-
ing to their RPSQ score, to best fit the data distribution:
patients with a score below the median RPSQ score were
classified as having moderate PCS, whereas patients with
a score of or above the median RPSQ score were classified
as having severe PCS. Such labelling based on the median
was chosen rather arbitrarily, as no standard methods for
categorising patients based on their RPSQ score exists.
Controls were classified as having no PCS. We tested dif-
ferences in participant characteristics between the three
groups (no, moderate, severe PCS) for significance (P <

0.05) using one-way analysis of variance (ANOVA) and
Student’s t-test for continuous (age, MMSE, GCS score),
Pearson’s chi-square test for categorical (gender), and
Kruskal Wallis for ordinal (educational level) variables.

Task performance

Task performance consisted of response times and the
percentage correct responses (number of correct responses
divided by the number of required responses), averaged
per participant and per acquisition for each condition of
the n-back task (0-back, 1-back, 2-back) and the Stroop task
(interference, neutral). Potential session effects were
assessed by testing differences in task performance for
each condition between the two sessions using an inde-
pendent samples t-test for significance (P < 0.05). For each
task, differences in performance between the conditions
were assessed for significance (P < 0.05) using a paired t-
test. Differences between the three groups (no, moderate,

severe PCS) in task performance for each condition were
assessed using one-way ANOVA for significance (P <
0.05).

Functional MRI

Analysis of fMRI data was performed with Statistical
Parametric Mapping version 2 (SPM2, Wellcome Depart-
ment, University College London, London, UK) imple-
mented in Matlab version 6.5.1 (The Mathworks, Sherborn,
MA). For individual analysis, all T2*-weighted functional
images were realigned to correct for the participant’s
motion during data acquisition and were coregistered with
the high-resolution T1-weighted anatomical image [Friston
et al., 1996]. The functional and anatomical images were
normalised to the standard brain space defined by the
Montreal Neurological Institute (MNI) as provided within
SPM2, using affine and nonlinear registration [Ashburner
and Friston, 1999] and resulting in resampled voxel sizes
of 2 3 2 3 2 mm3 for the functional and 1 3 1 3 1 mm3

for the anatomical images. The normalised functional
images were smoothed with a 3D Gaussian filter of 6 3 6
3 6 mm3 Full Width Half Maximum (FWHM) to increase
the signal-to-noise ratio, correct for interindividual ana-
tomical variation and to normalise the data. For each task
and each acquisition, individual statistical parametric
maps were calculated using the general linear model by
modelling the conditions as a box car function convolved
with the haemodynamic response function, corrected for
temporal autocorrelation and filtered with a high-pass fil-
ter of 128 s cutoff. Motion parameters were included in the
model as regressors of no interest to reduce potential con-
founding effects due to motion. The following t-contrast
images were generated: right-hand finger tapping versus
rest (finger tapping task); 0-back versus rest, 1-back versus
0-back, 2-back versus 0-back and 2-back versus 1-back (n-
back task); interference versus neutral (Stroop task).
These individual t-contrast images were then used for

second-level random effects group analyses. We used 1-
sample t-tests to assess the average activation patterns
across all participants with main effect analyses, using a
threshold of P < 0.05 with family wise error (FWE) correc-
tion for multiple comparisons and a minimum cluster size
(k) of 20 voxels. We then performed multiple regression
analysis to assess differences in activation between the
three groups, using postconcussive complaints (categorised
as no, moderate or severe PCS) as a regressor of interest,
and adjusting for potential confounders (based on our
analysis of group differences for participant characteristics
and task performance) added to the model as regressors of
no interest. Initially, we assessed brain activation changes
for significance at a threshold of P < 0.05 with FWE cor-
rection for multiple comparisons. However, since no acti-
vation surviving this stringent threshold was observed, a
more lenient threshold of P < 0.001 not corrected for mul-
tiple comparisons and a minimum cluster size of 20 voxels
was applied.
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Anatomical labelling of significantly activated clusters
was performed using the MNI Space Utility software
extension to SPM2 according to the methods described by
Brett on http://www.ihb.spb.ru/�pet_lab/MSU/MSU-
Main.html [Calder et al., 2001; Duncan et al., 2000].

RESULTS

Study Population

Between December 2005 and November 2006, 236
patients with recent MHI presented to our emergency
department who were eligible for inclusion in the study.
Of these, 51 could be contacted, 36 of whom were willing
to participate. Of these, six did not fulfil the study’s inclu-
sion criteria, and nine were excluded because of contrain-
dications for MR imaging (n 5 2), previous history of neu-
rological or psychiatric disease (n 5 4), and previous his-
tory of head injury (n 5 3). The 21 remaining patients
were imaged at an average of 30.6 days (range, 18–
40 days) after MHI. None of these patients had a neurocra-
nial traumatic finding on CT performed within 24 h of the
injury.
In addition 12 healthy volunteers were included in the

study. In one control subject, the n-back task was not per-
formed because of technical difficulties. In a different con-
trol subject, the Stroop task was not performed due to the
subject’s poor visual acuity without spectacle correction.

Participant Characteristics

The median RPSQ score was 8.0 (mean, 14; range, 0–46).
Patients with an RPSQ score below 8.0 were classified as
moderate PCS (n 5 10), and patients with an RPSQ of 8.0
or higher were classified as severe PCS (n 5 11).
The majority of participants were male (n 5 20; 61%),

and the mean age was 28 years, which was not different
among the three groups (P 5 0.45 and P 5 0.50 for gender
and age respectively; Table I). Neurological examination
was normal in all participants. There was also no differ-

ence between the three groups in level (P 5 0.64; Table I)
or number of completed years (P 5 0.91; Table I) of educa-
tion, nor in crude cognitive function as measured with the
MMSE (P 5 1.00; Table I).
All but one patient had a history of loss of consciousness

or (post-traumatic) amnesia after the injury. Most patients
had a GCS score of 15 upon presentation (n 5 15; 71%)
and six patients presented with a GCS score of 14 (29%).
There was no difference in average GCS score between the
group of patients with severe and moderate PCS (P 5
0.89; Table I).

Task Performance

Because of technical difficulties, task performance (both
for the n-back and the Stroop task) was not recorded in
three participants (one control, one moderate, and one
severe PCS). Imaging data from these participants were
available and included in the fMRI analyses.

n-Back task (vigilance and working memory)

There was no significant session effect on n-back task
performance. As expected, performance became signifi-
cantly worse at the highest level of working memory load
(Table II). For the 2-back versus the 0-back condition the
average proportion of correct responses was significantly
decreased (P 5 0.02) and the average response time
showed a significant increase (P < 0.001).
Severe PCS patients had a significantly lower percentage

of correct responses than the control subjects and moderate
PCS patients for the 1-back (P 5 0.01 both for comparison
with the control subjects and with the moderate PCS
patients) and the 2-back (P 5 0.01 and P 5 0.02 for com-
parison with the control subjects and with the moderate
PCS patients, respectively) conditions. The percentage cor-
rect responses was therefore adjusted for as a potential
confounder in the multivariable regression analysis. There
was no difference in the average response times for any of
the conditions between the three groups.

TABLE I. Participant characteristics

Moderate PCS (n 5 10) Severe PCS (n 5 11) Controls (n 5 12) P-value

Age, years (SD) 23.9 (4.6) 27.8 (9.8) 27.8 (10) 0.50a

Male gender, n (%) 7 (70) 5 (46) 8 (67) 0.45b

Educational levelc, mean (SD) 3.2 (1.0) 3.1 (0.9) 3.3 (1.1) 0.64d

Number of education years, mean (SD) 15.3 (1.9) 15.4 (2.3) 15.7 (3.1) 0.92a

MMSE, mean (SD) 27.5 (1.3) 27.6 (2.1) 27.5 (1.8) 1.00a

GCS, mean (SD) 14.7 (0.5) 14.7 (0.5) – 0.89a

PCS, postconcussive symptoms; RPSQ, Rivermead postconcussion symptoms questionnaire; SD, standard deviation.
aOne-way ANOVA/Student’s t-test.
b Pearson’s chi-square test.
c Educational level ranged from one (primary education only) to four (higher-level secondary or postsecondary education).
dKruskal Wallis.
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Stroop task (selective attention)

There was no significant session effect on Stroop task
performance. The average proportion of correct responses
was significantly lower for the interference than for the
neutral condition (P < 0.001), whereas the average
response time was significantly longer for the interference
than for the neutral condition (P < 0.001). Severe PCS
patients had a significantly lower percentage of correct
responses than the control subjects for the interference con-
dition (P 5 0.02; Table III). The percentage correct
responses was therefore adjusted for as a potential con-
founder in the multivariable regression analysis.

Functional MRI

Areas of significant activation are detailed in Tables
IV–XI.

Right-hand finger tapping

During right-hand finger tapping versus rest, significant
activation was seen in the left pre- and postcentral gyrus
(primary sensorimotor cortex), bilaterally in the medial
superior frontal gyrus (supplementary motor area), bilater-
ally in the inferior parietal lobule, and in the left lentiform
nucleus. No association with severity of PCS was seen.

n-Back task: Vigilance and working memory

0-Back versus rest: Vigilance. The 0-back condition com-
pared with the rest condition (main effect; Table IV, Fig.
1a) yielded significant activation bilaterally in the inferior
frontal gyrus and insula (ventrolateral prefrontal cortex);
in the right (medial) superior frontal gyrus (supplementary
motor area); and in the right middle and bilateral superior
temporal gyrus (auditory cortex).
Increased activation was seen associated with increased

severity of PCS (Table V, Fig. 1b) bilaterally in the inferior
and middle frontal gyrus and precentral gyrus, and in the
right superior frontal cortex (dorsolateral prefrontal cor-

TABLE II. Performance on the n-back task

0-Back
(SD)

1-Back
(SD)

2-Back
(SD)

Average proportion
correct (n 5 29)a

0.95 (0.20) 0.88 (0.27) 0.85 (0.24)

Controls (n 5 10) 0.99 (0.03) 1.00 (0.00) 0.95 (0.10)
Moderate PCS (n 5 9) 1.00 (0.00) 0.99 (0.03 ) 0.97 (0.06)
Severe PCS (n 5 10) 0.86 (0.33) 0.66 (0.39) 0.65 (0.31)

Average response time
(n 5 29)a in seconds

0.75 (0.18) 0.80 (0.29) 0.95 (0.36)

Controls (n 5 10) 0.70 (0.11) 0.79 (0.21) 0.84 (0.25)
Moderate PCS (n 5 9) 0.78 (0.10) 0.82 (0.14) 0.88 (0.18)
Severe PCS (n 5 10) 0.76 (0.29) 0.81 (0.45) 1.13 (0.51)

SD, standard deviation.
a The n-back task was not performed in one control subject. In a
further three participants (one control, one moderate, and one
severe PCS) task performance was not recorded.

TABLE III. Performance on the counting Stroop task

Neutral
(SD)

Interference
(SD)

Average proportion correct (n 5 29)a 0.97 (0.26) 0.89 (0.11)
Controls (n 5 10) 0.98 (0.02) 0.95 (0.32)
Moderate PCS (n 5 9) 0.97 (0.03) 0.92 (0.06)
Severe PCS (n 5 10) 0.96 (0.03) 0.82 (0.15)

Average response time (n 5 29)a 0.82 (0.10) 0.93 (0.11)
Controls (n 5 10) 0.78 (0.11) 0.89 (0.09)
Moderate PCS (n 5 9) 0.80 (0.11) 0.94 (0.14)
Severe PCS (n 5 10) 0.87 (0.06) 0.97 (0.09)

SD 5 standard deviation.
a The Stroop task was not performed in one control subject. In a
further three participants (one control, one moderate, and one
severe PCS) task performance was not recorded.

TABLE IV. Main effect of the 0-back versus rest condition (n 5 32a; one-sample t-test; Pcorrected < 0.05, k ≥ 20)

Anatomical location Side Cluster size

MNI

t-valuex y z

Superior frontal gyrus (83%) R 53 6 8 62 6.31
Medial superior frontal gyrus (17%) R
Insula (31%) R 457 42 14 6 8.03
Precentral gyrus (9%) R
Inferior frontal gyrus (44%) R
Insula (61%) L 114 234 22 12 6.51
Inferior frontal gyrus (27%) L
Middle temporal gyrus (53%) R 241 58 224 26 6.78
Superior temporal gyrus (47%) R
Superior temporal gyrus (96%) L 281 266 230 10 6.43

Anatomical location (and the percentage of activated voxels within the anatomical area), cluster sizes (number of voxels), MNI coordi-
nates (x, y, and z) and statistical t-values of areas of significant activation for the main effect of the 0-back versus rest condition.
L, left hemisphere; R, right hemisphere; MNI, Montreal Neurological Institute.
a The n-back task was not performed in one control subject.
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tex); bilaterally in the medial superior frontal gyrus
(includes the right supplementary motor area); in the cin-
gulate gyrus bilaterally; in the right middle temporal gyrus
(auditory cortex); and in the left superior parietal lobule
and precuneus and bilaterally in the inferior parietal
lobule (posterior parietal area).

1-Back versus 0-back: Moderate working memory load.
The 1-back compared with the 0-back condition (main effect;
Fig. 2a) yielded significant activation in the right supramar-
ginal gyrus and inferior parietal lobule (posterior parietal
area). No association with severity of PCS was seen.

2-Back versus 0-back: High working memory load. The
2-back compared with the 0-back condition (main effect;
Table VI, Fig. 2b) yielded significant activation bilaterally
in the inferior and middle frontal gyrus and the precentral
gyrus (dorsolateral prefrontal cortex and premotor area);
bilaterally in the insula and inferior frontal gyrus (ventro-
lateral prefrontal cortex), and in the (medial) superior fron-

tal gyrus (supplementary motor area); and bilaterally in
the supramarginal gyrus, the inferior and superior parietal
lobule, and the precuneus (posterior parietal area).
Increased activation was seen associated with increased

severity of PCS (Table VII, Fig. 3) in the left (medial) supe-
rior frontal gyrus (supplementary motor area); bilaterally
in the parahippocampal gyrus, the (posterior) cingulate
gyrus; and in the precuneus (posterior parietal area).

2-Back versus 1-back: Differential working memory load.
The comparison of the 2-back with the 1-back condition
(main effect; Table VIII, Fig. 2c) yielded significant activation
in the right middle and superior frontal gyrus (dorsolateral
prefrontal cortex and premotor area); the left (medial) supe-
rior frontal gyrus (supplementary motor area); and in the
supramarginal gyrus, the inferior and superior parietal
lobule, and precuneus bilaterally (posterior parietal area).
Increased activation, associated with increased severity

of PCS was seen (Table IX) in the right supramarginal

TABLE V. Regression analysis of the 0-back versus rest condition (n 5 32a; multivariable

regression analysis; Puncorrected < 0.001, k ≥ 20)

Anatomical location Side Cluster size

MNI

t-valuex y z

Precentral gyrus (%) R 568 42 6 48 4.28
Inferior frontal gyrus (%) R
Middle frontal gyrus (%) R
Cingulate gyrus (15%) R 354 8 24 56 4.53
Superior frontal gyrus (36%) R
Medial superior frontal gyrus (46%) R
Superior frontal gyrus (100%) R 30 6 8 62 3.86
Middle frontal gyrus (57%) R 187 30 50 4 5.08
Superior frontal gyrus (5%) R
Superior frontal gyrus (98%) R 94 20 50 32 4.87
Middle frontal gyrus (38%) R 24 12 212 66 4.87
Medial superior frontal gyrus (62%) R
Middle frontal gyrus (77%) R 30 34 38 36 3.58
Superior frontal gyrus (23%) R
Inferior frontal gyrus (53%) R 93 38 30 16 4.05
Middle frontal gyrus (24%) R
Precentral gyrus (24%) L 584 238 14 24 4.27
Inferior frontal gyrus (17%) L
Middle frontal gyrus (26%) L
Cingulate gyrus (43%) L 65 210 24 42 3.95
Medial superior frontal gyrus (55%) L
Medial superior frontal gyrus (96%) L 25 28 38 34 3.61
Middle temporal gyrus (96%) R 23 58 248 24 3.54
Inferior parietal lobule (55%) R 527 50 232 48 5.09
Postcentral gyrus (18%) R
Inferior parietal lobule (42%) L 589 234 244 46 4.54
Superior parietal lobule (16%) L
Precuneus (17%) L
Superior parietal lobule (92%) L 25 230 256 62 4.62
Inferior parietal lobule (40%) L 40 242 248 62 4.26
Postcentral gyrus (40%) L

Anatomical location (and the percentage of activated voxels within the anatomical area), cluster sizes (number of voxels), MNI coordi-
nates (x, y, and z) and statistical t-values of areas of significant activation for the regression analysis of the 0-back versus rest condition
with severity of postconcussive complaints.
L, left hemisphere; R, right hemisphere.
a The n-back task was not performed in one control subject.
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gyrus and inferior parietal lobule and bilaterally in the
paracentral lobule and precuneus (posterior parietal area);
the right posterior cingulate gyrus and parahippocampal
gyrus; and the middle and superior temporal gyrus bilat-
erally (auditory cortex).

Stroop task (selective attention). The comparison of the
interference with the neutral condition (main effect;

Fig. 4a; Table X) yielded significant activation in the right
inferior and bilateral middle frontal gyrus (dorsolateral
and ventrolateral prefrontal cortex), in the (medial) supe-
rior frontal gyrus (supplementary motor area), and in the
right inferior and superior parietal lobule and bilateral pre-
cuneus (posterior parietal area).
Increased activation, associated with increased severity

of PCS was seen (Table XI, Fig. 4b) in the left insula, infe-

TABLE VI. Main effect of the 2-back versus 0-back condition (n 5 32a; one-sample t-test; Pcorrected < 0.05, k ≥ 20)

Anatomical location Side Cluster size

MNI

t-valuex y z

Precentral gyrus (6%) R 1387 28 0 62 8.60
Inferior frontal gyrus (8%) R
Middle frontal gyrus (76%) R
Precentral gyrus (9%) L 1161 246 12 34 8.36
Inferior frontal gyrus (16%) L
Middle frontal gyrus (65%) L
Anterior cingulate gyrus (4%) L 1 R 566 2 18 52 8.61
Medial superior frontal gyrus (47%) L 1 R
Superior frontal gyrus (31%) L 1 R
Insula (29%) R 111 32 22 4 6.74
Inferior frontal gyrus (47%) R
Insula (31%) L 35 234 24 0 6.13
Inferior frontal gyrus (40%) L
Supramarginal gyrus (11%) R 1465 46 244 46 9.65
Inferior parietal lobule (51%) R
Superior parietal lobule (12%) R
Precuneus (14%) R
Precuneus (84%) R 79 4 268 50 6.21
Superior parietal lobule (6%) R
Supramarginal gyrus (4%) L 1055 232 264 42 9.50
Inferior parietal lobule (41%) L
Superior parietal lobule (21%) L
Precuneus (13%) L

Anatomical location (and the percentage of activated voxels within the anatomical area), cluster sizes (number of voxels), MNI coordi-
nates (x, y, and z) and statistical t-values of areas of significant activation for the main effect of the 2-back versus 0-back condition.
L, left hemisphere; R, right hemisphere; MNI, Montreal Neurological Institute.
a The n-back task was not performed in one control subject.

TABLE VII. Regression analysis of the 2-back versus 0-back condition (n 5 32a; multivariable regression analysis;

Puncorrected < 0.001, k ≥ 20)

Anatomical location Side Cluster size

MNI

t-valuex y z

Superior frontal gyrus (14%) L 21 26 62 24 3.83
Medial superior frontal gyrus (86%)
Parahippocampal gyrus (80%) R 88 16 236 24 4.33
Posterior cingulate gyrus (54%) L 1 R 251 26 248 4 4.67
Parahippocampal gyrus (1%) L
Cingulate gyrus (25%) L 1 R
Precuneus (14%) L 1 R
Precuneus (76%) R 37 12 268 18 3.68

Anatomical location (and the percentage of activated voxels within the anatomical area), cluster sizes (number of voxels), MNI coordi-
nates (x, y, and z) and statistical t-values of areas of significant activation for the regression analysis of the 2-back versus 0-back condi-
tion with severity of postconcussive complaints.
L, left hemisphere; R, right hemisphere; MNI, Montreal Neurological Institute.
a The n-back task was not performed in one control subject.
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rior frontal gyrus and precentral gyrus (ventrolateral pre-
frontal cortex); bilaterally in the anterior cingulate and pos-
terior cingulate cortex; and bilaterally in the precuneus
(posterior parietal area).

DISCUSSION

In this study, we examined the neural correlates of PCS
after MHI. A positive correlation was found between the

TABLE VIII. Main effect of the 2-back versus 1-back condition (n 5 32a; one-sample t-test; Pcorrected < 0.05, k ≥ 20)

Anatomical location Side Cluster size

MNI

t-valuex y z

Middle frontal gyrus (46%) R 83 24 24 54 5.96
Superior frontal gyrus (5%) R
Superior frontal gyrus (82%) L 44 24 16 54 5.77
Medial superior frontal gyrus (16%) L
Inferior parietal lobule (21%) R 85 30 254 38 6.51
Supramarginal gyrus (6%) R
Precuneus (87%) R 91 32 272 38 6.45
Superior parietal lobule (5%) R
Inferior parietal lobule (65%) L 48 236 256 40 5.57
Supramarginal gyrus (10%) L
Precuneus (61%) L 75 226 268 42 5.85
Superior parietal lobule (32%) L

Anatomical location (and the percentage of activated voxels within the anatomical area), cluster sizes (number of voxels), MNI coordi-
nates (x, y, and z) and statistical t-values of areas of significant activation for the main effect of the 2-back versus 1-back condition.
L, left hemisphere; R, right hemisphere; MNI, Montreal Neurological Institute.
a The n-back task was not performed in one control subject.

TABLE IX. Regression analysis of the 2-back versus 1-back condition (n 5 32a; multivariable regression analysis;

Puncorrected < 0.001, k ≥ 20)

Anatomical location Side Cluster size

MNI

t-valuex y z

Insula (24%) R 21 40 224 6 3.89
Superior temporal gyrus (76%) R
Insula (30%) R 30 56 234 16 4.21
Superior temporal gyrus (70%) R
Middle temporal gyrus (85%) L 119 258 230 26 4.74
Superior temporal gyrus (15%) L
Middle temporal gyrus (7%) L 58 254 32 10 3.72
Superior temporal gyrus (90%) L
Insula (26%) L 27 244 222 4 4.28
Superior temporal gyrus (74%) L
Superior temporal gyrus (18%) L 44 254 8 4 4.11
Precuneus (72%) R 32 6 250 54 3.55
Paracentral lobule (28%) R
Precuneus (65%) R 20 20 274 22 3.60
Supramarginal gyrus (53%) R 51 52 244 28 4.33
Inferior parietal lobule (47%) R
Precuneus (87%) L 1 R 23 6 256 62 3.70
Paracentral lobule (4%) L
Postcentral gyrus (80%) L 20 252 220 20 3.79
Parahippocampal gyrus (22%) R 109 18 216 212 4.72
Lentiform nucleus (11%) R
Posterior cingulate gyrus (40%) R 43 6 240 8 3.75
Parahippocampal gyrus (14%) R
Lingual gyrus (9%) R
Culmen (12%) R

Anatomical location (and the percentage of activated voxels within the anatomical area), cluster sizes (number of voxels), MNI coordi-
nates (x, y, and z) and statistical t-values of areas of significant activation for the regression analysis of the 2-back versus 1-back condi-
tion with severity of postconcussive complaints.
L, left hemisphere; R, right hemisphere; MNI, Montreal Neurological Institute.
a The n-back task was not performed in one control subject.
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severity of postconcussive complaints and brain activation
in relation to the two cognitive domains most commonly
affected after MHI: working memory and selective atten-
tion. Additionally, at high working memory load, activa-
tion outside the working memory network positively cor-
related with the severity of PCS was observed. These
findings indicate a manifestation of underlying neuro-
physiological damage after MHI.
Working memory and selective attention, essential for

normal functioning in everyday life, are commonly
affected in patients after MHI [Bohnen et al., 1992a,b;
Cicerone and Azulay, 2002]. This is reflected in the time
course of postconcussive complaints, which, after an initial
spontaneous decrease over the course of several weeks af-
ter the injury, typically aggravate when patients resume
their normal activities, such as return to work or school
[Bohnen et al., 1992a]. To probe these cognitive domains
after MHI, we used the n-back and Stroop tasks to evalu-
ate brain activation changes.
Our study confirms involvement of the areas previously

reported during performance of the n-back task of verbal
working memory, namely the dorsolateral and ventrolat-
eral prefrontal cortex, the supplementary motor and pre-
motor areas, and the posterior parietal area [D’Esposito
et al., 1998, 2000; Jonides et al., 1997; Owen et al., 2005,
1998; Smith and Jonides, 1998]. In accordance with previ-
ous studies, activation increased with increasing working
memory demands [Jonides et al., 1997; Manoach et al.,

Figure 2.

Three dimensional brain rendering with right lateral (upper row) and top views (lower row),

showing significant (Pcorrected < 0.05; k � 20; n 5 32) main effect activation for (a) the 1-back

versus 0-back, (b) the 2-back versus 0-back, and (c) the 2-back versus 1-back comparisons.

Figure 1.

Three-dimensional brain rendering with right lateral (upper row)

and top views (lower row), showing significant activation for the

0-back versus rest comparison. (a) Main effect (Pcorrected < 0.05;

k � 20; n 5 32); (b) activation associated with severity of post-

concussive complaints (regression analysis, Puncorrected < 0.001; k

� 20; n 5 32).
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1997; McAllister et al., 2001; Newsome et al., 2007], both in
the prefrontal cortex and in the posterior parietal cortex,
due to the higher demands placed on attentional and
short-term storage components of working memory. Like-
wise, during performance of the Stroop task activation was
found in the dorsolateral prefrontal cortex and the supple-
mentary motor area, as reported in previous studies. [Bush
et al., 1998; Egner and Hirsch, 2005]. In the anterior cingu-
late cortex however, which is also reported to be involved
in selective attention processing, no activation was seen
surviving our significance threshold, which was more
stringent than thresholds used in previous reports [Bush
et al., 1998; Egner and Hirsch, 2005].
In this study, we found that the severity of PCS was

associated with differences in activation related to verbal
working memory processing and selective attention. In
contrast to previous fMRI studies of MHI patients, patients
were not simply compared with healthy controls, but the
presence and severity of PCS was correlated with the neu-
ral correlates of verbal working memory and selective
attention. Thus, the activation is not just correlated with
MHI in general, but with the severity of PCS explicitly.
Specifically, at minimal working memory load, activa-

tion was not only observed in brain areas involved in vigi-
lance (inferior frontal gyrus) [Eyler et al., 2004], but also in
areas involved in working memory processing (dorsolat-
eral prefrontal cortex, supplementary motor area and pos-

terior parietal area). Such activation may be explained by
increased attentional and short-term memory demands in
patients with postconcussive complaints, providing evi-
dence of an elevated resting state of the ‘‘working memory
network’’ in patients exhibiting PCS. With an increase of
working memory load, differential activation in the poste-
rior parietal area was more pronounced in patients report-
ing a greater severity of PCS. Our findings support previ-
ous work by McAllister et al. [1999, 2001], who also found
increased activation in the working memory network with
increasing working memory load in patients 1 month after
MHI, when compared with healthy controls. In our study,
additional activation was seen in the superior and middle
temporal cortex bilaterally, which are involved in the artic-
ulatory loop of working memory and related to verbal re-
hearsal [Christodoulou et al., 2001]. Furthermore, at high
working memory load contrasted with either minimal or
moderate working memory load, activation associated
with PCS was seen in areas outside the working memory
network, most notably in the parahippocampal gyrus and
the posterior cingulate gyrus. Both these areas are
involved in memory processing: the parahippocampal
gyrus in the consolidation of episodic information into
memory, and the posterior cingulate gyrus in memory re-
trieval [Qin et al., 2007; Sweet et al., 2006]. Involvement of
the parahippocampal and posterior cingulate gyrus in rela-

Figure 3.

Coronal (upper row) and axial (lower row) T1 weighted sections

of the brain showing significant (Puncorrected < 0.001; k � 20) acti-

vation associated with severity of postconcussive complaints for

the 2-back versus 0-back comparison in (a) the parahippocampal

and (b) posterior cingulate gyrus (regression analysis; n5 32).

Figure 4.

Three-dimensional brain rendering with right lateral (upper row)

and top views (lower row), showing significant activation for the

Stroop interference versus neutral comparison. (a) Main effect

(Pcorrected < 0.05; k � 20; n 5 32); (b) activation associated

with severity of postconcussive complaints (regression analysis,

Puncorrected < 0.001; k � 20; n 5 32).
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tion to working memory has been previously reported,
albeit inconsistently. Typically, both regions are implicated
in relation to long-term, rather than short-term or working
memory processing. Involvement in working memory has
been observed, however, both in healthy controls at very
high working memory challenges, and in patients with
other cognitive syndromes, such as minor cognitive

impairment and probable Alzheimer disease [Yetkin et al.,
2006], multiple sclerosis [Sweet et al., 2006] and depression
[Walsh et al., 2007]. Although the relationship of these
regions with verbal working memory remains to be estab-
lished, our findings together with previous reports indicate
that these regions may subserve strategies for dealing with
very high working memory demands, possibly when the

TABLE XI. Regression analysis of Stroop interference versus neutral condition (n 5 32a; multivariable regression

analysis; Puncorrected < 0.001, k ≥ 20)

Anatomical location Side Cluster size

MNI

t-valuex y z

Insula (30%) L 80 238 8 18 4.36
Precentral gyrus (4%) L
Inferior frontal gyrus (9%) L
Precentral gyrus (10%) L 29 256 210 18 4.90
Postcentral gyrus (90%) L
Anterior cingulate gyrus (97%) L 1 R 33 24 44 10 3.84
Anterior cingulate gyrus (67%) R 30 4 32 26 3.78
Cingulated gyrus (20%) R
Posterior cingulate gyrus (4%) R 52 24 226 24 4.17
Cingulated gyrus (56%) L 1 R
Posterior cingulate gyrus (63%) L 1 R 144 212 260 218 4.36
Cingulate gyrus (5%) L
Precuneus (23%) L 1 R
Cuneus (100%) R 26 10 280 20 4.03
Cuneus (31%) L 51 220 258 22 4.22
Precuneus (35%) L

Anatomical location (and the percentage of activated voxels within the anatomical area), cluster sizes (number of voxels), MNI coordi-
nates (x, y, and z) and statistical t-values of areas of significant activation for the regression analysis of the Stroop interference versus
neutral condition with severity of postconcussive complaints.
L, left hemisphere; R, right hemisphere; MNI, Montreal Neurological Institute.
a The Stroop task was not performed in one control subject.

TABLE X. Main effect of the Stroop interference versus neutral condition (n 5 32a; one-sample

t-test; Pcorrected < 0.05, k ≥ 20)

Anatomical location Side Cluster size

MNI

t-valuex y z

Inferior frontal gyrus (100%) R 47 42 18 26 6.82
Inferior frontal gyrus (84%) R 31 54 20 30 6.84
Middle frontal gyrus (13%) R
Inferior frontal gyrus (14%) R 135 42 16 36 8.39
Middle frontal gyrus (81%) R
Middle frontal gyrus (39%) L 61 244 16 32 6.75
Superior frontal gyrus (95%) L 1 R 37 28 10 58 8.56
Medial superior frontal gyrus (5%) L
Inferior parietal lobule (46%) R 87 30 266 46 8.36
Superior parietal lobule (49%) R
Precuneus (76%) L 1 R 46 2 270 54 6.76
Superior parietal lobule (2%) R
Cuneus (33%) L 42 230 278 24 7.37
Precuneus (12%) L
Precuneus (32%) L 44 228 266 32 8.45

Anatomical location (and the percentage of activated voxels within the anatomical area), cluster sizes (number of voxels), MNI coordi-
nates (x, y, and z) and statistical t-values of areas of significant activation for the main effect of the Stroop interference versus neutral
condition.
L, left hemisphere; R, right hemisphere; MNI, Montreal Neurological Institute.
a The Stroop task was not performed in one control subject.
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working memory network itself is exhausted [McAllister
et al., 2001]. Using the Counting Stroop task [Bush et al.,
1998] we were also able to show a positive correlation
between the severity of PCS and increased activation in
areas involved in selective attention, namely the ventrolat-
eral prefrontal cortex, the posterior parietal area, and the
cingulate gyrus [Bush et al., 1998; Egner and Hirsch, 2005].
The Stroop colour word task is known to be very sensitive
to subtle deficits of selective attention in MHI patients. As
far as we are aware, we are the first to report on the use
of the Counting Stroop task in MHI patients, and to find a
positive correlation between the severity of PCS and the
neural correlates of selective attention.
It is also conceivable that increases in activation after MHI

are a result of more widespread alterations in brain function-
ing. As no association of PCS with activation during a simple
noncognitive finger tapping task was observed, changes in
brain activation after MHI seem to be task-specific rather
than global, suggesting that specific neural pathways are
selectively vulnerable to neurophysiological damage, which
is not detectable with conventional structural imaging.
Despite more widespread and additional brain activa-

tion, task performance was slightly worse in MHI patients
with severe PCS. Theoretically, poorer task performance,
inducing some form of error monitoring, could also be
underlying the differences in activation. Because no feed-
back was given on task performance, it seems unlikely
that participants were aware of the missed responses.
As increases in fMRI signal are generally accepted to be

correlated with increased brain activity [Audoin et al.,
2003; Lange et al., 2005; Levine et al., 2002; McAllister
et al., 2001], our finding of increased activation in areas of
the brain related to working memory and selective atten-
tion most likely reflects increased brain activity in these
regions in patients with PCS. Such increases in activation
only become apparent with increased task difficulty, which
is consistent with the aggravation of PCS in demanding
situations, such as upon return to work or school. Addi-
tionally, our findings provide evidence that patients with
PCS recruit brain areas outside of the normal working
memory network, reflecting altered or multiple strategies
used for working memory processing to counterbalance
functional deficits in working memory processing. Thus,
the recruitment of these additional brain areas reflects both
the brain’s response to microstructural injury and a neuro-
pathological correlate of the postconcussion syndrome.
Such observations have significant clinical importance.

Identifying brain areas associated with PCS after MHI is
not only important for an understanding of the underlying
neuropathology of postconcussion syndrome, but it may
also have implications for future diagnostic and therapeu-
tic strategies. Early intervention, such as neurocognitive
training, has shown to be effective in reducing cognitive
symptoms and risk of chronicity [Bohnen and Jolles, 1992;
Wade et al., 1998], but diagnosis and patient selection for
intervention is problematic [Bazarian et al., 1999; Bordini
et al., 2002]. Early detection and subsequent intervention is

important, since chronic postconcussion syndrome is diffi-
cult to treat, and treatment results are often not satisfac-
tory [King, 2003]. Because of the nonspecific nature of the
symptoms and their high base-rate in the general and
other trauma populations, early diagnosis is challenging.
To account for spontaneous resolution of symptoms, per-
sistence of symptoms for more than 3 months is commonly
used as a diagnostic criterion, even though earlier diagno-
sis would be desirable [American Psychiatric Association,
1994]. Additionally, many confounding factors for the de-
velopment of postconcussion syndrome have been identi-
fied, such as litigation, psychological distress or anxiety
due to the traumatic event, premorbid levels of com-
plaints, and female gender [Alexander, 1997; Bazarian
et al., 1999; Bohnen et al., 1994; King, 2003]. At an individ-
ual level, the use of cognitive fMRI may make early and
reliable diagnosis possible and facilitate the identification
of patients suitable for therapeutic intervention. Further-
more, such imaging techniques may be used to evaluate
and guide treatment strategies, specifically targeting brain
areas involved in recovery of brain injury [Laatsch et al.,
2004; Strangman et al., 2005].
We acknowledge that our study had some limitations.

Firstly, the statistical power of our study was limited by a
relatively small sample size. As far as we are aware, how-
ever, our study represents the largest published cognitive
fMRI study of MHI patients, as previously published
study populations ranged from 5 to 18 patients [Chen
et al., 2004; Christodoulou et al., 2001; McAllister et al.,
1999, 2001; Soeda et al., 2005; Strangman et al., 2005].
Although the statistical power of our study may not be as
great as would be desired, we did control for false positive
errors by applying a minimum cluster size threshold
equivalent to 160 mm3. Furthermore, the statistical thresh-
old we applied is commonly used in exploratory fMRI
studies. Secondly, only limited testing of cognitive function
was performed. Testing cognition in the present study
served solely to assess potential heterogeneity, and thus
confounding across subgroups, and not to evaluate neuro-
psychological deficits after MHI, studies of which are al-
ready numerous [Bohnen et al., 1992a,b; Cicerone and
Azulay, 2002]. We feel that using MMSE and educational
level as crude measures of cognitive function were suffi-
cient for the purpose of this study.

CONCLUSION

We found that the severity of PCS after MHI was signifi-
cantly associated with an increase in brain activation dur-
ing verbal working memory and selective attention proc-
essing. Additionally, activation outside the working mem-
ory network was found at high working memory load in
patients with greater severity of PCS. These brain activa-
tion changes were detectable as early as 1 month after
MHI. Our observation that the severity of PCS was associ-
ated with increased and additional activation suggests a
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causal relationship and potentially represents a manifesta-
tion of a neuropathological correlate of the postconcussion
syndrome.
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