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Cognitive impairment after traumatic brain
injury: a functional magnetic resonance
imaging study using the Stroop task

Abstract The anterior cingulate
cortex (ACC) plays a key role in
cognition, motor function, and
emotion processing. However, little
is known about how traumatic brain
injury (TBI) affects the ACC system.
Our purpose was to compare, by
functional magnetic resonance
imaging (fMRI) studies, the patterns
of cortical activation in patients with
cognitive impairment after TBI and
those of normal subjects. Cortical
activation maps of 11 right-handed
healthy control subjects and five TBI
patients with cognitive impairment
were recorded in response to a
Stroop task during a block-designed
fMRI experiment. Statistical para-
metric mapping (SPM99) was used
for individual subjects and group
analysis. In TBI patients and con-
trols, cortical activation, found in
similar regions of the frontal, occip-

ital, and parietal lobes, resembled
patterns of activation documented in
previous neuroimaging studies of the
Stroop task in healthy controls.
However, the TBI patients showed a
relative decrease in ACC activity
compared with the controls. Cogni-
tive impairment in TBI patients
seems to be associated with altera-
tions in functional cerebral activity,
especially less activation of the ACC.
These changes are probably the
result of destruction of neural
networks after diffuse axonal injury
and may reflect cortical disinhibition
attributable to disconnection or
compensation for an inefficient
cognitive process.
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Introduction

Follow-up studies of patients with traumatic brain
injury (TBI) disclosed cognitive dysfunction even in
patients with good neurological recovery [1-5]. In spite
of advances in acute care and rehabilitation, these defi-
cits interfere with the rehabilitation process, social
re-integration, and the ability to function independently.

Several neuroimaging studies revealed structural,
cerebral blood flow, and metabolic abnormalities fol-
lowing TBI [2, 3], such as corpus callosal atrophy [4] and
anterior temporal dysfunction [5]. However, these
studies assessed the patient at resting condition, a status

in which neural activity is different from task-related
neural activity. Positron-emission tomography (PET) or
functional magnetic resonance imaging (fMRI) has been
applied to assess changes in neural circuitry in response
to specific tasks with well-described functional neuro-
anatomical characteristics [6]. For example, in an fMRI
study of working memory, TBI patients showed
increased activation of right frontal regions and gener-
ally increased dispersion of activation [7]. In a PET
study, they manifested reduced frontal activation during
free recall and increased frontal activation during
recognition [8]. However, in those studies, working
memory tasks that stress these networks were used, and



502

other cognitive functions, such as attention and emo-
tional disorders, were not taken into consideration.

Psychological studies indicated that cognitive
impairment was related to frontal and anterior cingulate
cortex (ACC) abnormalities [9, 10], and fMRI studies
provided information regarding the role of the ACC
during the Stroop task [11-15]. This task is a classical
experimental paradigm used in cognitive neuroscience to
probe attention phenomena [16]. These studies showed
that the ACC played a key role in selective attention,
motor function, and emotional processing. However,
little is currently known about how the ACC system is
disrupted by TBI. Statistical analysis showed that the
Stroop task was better at discriminating between TBI
and control groups than other neuropsychological tests
were [17]. To our knowledge, no neuroimaging studies
on TBI patients performing the Stroop task have been
published to date.

In this fMRI study, we tested our hypothesis that
ACC dysfunction contributes to cognitive impairment in
individuals with TBI. To this end, we compared the
patterns of cortical activation during the Stroop task in
TBI patients and healthy subjects.

Methods
Participants

The study population consisted of five patients, three
men and two women aged between 24 years and
38 years (mean 29.8+6.4 years), who were making a
good neurological recovery after sustaining a severe
closed head injury caused by motor vehicle accident.
Severe head injury was defined as an initial Glasgow
coma scale (GCS) score between 3 and 8§ [18]. Initial
MRI revealed small focal and diffuse neuropathological
consequences, typical of moderate-to-severe TBI, in all
patients. There was no evidence of massive contusions,
including to the ACC, and none of the patients
underwent surgical procedures. All underwent neuro-
psychological testing by the 30-point mini-mental state
examination (MMSE) [19], the Wechsler adult intelli-
gence scale-revised (WAIS-R) [20], and the Wechsler
memory scale-revised (WMS-R) [21]; all tests were the
Japanese-language version. A trained neuropsycholog-
ical technician, blind to the MRI findings, administered
the neuropsychological tests. These tests and fMRI
were performed between 1 year and 7 years after the
injury. Clinical and neuropsychological data are sum-
marized in Table 1. Patients were compared with 11
age-matched and education-matched right-handed
healthy subjects, seven men and four women aged be-
tween 23 years and 35 years (mean 28.1+4.7 years).
All control subjects were screened to ensure that they

had no history of neurological damage or color-blind-
ness. Written prior informed consent, approved by
the Gifu University Medical Review Board, was ob-
tained from all study subjects before inception of this
investigation.

Task and design

We used a modified Japanese-language version of the
Stroop test. The following two variants of the Stroop
task were assigned [13]: (1) the color-naming Stroop
task, in which the displayed word named the ink color of
the word, and selected name color cards (e.g., the word
“yellow” printed in green selects the green card); (2) the
word-naming Stroop task, in which the displayed word
named a color that was different from that of its ink
color, and selected name color cards (e.g., the word
“blue” printed in red selects the blue card). The colors
used were red, blue, green, and yellow. The stimuli were
shown by fiber-optic glasses (Silent Vision 4000, Avotec,
USA). Each stimulated block consisted of 15 trials,
presented at a rate of one trial every 2 s. The subjects
responded by pressing right/left buttons in response to
color-congruent/word-congruent targets [12]. A scanner
was used to obtain accuracy data for all subjects. We
were not able to record reaction time data during
scanning.

Functional MRI procedure

We used a blocked fMRI design that involved presen-
tation of a 30-s rest condition followed by a 30-s
activation condition. This cycle was repeated three
times over the course of 3 min. The resting baseline
reference task was a standard condition during which
subjects were instructed to lie still and remain quiet
with their eyes open [22]. Functional and anatomical
imaging was performed on a 1.5 T clinical scanner
(Signa, GE Medical Systems, Milwaukee, Wis., USA)
with a standard head coil. Blood oxygenation level-
dependent (BOLD) functional images parallel to the
bicommissural plane were acquired with single-shot
echo planar sequences (repetition time 3,000 ms, echo
time 50 ms, flip angle 90°, acquisition matrix 64x64,
field of view 24 cm, 15 slices, slice thickness 7 mm, slice
gap 1.5 mm). In addition, high-resolution T1-weighted
three-dimensional spoiled gradient echo (SPGR) ana-
tomical images were obtained (repetition time 7.2 ms,
echo time 1.5 ms, flip angle 10°, acquisition matrix 256
x256, field of view 24 cm, 160 slices, slice thick-
ness 1 mm). During each cognitive task condition, 60
images per slice were acquired in 210 s (total = 960
images).
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Table 1 Subject characteristics (FSIQ full-scale intelligence quotient, VIQ verbal 1Q, PIQ performance 1Q, N4 not available)

Characteristic TBI patients Controls P
(n=11)
1 2 3 4 5 Mean SD Mean SD

Age/gender 28/F 24/M 38/F 35/M 24/M 29.8 6.4 28.1 4.7 0.78
Education (years) 14 12 12 16 14 13.6 1.7 14.6 1.3 0.73
Time to test (months) 54 12 24 84 48 45.6 28.7 NA NA
MMSE* 30 25 29 30 30 29.8 0.5 NA NA
WAIS-R

FSIQ 86 70 100 90 65 82.2 14.5 NA NA

VIQ 85 86 89 93 73 85.2 7.5 NA NA

PIQ 91 57 114 88 65 83.0 22.6 NA NA
WMS-R

Logical memory 84 54 93 65 62 71.6 16.3 NA NA

Attention 82 87 92 102 82 89.0 8.4 NA NA

Visual reproduction 69 69 88 65 69 72.0 9.1 NA NA

Stroop® 78 80 76 82 71 77.4 4.2 98.0 1.6 0.51

Data analysis

Post-processing was done on a Microsoft workstation
using SPM99 (The Welcome Department of Neurology,
University College London, UK) implemented in
Matlab (Mathworks, Sherborn, Mass., USA). Realign-
ment for motion correction, normalization, and
deformation was performed by using the standard brain
template from the Montreal Neurological Insti-
tute (MNI) and converting to the space of the stereo-
tactic atlas of Talairach and Tournoux [23]. Smoothing
was at 10-mm thickness; for data analysis we used
thresholds of P< 0.05 (corrected) for individual sub-
jects.

Using these data we calculated group activation maps
by pooling the data for each condition at thresholds of
P < 0.001 (uncorrected). The output from each statisti-
cal analysis is a statistical parametric map or a three-
dimensional image.

Results
Behavioral data

Control subjects and TBI patients did not differ signifi-
cantly with respect to gender, age, and years of educa-
tion. Although the TBI patients did generally as well as
the control subjects, they manifested a poor memory for
recent events and had trouble with their jobs. Although
the patients were able to perform the Stroop task, they
made more errors than the controls; however, there was
not a significant difference between the two groups
(P=0.51).

Imaging data

Follow-up MRI scans showed cerebral abnormalities in
two patients. Patient 4 in Table 1 had a small contusion
scar at the bilateral frontal cortices and patient 1 had a
slight subdural effusion in the right frontal region. There
was no evidence of abnormalities in the other three pa-
tients.

The location of significant increases in the BOLD
signal during the modified Stroop task is shown in
Table 2 and Fig. 1. In TBI patients and controls, corti-
cal activation was found in similar regions of the frontal
[Broadmann’s area (BA) 6, 44, 46], occipital (BA 19,
37), and parietal (BA 7, 40) lobes and resembled the
patterns of activation documented in previous neuroi-
maging studies of the Stroop task in healthy non-Japa-
nese controls [12, 13, 15], indicating that our modified
Japanese version of the computed Stroop task can be
used to evaluate cerebral recruitment in Japanese sub-
jects.

As shown in Fig. 2, compared to the control group,
the TBI group displayed more relatively decreased
cerebral activation in the ACC (BA 32).

Discussion

Using fMRI studies, we compared the pattern of cortical
activation in patients with TBI and healthy control
subjects. Although cognitive impairment may be sub-
clinical and discrete in TBI patients, it can pose con-
siderable challenges in their social re-integration [1]. Our
results provide results of our interrogation of cortical
physiology after head injury.
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Table 2 Comparison of the location of significant increases in BOLD signal during the modified Stroop task performed by TBI patients

and healthy subjects

Region Size of voxels Coordinates (mm) Z score
X v z
Controls
Right anterior cingulate and medial frontal gyrus (BA 6, 32) 1,904 2 -2 58 6.48
2 18 46 5.71
Left inferior parietal gyrus and precuneus (BA 7, 19, 40) 4,292 -24 -90 16 6.28
-32 -62 52 5.93
Right inferior parietal gyrus and precuneus (BA 19, 40) 2,290 34 =76 30 6.06
46 —54 52 5.74
34 —68 38 5.62
Left middle and inferior frontal gyrus (BA 44, 46) 865 —44 42 22 5.75
—44 18 26 4.32
Right inferior parietal and precuneus (BA 19, 37) 2,386 —48 8 34 3.46
50 —66 -16 5.69
56 —54 -12 5.40
Right middle frontal gyrus (BA 6) 527 36 -4 52 4.70
Right inferior frontal gyrus (BA 10, 46) 194 48 36 22 3.73
40 50 22 3.65
Left middle frontal gyrus (BA 6) 117 -28 -10 56 3.63
Patients with TBI
Left inferior frontal gyrus (BA 45) 93 =56 18 8 5.14
Left middle frontal gyrus (BA 6) 442 —48 4 24 4.67
Right middle and inferior frontal gyrus (BA 6, 9, 44) 227 40 8 26 4.21
52 8 42 3.81
44 4 34 3.44
Right inferior parietal gyrus (BA 40) 197 36 -64 42 4.13
Right medial frontal gyrus (BA 6) 77 10 4 54 3.95

The cingulate cortex is comprised of the anterior and
posterior cortices, each of which possesses different
thalamic and cortical connections [9]. The ACC can be
divided into discrete anatomic and behavioral subdivi-
sions: the affective division (ACed) and the cognitive
division (ACcd) [14]. The ACed includes areas 25, 33,
and rostal area 24 and plays a role in emotion and
motivation; the ACcd includes caudal areas 24 and 32
and plays a role in complex cognitive/attentional pro-

Fig. 1 Maximum-intensity pro-
jections of the statistical para-
metric maps during the Stroop
task for TBI patients (bottom)
and healthy controls (zop)

(P< 0.001, uncorrected). For
localization of activation see
Table 1

cessing [10, 11, 14]. Neuroimaging studies have shown
that the ACcd is activated by numerous cognitive/
attentional tasks including Stroop tasks, divided atten-
tion tasks, and working memory tasks [12, 24, 25]. The
ACcd is vitally important for the proper and efficient
functioning of frontostriatal attention networks.

One key region of working memory is the prefrontal
cortex, and, in patients with TBI, the frontal cortices
tend to be damaged both structurally and functionally

Control

~
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Fig. 2 Location of the cognitive
division of the ACC (ACcd) on
coronal slices (y= + 18 mm).
The absence of activity in TBI
patients (right) and significant
activity in control subjects (left)
is superimposed on group-
averaged Talairach and Tour-
noux transformed high-resolu-
tion structural scans [23]

[5, 25]. In a functional PET study, TBI patients showed
increased activity in the ACC and in frontal and occip-
ital lobe activity during working memory tasks [26].
fMRI study of TBI patients showed higher levels of
activation under the high processing load condition than
under the low condition [27]. This extensive activation
under working memory load may represent a response
to increased task difficulty [24]. However, our TBI
patients showed less ACcd activation than the controls.
Decreased activation of the ACcd has been noted in
patients with attention-deficit/hyperactivity disorder
(ADHD) who manifested performance deficits in the
Stroop task [28]. Even patients able to keep up with the
processing demands did so less efficiently for a given
level of performance accuracy than poorly performing
subjects [29]. However, under-activation in a poorly
performing subject may reflect failure to fully engage in
the task when it exceeds the subject’s processing capacity
[30].

Brain function is now interpreted on the basis of
neural networks rather than separate anatomical struc-
tures. In our TBI patients, cerebral activation was more
regionally dispersed and diminished in the prefrontal
and parietal cortex. This decrease may be the result of a
decrease in the functional and structural connectivity of
parietal and prefrontal regions [31, 32]. It has been
shown that the ACcd keeps up with the lateral pre-
frontal cortex, parietal cortex, and lower motor area
[10]. However, it is not known whether it is the sole
dominant region for cognitive function, attentional
selection, and processing. ACcd dysfunction in a paral-
lel-distributed network is not eliminated, as apparent
frontostriatal deficits may be the downstream effects of
ACcd dysfunction [14, 33, 34]. At any rate, these chan-
ges are probably the result of diffuse axonal injury and
may reflect either cortical disinhibition attributable to
disconnection or compensation for an inefficient cogni-
tive process.

Several limitations of this study deserve mention.
First, our results may not be applicable to older and
more severely disabled patients who cannot undergo
fMRI. Second, our participants were not subjected to
detailed neuropsychological testing of mental status,
visual memory, reaction time, and language function
testing. Although psychological assessments can yield
important information, they fail to reveal the neural
substrates or pathways. fMRI scans make it possible to
graphically interrogate the cortical physiology under
various stimulation paradigms. Third, we utilized a
block design fMRI technique rather than an event-re-
lated fMRI approach. Event-related designs allow the
extraction of relative timing information on the onset
of activity in different neural substrates as well as the
duration of cognitive processing during a task, offering
new opportunities for cognitive studies [35]. Further
investigations utilizing an event-related design are
necessary for the full explication of our findings.
Lastly, our study population consisted of a relatively
small number of subjects, and additional experiments
with a larger sample size and a randomized design are
necessary.

Conclusions

Cognitive impairment in TBI patients appears to be
associated with alterations in functional cerebral activity
and, especially, with decreased activation of the ACC.
Decreased activation in the ACcd regions may represent
evidence of cognitive impairment.
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