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ABSTRACT The central nervous system (CNS) effects of
mental stress in patients with coronary artery disease (CAD)
are unexplored. The present study used positron emission
tomography (PET) to measure brain correlates of mental
stress induced by an arithmetic serial subtraction task in CAD
and healthy subjects. Mental stress resulted in hyperactiva-
tion in CAD patients compared with healthy subjects in
several brain areas including the left parietal cortex [angular
gyrusyparallel sulcus (area 39)], left anterior cingulate (area
32), right visual association cortex (area 18), left fusiform
gyrus, and cerebellum. These same regions were activated
within the CAD patient group during mental stress versus
control conditions. In the group of healthy subjects, activation
was significant only in the left inferior frontal gyrus during
mental stress compared with counting control. Decreases in
blood flow also were produced by mental stress in CAD versus
healthy subjects in right thalamus (lateral dorsal, lateral
posterior), right superior frontal gyrus (areas 32, 24, and 10),
and right middle temporal gyrus (area 21) (in the region of the
auditory association cortex). Of particular interest, a sub-
group of CAD patients that developed painless myocardial
ischemia during mental stress had hyperactivation in the left
hippocampus and inferior parietal lobule (area 40), left
middle (area 10) and superior frontal gyrus (area 8), temporal
pole, and visual association cortex (area 18), and a concom-
itant decrease in activation observed in the anterior cingulate
bilaterally, right middle and superior frontal gyri, and right
visual association cortex (area 18) compared with CAD pa-
tients without myocardial ischemia. These findings demon-
strate an exaggerated cerebral cortical response and exagger-
ated asymmetry to mental stress in individuals with CAD.

Coronary artery disease (CAD) is a major cause of death and
disability. The traditional risk factors (e.g., smoking, choles-
terol, hypertension), however, account for only approximately
50% of new cases (1). The influence of psychosocial stressors
in the clinical presentation of CAD is widely recognized (2).
Studies have found a relationship between increasing levels of
self-reported stress and the incidence of myocardial infarction
and sudden death (3). In populations with established CAD,
high levels of stress (4) are associated with recurrent coronary
events and cardiac death. Our group and others have used a
reproducible laboratory model of stress (mental arithmetic) to
explore the influence of stress in CAD. We found that a
specific psychological profile, characterized by emotional re-
activity, anger, and hostility, is associated with mental stress-
induced myocardial ischemia (5) and a poor prognosis (6). The

mechanism of how psychosocial stressors influence the pre-
sentation of CAD, however, is unknown.

Studies concerning the influence of mental stress in heart
disease have focused on vascular physiology and psychological
variables (5, 7) whereas the central nervous system effects of
stress in CAD patients have not been explored. Experimental
studies in animals (8–10) have identified cortical and subcor-
tical brain areas that have direct and indirect inputs to
peripheral autonomic and hormonal systems that could have
an important influence on myocardial function. Increased
stress-induced activation in these brain areas could lead to
myocardial ischemia, either through increased sympathetic or
hormonal activation, or through direct inputs to the heart.

We have designed a positron emission tomography (PET)
study to assess brain blood flow during mental stress in patients
with CAD. We compared patients with CAD and healthy
subjects both with and without mental stress. We hypothesized
that patients with CAD would develop increased activation in
cortical and subcortical areas involved in memory, emotion,
and the stress response.

MATERIALS AND METHODS

Population. Subjects were 10 right-handed male patients
with established CAD and 6 age-matched, right-handed nor-
mal male volunteers. All subjects were without history of
psychiatric illness based on interviews by a psychiatrist using
Diagnostic and Statistical Manual IV criteria. The diagnosis of
CAD was established by standard clinical myocardial perfu-
sion testing, which demonstrated myocardial ischemia. The
identification of normal subjects was based on screening
history, physical examination, and exercise treadmill testing to
exclude CAD in volunteers over age 40. Exclusion criteria for
the subjects studied included myocardial infarction within 3
months of the study, coronary artery bypass surgery or angio-
plasty within 3 months of the study, major cardiac rhythm
disturbances, congestive heart failure, diabetes, incapacitating
or life-threatening illness, major psychiatric illness or sub-
stance abuse, history of cerebral vascular disease, neurological
disorder, and administration of psychotropic medication.

Research Design and Imaging Protocol (Fig. 1). Subjects
reported to the imaging center and signed an informed-
consent form approved by the institutional human investiga-
tion committee. An intravenous line was established and
electrocardiographic leads to monitor heart rhythm were
placed. The subject was placed in the camera gantry (Posicam;
Positron Corp., Houston), and the head was positioned along
the canthomeatal line. After positioning, a transmission scan
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using a 68Gay68Ge-rotating-rod source was used for attenu-
ation correction. An echocardiographic probe to evaluate
cardiac function was placed on the chest, and an acoustic
window was established for measuring indexes of cardiac
performance. Cardiac performance was measured by the
presence or absence of wall motion abnormalities during the
three experimental conditions throughout the procedure. A
dynamap device for automated monitoring of heart rate and
blood pressure was placed on the subject’s dominant arm. The
subject was instructed to rest and a baseline echocardiogram
was acquired. At the initiation of the protocol, subjects were
instructed to immediately report symptoms of chest pain.

The subjects were asked to indicate their emotional state
(calmyrelaxed, anxiousytense, angryyirritated) on a five-point
Likert scale. Likert scales of emotional state were collected
every 5 min until there were two consecutive, unchanged
ratings indicating that a stable baseline was achieved. Scans
were conducted in a dimly lit room with individuals having
their eyes open. O-15 water was prepared with an onsite
cyclotron (-11MEV, CTI, Knoxville, TN). Study subjects re-
ceived 30 mCi (1 Ci 5 37 GBq) intravenous bolus O-15 water
for each of the six scans.

Subjects underwent six PET scans. Two scans were con-
ducted at baseline, two scans were conducted during a count-
ing control (subject counts backward aloud from 500 to control
for activation of verbal and auditory centers peripheral to the
mental stress condition), and two scans were conducted during
mental stress (serial arithmetic subtraction from a four-digit
number performed aloud). The order of task presentation was
consistent for all subjects (Fig. 1). A fixed order was selected
to eliminate contamination of the control condition by in-
creased emotional reactivity elicited by mental stress. Each
scan lasted 2 min, with a PET scan acquisition beginning 1 min
into the condition and lasting until the end of the condition.
The timing of isotope injection was based on rate of isotope
decay and our data, which indicate that myocardial ischemia
induced by mental stress occurs within 1 min of initiation of
testing in susceptible patients (5). The cognitive tasks, includ-
ing mental arithmetic, were administrated by a research psy-
chologist.

Mental Stress Testing. The mental stress protocol has been
described previously (5) and consists of an experimental task
period, preceded by appropriate control periods. During these
periods, the PET activation studies are accomplished. The
specific laboratory task was mental arithmetic (e.g., serial
subtraction andyor addition).

The arithmetic task consists of serial subtraction from a
number spoken by the experimenter. The subjects were in-
structed to provide their response verbally. To control for task
difficulty, each subject’s level of performance was adjusted to
the same criterion (90% correct in 10 trials) in the following
manner. For most subjects, this involved serial subtraction by
using the number 7; for those patients who were unable to
perform this task, easier subtraction was provided for (e.g., by

4, 3, or 2). Throughout the task, the patient was prompted for
faster performance while the base number from which they
were subtracting was changed (e.g., starting the patient with
the number 1,013, and changing to 436 after they have
performed a number of successful serial subtractions). In
addition to these methods, errors were corrected in a harsh
tone, thereby providing an element of harassment and increas-
ing the pressure on task performance. The frequency of
prompting and changing of base number was contingent on the
patient’s performance, with an error rate of 1 error in 10
subtractions as the goal. With these methods, individual dif-
ferences in mathematical ability were corrected for and the
stressfulness of the task across patients was maintained.

Cardiac Echocardiography. Two-dimensional echocardiog-
raphy was performed during PET with the patient lying supine
within the camera gantry. A phased-array sector scanner
(Hewlett–Packard SONOS 1000) was used. Left ventricular
images were obtained during each testing condition and re-
corded continuously on videotape. A suitable echocardio-
graphic window in the lower parasternal area for parasternal
long and short axis views was obtained. Similarly, a suitable
echocardiographic window in the region of electrocardio-
graphic leads V4 or V5, to record standard apical two- and
four-chamber views, was performed. Electrodes for echocar-
diographic ECG tracings were placed carefully before the
study was initiated to obtain a high-quality ECG tracing with
a prominent R or S wave as a time marker for subsequent
digitization and image storage. All recordings were videotaped
continuously throughout the stress protocol, with periodic
switching between recording sites as diagnostically adequate
images were recorded at each site. When stress-induced wall
motion abnormalities occurred, they were apparent within 30
sec of the onset of the mental stress condition. All studies were
analyzed for wall motion abnormalities.

DATA ANALYSIS

PET. Images were reconstructed and analyzed on a Sun-
Sparc Workstation (Sun Computer, Mountain View, CA).
Images were analyzed by using statistical parametric mapping
(spm95) to compare areas of increased and decreased blood
flow between control and mental stress conditions. A voxel-
by-voxel analysis in CAD patients and healthy subjects by using
multiple linear regression in accordance with the general
linear model was performed. Analyses were performed by
using analysis of covariance, with global blood flow considered
as a confounding covariant. In the current study, there was an
a priori hypothesis on increased activation in cortical and
subcortical areas involved in memory, cognition, and emotion
in CAD patients relative to controls. Areas of increased blood
flow with mental stress versus the counting control conditions
in hypothesized areas at a threshold of P , 0.01 (z score .
2.33) were noted within CAD and healthy subject groups. In
addition, a between-groups comparison was performed by
using the general linear model taking into account group mean
values and variance at each voxel. Results of analyses (areas of
increased and decreased blood flow) with mental stress versus
counting control in voxels corresponds to the value of the t
statistic for that voxel (11). Location of areas of activation were
identified as the distance from the anterior commissure in mm,
with x, y, and z coordinates, using the standard Talairach
coordinate space (12). The correlation between increase in
rate pressure product (heart rate 3 blood pressure) during
mental stress and cerebral blood flow response to mental stress
also was examined by using spm95. Images for each patient
were realigned to the first scan of the study session. The mean
concentration of radioactivity in each scan was obtained as an
area-weighted sum of the concentration of each slice and
adjusted to the nominal value of 50 mlymin per 100 g. The data
were then rescaled and smoothed with a three-dimensional

FIG. 1. Timeline of PET mental stress neurocardiac study. Subjects
underwent a total of six scans: two baseline, two counting control, and
two mental arithmetic. O-15 (30 mCi) was administered during each
scan.
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Gaussian filter to 16 mm full-sixth half-maximum. Images from
the two scans conducted within each condition (two baseline,
two counting control, two arithmetic stress) were pooled for
subjects, and images of mean difference with values in z score
units were calculated by subtracting pooled scans for the
counting control condition from the mental stress condition.
Areas of increased and decreased blood flow with the mental
stress condition (compared with the counting control condi-
tion) then were compared between groups, and areas of
activation were expressed in terms of standard three-
dimensional anatomical coordinates (x, y, and z axes) (12).

Cardiac Echocardiography. For the echocardiographic
analysis, representative cycles of baseline, counting control,
and mental stress were positioned side by side on a quad-screen
format. The images were corrected for differences in heart
rate. The left ventricle was divided into eight short-axis
segments (two anterior, two septal, two inferior, two lateral).
Wall motion was scored as follows: normal (score 5 1),
hypokinetic (score 5 2), akinetic (score 5 3), or dyskinetic
(score 5 4) as determined by two independent observers
blinded to the condition and clinical status (CAD patient vs.
healthy volunteer) of the subjects (I.C. and R.S.). Wall motion
during the baseline was compared with wall motion during
counting control and mental stress. Mental stress-induced
myocardial ischemia was determined from echocardiographic
data. The criterion included an increase in scored wall motion
abnormality from baseline to mental stress condition (score
mental stress 2 score baseline).

Hemodynamics. The heart rate and blood pressure changes
from counting control to the mental stress condition were
recorded. The product of heart rate and blood pressure (rate
pressure product) was calculated for counting and mental
stress conditions. These hemodynamic measurements were
compared between groups and counting and mental stress
conditions by using ANOVA. Repeated measures of ANOVA
was used to measure any association between brain activation
and heart rate–blood pressure double product.

RESULTS

Hemodynamics. The heart rate and blood pressure changes
from counting control to the mental stress condition rein-
forced the adequacy of the stress in normal subjects and those
with heart disease (Fig. 2), and were comparable in both
groups. The increase in rate pressure product revealed an
appropriate hemodynamic response at peak stress that did not
differ between the healthy and CAD groups. These responses
are similar to other reports that have shown that hemodynamic
cardiovascular response to stress is not as robust as in response
to exercise (5, 13, 14).

CNS Activation Patterns. Mental stress resulted in increased
activation (between mental stress and counting) in CAD

patients compared with healthy subjects in several brain areas
including the left parietal cortex [angular gyrusyparallel sulcus
(area 39)], left anterior cingulate (area 32), right visual asso-
ciation cortex (area 18), left fusiform gyrus, and cerebellum
(Fig. 3A; z score . 2.33; P , 0.01). These same regions were
activated within the CAD patient group during mental stress
versus control conditions (z score . 3.0; P , 0.001). In the
group of healthy subjects, activation was significant only in the
left inferior frontal gyrus (z score . 3.0; P , 0.001) during
mental stress compared with counting controls. Decreases in
blood flow were also produced by mental stress in CAD versus
healthy subjects in right thalamus (DL, LP), right superior
frontal gyrus (areas 32, 24, and 10), and right middle temporal
gyrus (area 21) (in the region of the auditory association
cortex) (Fig. 3B; z score . 3.00; P , 0.001).

During the course of the study, 3 of 10 CAD patients (33%)
demonstrated a worsening of their heart function during
mental stress (two inferior, one anterior myocardial segments),
which is an indicator of myocardial ischemia. The provocation
of myocardial ischemia provided an opportunity to compare
patients with and without mental stress-induced myocardial
ischemia within the CAD group. There was significantly
greater activation in left hippocampus and left parietal cortex
(inferior parietal lobule) (area 40), left superior and middle
frontal gyrus (areas 8 and 10), left visual association cortex
(area 18), and right temporal pole (area 38) in CAD patients
with mental stress-induced myocardial ischemia compared
with CAD patients without myocardial ischemia (Fig. 4A; z
score . 3.00; P , 0.001). Of interest, there was a concomitant
decrease in activation observed in the right superior and
middle temporal gyri (areas 22 and 37), right middle frontal
gyrus (area 10), right visual association cortex (area 18) (Fig.
4B; z score .3.00; P , 0.001). There was bilateral deactivation
of the anterior cingulate (area 24), (left: z score . 3.00, P ,
0.001; right: z score 5 2.89, P 5 0.002).

Myocardial ischemia often is associated and aggravated by
increases in heart rate and blood pressure. It is interesting that
although both CAD patients and healthy subjects had com-
parable increases in rate pressure product during mental stress
(Fig. 2), significant correlations between rate pressure product
and cortical blood flow were found only in CAD patients but
not in healthy subjects. There was a positive correlation in
cerebellum (x 5 26, y 5 276, z 5 228, z score 5 3.79, P ,
0.001); midbrain (periaqueductal gray) (x 5 24, y 5 240, z 5
28, z score 5 3.67, P , 0.001); right inferior frontal gyrus (47)
(x 5 248, y 5 26, z 5 24, z score 5 3.66, P , 0.001); middle
frontal gyrusyorbitofrontal (11) (x 5 26, y 5 38, z 5 212, z
score 5 3.62, P , 0.001).

DISCUSSION

Mental stress resulted in hyperactivation in CAD patients
compared with healthy subjects in several brain areas including
the left parietal cortex (angular gyrus), anterior cingulate,
visual association cortex, left fusiform gyrus, and cerebellum
(Fig. 3A). Decreased blood flow was found in the right: parietal
cortex, thalamus, superior frontal gyrus (areas 32, 24, and 10),
and middle temporal gyrus (area 21). The regions found to be
activated in CAD patients during mental stress are well
documented as being involved in visual and verbal memory and
presumably are integral to performance on the mental arith-
metic task. Indeed, some of these areas, e.g., the angular gyrus
(15–17) and the fusiform gyrus (17–24) have been specifically
implicated in mental calculations (15–17) andyor in the rele-
vant processes of working memory (25), attention (19, 20,
26–29), visual imagery (18, 21–24, 30–33), and semantic
memoryyword forming (34–37). Even the cerebellum, which
traditionally has been considered to be involved in coordina-
tion of movement, is also activated in declarative memory tasks
(38). Many of these same regions (angular gyrus, anterior

FIG. 2. Effect of mental stress of heart rate and blood pressure in
patients with coronary artery disease (CAD) and normal subjects.
There is no significant difference in the increase in heart rate (HR),
systolic blood pressure (SBP), and rate pressure product (RPP) from
control to mental stress conditions among CAD and normal subjects.
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cingulate, visual association cortex) have also been specifically
implicated in stress and emotion (36, 37, 39, 40).

The greater increases in blood flow observed during mental
stress in CAD patients, compared with normals, may be
interpreted in several ways. The greater activation of a network
of cortical areas involved in visual imagery and mental activity
may indicate that for these CAD patients the task of mental
calculation, which engages these areas, required more effort.
An alternative explanation is that these findings demonstrate
an activation pattern driven by emotional variables. We found
that the added component of stress and emotionality increased
activation of those cortical regions that are known or presumed
to be engaged by the specific mental task performance re-
quired in the present study. The considerable overlap between
brain regions activated during stressyemotion and cognitiony
memory (41) may indicate that these processes are interde-
pendent, intermingled, or largely inseparable at the cortical
level.

During the course of the study, 3 of 10 CAD patients (33%)
demonstrated a worsening of their heart function during
mental stress, which is an indicator of myocardial ischemia.
These patients exhibited significantly greater stress-induced
activation in the left hippocampus and left inferior parietal
lobule, left superior and middle frontal gyrus, left temporal
pole, and left visual association cortex than CAD patients
without myocardial ischemia (Fig. 4A). This hyperresponsive-
ness is interpretable in terms of task demand, because many of
these areas also have been related to mnemonic functions
(25–27, 42–55), mental calculations (56), verbal memory en-
coding (57–60), and retrieval (38, 60, 61) as well as in the stress
response (46, 62, 63). Although task performance was phe-
nomenologically equated between groups (as evidenced by
similar peripheral hemodynamic response), there were differ-

ent cortical responses to mental stress. Thus, our findings
demonstrate that equating performance in cognitive tasks does
not necessarily equate for mental effort.

The hemispheric patterns of activation and deactivation
(activation in visually related areas in the left hemisphere;
deactivation inclusive of other areas in the right hemisphere)
are similar to those found in PET studies of memory and
cognition in normal subjects (38, 43, 44, 57). Thus, the pattern
of hemispheric asymmetry during mental calculation suggests
that mental stress exacerbates a normal hemispheric asymme-
try during mentation, generally, and especially mental calcu-
lation. Specifically, depression of right hemisphere areas may
mean that the strategies of the right hemisphere are under-
utilized particularly by CAD patients vulnerable to mental
stress-induced myocardial ischemia.

Increases in heart rate and blood pressure augment myo-
cardial demand; thus these hemodynamic variables are major
determinants of myocardial ischemia. Despite comparable
increases in rate pressure product during mental stress be-
tween CAD and healthy subjects, significant correlations
between rate pressure product and cortical blood flow were
found only in CAD patients and not in healthy volunteers.
These correlations, which occurred in the right middle and
inferior frontal gyri, as well as in the cerebellum and midbrain,
may implicate these areas in the regulation of peripheral
autonomic and hormonal response to stress or, as likely, again
reflect the role of cognitive demand in provoking cardiac
ischemia. In any event, the present findings demonstrate that
mental stress has distinct cortical correlates that may serve to
augment sympathetic stimulation in part through central sym-
pathetic and neuroendocrine-mediated pathways.

Ischemic responses to mental stress occurring in daily life
often are not associated with typical anginal pain. Therefore,

FIG. 3. (A) Statistical parametric map overlaid on an MRI template of areas of increased blood flow with mental stress in CAD patients (n 5
10) versus healthy subjects (n 5 6). There were significant increases in visual association cortex (18) [(Talairach coordinates) x 5 226, y 5 280,
z 5 12, z score 5 3.32, P , 0.001]; anterior cingulate (32) (x 5 14, y 5 46, z 5 4, z score 5 3.08, P , 0.001); cerebellum (x 5 222, y 5 290, z 5
220, z score 5 3.00, P , 0.001); left parietal cortex (x 5 36, y 5 258, z 5 36, z score 5 2.94, P , 0.002); left fusiform gyrus (x 5 52, y 5 232,
z 5 220, z score 5 2.88, P , 0.002). (B) Statistical parametric map overlaid on an MRI template of areas of decreased blood flow with mental
stress versus counting control in CAD patients (n 5 10) versus healthy controls (n 5 6). There were significant decreases in thalamus (x 5 210,
y 5 218, z 5 16, z score 5 4.07, P , 0.001); superior frontal gyrusycingulate gyrus (32, 24) (x 5 26, y 5 32, z 5 32, z score 5 3.29, P , 0.001);
superior frontal gyrus (10) (x 5 220, y 5 58, z 5 20, z score 23.15, P , 0.001); right middle temporal gyrus (21) (x 5 2 60, y 5 218, z 5 4, z
score 5 3.08, P , 0.001).

Neurobiology: Soufer et al. Proc. Natl. Acad. Sci. USA 95 (1998) 6457
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it is of interest that there was bilateral deactivation in the
anterior cingulate with the onset of ischemic-induced wall
motion abnormalities in the absence of pain (angina pectoris).
The anterior cingulate is involved in pain perception (64).
Other areas with decreased blood flow were observed in the
right hemisphere: superior and middle temporal lobe (auditory
cortex), and the visual association cortex (Fig. 4B) (32, 33).

The identification of brain regions that mediate the physi-
ological effects of stress on CAD may have important treat-
ment implications. For instance, PET studies in patients with
psychiatric disorders related to abnormalities of stress and
emotion have shown alterations in similar brain regions as
those in the current study, including hippocampus, prefrontal,
parietal and temporal cortex, and cingulate (65–69). Treat-
ment resulted in a reversal of deficits in some studies (57). One
could envision specific cognitive–behavioral andyor pharma-
cologic treatment strategies that could reverse alterations in
brain function in specific brain regions in those CAD patients
where mental stress plays an important role. The current study
provides the basis for identifiable physiologic markers of the
mental stress response in CAD patients, which may be used to
develop novel therapeutic strategies and evaluate the effec-
tiveness of treatment.

This work was supported by a Merit Review Grant, Department of
Veteran Affairs, to R.S. and M.B.
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hippocampus (x 5 22, y 5 222, z 5 28, z score 5 4.43, P , 0.001); left parietal cortex (inferior parietal lobule) (40) (x 5 40, y 5 254, z 5 44,
z score 5 3.80, P , 0.001); left superior frontal gyrus (8) (x 5 26, y 5 16, z 5 52, z score 5 3.83, P , 0.001); left middle frontal gyrus (10) (x 5
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P , 0.001). (B) Statistical parametric map overlaid on an MRI template of areas of decreased blood flow with mental stress versus counting control
in mental stress ischemic CAD patients (n 5 3) versus mental stress nonischemic CAD patients (n 5 7). There were significant decreases in right
superior temporal gyrus (22) (x 5 258, y 5 242, z 5 12, z score 5 4.84, P , 0.001); right-middle temporal gyrus (37) (x 5 246, y 5 256, z 5
28, z score 5 3.60, P , 0.001); left anterior cingulate (x 5 8, y 5 42, z 5 8, z score 5 3.91, P , 0.001); right anterior cingulate (24) (x 5 28, y 5
6, z 5 36, z score 5 2.89, P 5 0.002); visual association cortex (18) (x 5 236, y 5 288, z 5 12, z score 5 3.73, P , 0.001); area 19 (x 5 34, y 5
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y 5 0, z 5 0, z score 5 3.45, P , 0.001); precentral (x 5 252, y 5 26, z 5 32, z score 5 2.81, P 5 0.002); lingual gyrus (x 5 216, y 5 270, z 5
0, z score 5 2.39, P 5 0.008).
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