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Abstract: In our natural environment, the ability to divide attention is essential since we attend simulta-
neously to a number of sensory modalities, e.g., to visual and auditory stimuli. In this study, functional
magnetic resonance imaging (fMRI) was used to study brain activation while a divided attention task was
performed. Brain activation was also assessed under selective attention. Fourteen healthy male subjects
aged between 19 and 28 years underwent fMRI studies using gradient EPI sequences. Cingulate activation
was evident in all attention tasks. Focusing attention on one modality (visual or auditory) increased the
activity in the corresponding primary and secondary sensory area. When attention is divided between
both modalities, the activation in the sensory areas is decreased, possibly due to a limited capacity of the
system for controlled processing. Left prefrontal activation, however, was evident selectively during the
divided attention task. The present results suggest that this area may be important in the execution of
controlled processing when attention is divided between two sources of information. These results
support the view that the prefrontal cortex is involved in the central executive system and controls
attention and information flow. Hum. Brain Mapping 18:249–259, 2003. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

In recent years, human attention has increasingly
become a focus of interest in functional neuroimaging
since the level of brain activation depends in part on
the attentional state [Jäncke et al., 1999a–c]. In our

natural environment, we normally attend simulta-
neously to a number of sensory modalities, e.g., to
visual and auditory stimuli. “Divided attention” refers
to attention divided between two or more sources of
information. Few published studies focus on divided
attention despite its importance in day-to-day life.
Posner et al. [1989] postulated that two tasks, when
performed simultaneously, do not interfere with the
performance of one another when different brain areas
are used for the two tasks. Brain activation during
simultaneous visual and auditory information pro-
cessing may, therefore, result in a summation of the
activation during selective visual and auditory infor-
mation processing (selective or focused attention).
Tasks assessing selective visual attention activate the
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primary striate cortex [Büchel et al., 1998; Jäncke et al.,
1999a; Ress et al., 2000; Watanabe et al., 1998a,b]
and/or the secondary extrastriate cortex [Clark and
Hillyard, 1996; Corbetta et al., 1991; Heinze et al., 1994;
Hillyard et al., 1997; Mangun et al., 1997; Tootell et al.,
1998] while the primary auditory cortex [Alho et al.,
1999; Jäncke et al., 1999b; Woldorff et al., 1993] and/or
the secondary auditory cortex [Frith and Friston, 1996;
Fujiwara et al., 1998; Kawashima et al., 1999; Tzourio
et al., 1997] are activated by selective auditory tasks.

Madden et al. [1997] investigated brain activation
when subjects were instructed to divide their attention
among the display positions within the visual modal-
ity. Regional cerebral blood flow (rCBF) activation
was found in occipitotemporal, occipitoparietal, and
prefrontal regions. This, however, was not divided
attention, since there was no dual task paradigm. The
authors, therefore, described it as divided visual at-
tention. Brain activation during divided attention has
been investigated by Corbetta et al. [1991]. Positron
emission tomography (PET) measurements were
taken while subjects discriminated between shape,
color, and speed of a visual stimulus under conditions
of selective and divided attention. The divided condi-
tion activated the anterior cingulate and prefrontal
cortex in the right hemisphere. In another study, the
posterior dorsolateral prefrontal cortex and the lateral
parietal cortex were activated bilaterally during a
dual-task performance using functional magnetic res-
onance imaging (fMRI) and visual stimulus material
[Koechlin et al., 1999]. Iidaka et al. [2000] investigated
memory processing and found greater activation in
the cerebellum, the temporoparietal cortex, the left
cingulate, and in the prefrontal area, when tasks re-
quired both the encoding and retrieval of memory
information. Left prefrontal activation and activation
of the left retrosplenial area were evident in a dual
task paradigm that included tasks requiring acquisi-
tion of memory [Shallice et al., 1994]. The key struc-
ture showing consistent activation in the various ex-
aminations employing dual-task performance seems
to be the left or right prefrontal cortex.

D’Esposito et al. [1995] used a semantic-judgment
task, activating left temporal regions, and a spatial
rotation task, activating bilateral parieto-occipital re-
gions. Activation of the prefrontal cortex was ob-
served when both tasks were performed together, but
not when they were performed separately. The au-
thors interpreted their results as evidence that the
prefrontal cortex plays a predominant role in working
memory, since working memory is required in their
dual task paradigm. A dual task paradigm is not,

however, inevitably associated with higher prefrontal
activation. If prefrontal activation is evoked by a sin-
gle task, an additional simultaneously performed sec-
ond task may decrease prefrontal activation. This was
shown by Goldberg et al. [1998] using the Wisconsin
Card Sorting Test, a complex reasoning task, and a
rapidly paced auditory–verbal shadowing task in a
PET rCBF study. Although the investigations of Gold-
berg et al. [1998] and particularly D’Esposito and col-
leagues [1995] are essential to our understanding of
the role of the prefrontal cortex in cognition, it remains
unclear which areas in the brain are responsible for
divided attention, since in their examinations they
used complex cognitive tasks involving higher cogni-
tive performance such as semantic processing and
working memory. Therefore, both groups avoid the
term ”divided attention” and refer instead to working
memory.

To further elucidate the neural substrate of divided
attention during the information processing of simul-
taneously presented stimuli from different modalities,
a design using two (or more) simple attention tasks
within two (or more) modalities is required. In the
present examination, we chose to apply a selective
visual attention task and a selective auditory attention
task, employed separately and simultaneously. To en-
sure that our concept of divided attention corresponds
to the concept of divided attention in clinical neuro-
psychology, we selected attention tasks commonly
used in the assessment of neuropsychological patients
[Zimmermann and Fimm, 1992]. Functional maps of
brain activity related to the attentional conditions
were generated using fMRI images.

SUBJECTS AND METHODS

Fourteen healthy right-handed male subjects aged
between 19 and 28 years underwent fMRI studies
using attention paradigms. All subjects gave written
informed consent before participating. Attention tasks
from a computerized attention test battery were used
[Zimmermann and Fimm, 1992]. Acoustic stimulation
consisted of two alternating high-frequency and low-
frequency tones (450 and 1,070 Hz). Tones were pre-
sented with 1-sec Inter-stimulus Interval (ISI) by air
tube earphones. Target stimuli were two stimuli of
identical frequency presented successively. The visual
stimulus was a 4 � 4 item matrix consisting of dots
and crosses. Target stimuli were patterns of four
crosses forming a square. The visual stimuli were
back-projected onto a screen with 2-sec Inter-Stimu-
lus-Interval. The subjects viewed the stimuli via a
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mirror attached to the head coil. The visual angle for
binocular stimulation was 12 � 33 degrees. Subjects
were asked to press a button with the right index
finger as quickly and accurately as possible when a
target stimulus was presented. Reaction times were
registered during fMRI measurements. In the baseline
condition used in all experiments, subjects were in-
structed to concentrate on their breathing and to press
the button when they exhaled. Therefore, subjects’
attention was diverted from the sensory stimuli and a
similar reaction (button press at a similar frequency)
was achieved. In all conditions including the baseline
condition, acoustic and visual stimulation were ap-
plied simultaneously. Changes in brain activity were,
therefore, due to an altered attentional state induced
by the instruction and not to physical differences in
the stimulus. In the first experiment, subjects reacted
to acoustic stimulation. In the second experiment, at-
tention had to be divided between the two stimuli,
and in the third experiment, the relevant information
was within the visual stimulation. The experiments
were conducted in this order so as to avoid any reac-
tion to visual stimulation in the first experiment, in
which subjects were told to expect only auditory stim-
uli. The visual target stimulus was explained to the
subject immediately before the start of the second
divided attention condition. In the third selective vi-
sual attention condition, we could not rule out the
possibility of a mental processing of auditory target
stimuli. However, it is not possible to completely rule
out the processing of auditory target stimuli, because
two stimuli of identical frequency presented succes-
sively are a kind of ”oddball-paradigm,” which
evokes brain reaction even without instruction and
would therefore appear even if we were to start with
this condition. To control for this effect, four of the
subjects underwent a third condition that was
changed marginally. During the selective visual atten-
tion condition, there were no auditory target stimuli,
preventing any mental attention processing to audi-
tory stimuli. Brain activation of these four subjects did
not differ from activation of the other ten subjects in
the selective visual attention condition.

fMRI images were acquired on a 1.5 Tesla scanner
(Signa Echospeed; General Electric) using echo planar
imaging (EPI) sequences with a repetition time (TR) of
3 seconds, an echo time (TE) of 60 msec, and a flip
angle of 90 degrees. Fifteen slices were collected with
a voxel dimension of 2.2 � 2.2 � 6 mm3. The first 10
images were discarded in order to avoid non steady-
state effects due to T1 saturation. The remaining 60
images included three attention half periods with 10

images and three baseline half periods with 10 images
each, presented in periodic alternation. Functional im-
aging used the technique of statistical parametric
mapping using SPM99 software [Friston et al., 1995].
For each subject, images were realigned using sinc
interpolation (with an 11 � 11 � 11 kernel, and ad-
justed) to remove signal correlated with head motion.
Images were transformed into standard ICBM space
[Mazziotta et al., 1995] using an automated spatial
normalization (12-parameter affine transformation fol-
lowed by non-linear iterations using 7 � 8 � 7 basis
functions) as integrated in SPM99. The normalized
images were then smoothed with a Gaussian kernel
(full width at half maximum � 8 mm) to create a local
weighted average of the surrounding pixels. Effects
were estimated with the general linear model with a
delayed box-car waveform. A conservative statistical
correction (”Bonferroni like”) based on the number of
voxels was applied to determine significance levels of
activations in the data. The approach used by SPM is
to use random field theory. One determines how
many resolution elements (resels), defined as a block
of pixels of the same size, there are in an image. The
expected euler characteristic can be used to give the
correct threshold for the required control of false pos-
itives. If we know the number of resels in an image, it
is possible to estimate the most likely value of the
euler characteristic at any given threshold [Worsley et
al., 1996]. The inter-subject effect was treated as a fixed
effect.

Since the SPM99 template does not perfectly match
Talairach space, we estimated the Talairach-brain co-
ordinates with a non-linear transform of MNI to Ta-
lairach [Brett, 1999]. The spatial coordinates obtained
from the SPM99 results were converted to standard
Talairach-brain coordinates and then entered into the
Talairach Daemon [Lancaster et al., 2000] for result lo-
calization. All results are displayed as SPM{Z}-maps,
depicting the significant voxels. Activations were al-
ways relative to the baseline condition.

We determined the amplitudes of the respective
volumes of interest with an ordinary least squares
coefficient estimate based on the Gauss-Markov theo-
rem [Hamilton, 1994]. After extracting the time series
from SPM99 and employing a HRF-adjusted stimulus
function, we obtained an estimate for the slope of the
least squares fit, which is equivalent to the amplitude.

RESULTS

Mean accuracy of performance in all attention tasks
was 96.93%. No subject made more than two mistakes
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per experiment and in most of the experiments the
subjects made no mistakes. The level of accuracy in the
divided attention task (96.44%) did not differ from
that in the selective attention tasks. Reaction times for
visual stimuli (818 � 104 msec SD) were significantly
longer than reaction times for auditory stimuli (545
� 94 msec). This modality effect was significant dur-
ing both selective and divided attention. Mean reac-
tion times during divided attention (725 � 94 msec)
were significantly longer than reaction times during
selective attention (638 � 77 msec). This attention
effect was significant for both visual and auditory
modality.

The selective auditory attention task (Fig. 1) signif-
icantly increased activation in the left superior tempo-
ral gyrus including the Heschl gyrus (Brodmann area
[BA] 22 & 29) and in the cingulate cortex (medial

frontal gyrus, BA 6). The selective visual attention task
(Fig. 2) led to significantly increased activation in the
occipital cortex (BA 17 and 18), the left precuneus
cortex (BA 7), the right superior and inferior parietal
cortex (BA 7 and 40), the cingulate cortex (BA 6), and

Figure 2.
Brain activity related to selective visual attention. The occipital
cortex, the left precuneus cortex, the right superior and inferior
parietal cortex, the cingulate cortex, and the right inferior frontal
gyrus were activated.

Figure 1.
Brain activity related to selective auditory attention. The left
temporal gyrus including the Heschl gyrus was significantly acti-
vated.
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the right inferior frontal gyrus (prefrontal cortex, BA 9
and 45). During the divided attention task, in which
attention had to be divided between auditory and
visual stimulation, similar brain regions were acti-
vated as in the selective attention tasks (Fig. 3). As was
the case in the selective auditory attention task, the left
superior temporal gyrus (BA 29) was significantly ac-
tivated during divided attention and, as in the selec-
tive visual attention task, significantly increased acti-
vation was produced by divided attention in the
occipital cortex (BA 17 and 18), the left precuneus
cortex (BA 7), the right superior and inferior parietal
cortex (BA 7 and 40), and the right prefrontal cortex
(BA 9 and 45). As in both selective auditory and visual
attention tasks, divided attention significantly acti-
vated the cingulate cortex (BA 6). Significantly in-
creased activation in the left prefrontal cortex (inferior
frontal gyrus, BA 9 and 47) was produced in the
divided attention task but not during selective atten-
tion. Amplitude estimation revealed significantly in-
creased activation in the left prefrontal cortex in the
divided attention task compared to the selective audi-
tory attention task (T � 4.905, df � 13, P � .001) as
well as significantly increased activation compared to
the selective visual attention task (T � 2.064, df � 13,
P � 0.03). Amplitudes in the right prefrontal cortex
were significantly increased in the divided attention
task compared to the selective auditory attention task
(T � 3.024, df � 13, P � 0.005), but not significantly
increased compared to the selective visual attention
task (T � 0.291, df � 13, P � 0.388).

Both the extent of significant activation and the
intensity of activation in the left superior temporal
gyrus decreased markedly during divided attention
compared to the selective auditory attention task. Am-
plitude estimation revealed a significant decrement (T
� 2.465, df � 13, P � 0.014). In accordance with the
decreased activation of primary and secondary audi-
tory brain areas during divided attention, the volume
and intensity of significant occipital activation de-
creased during divided attention compared to the se-
lective visual attention task. The decrement in ampli-
tudes, however, did not reach significance (T � 1.19,
df � 13, P � 0.128). Significant activation in the cin-
gulate gyrus increased in volume and intensity during
the divided attention task compared to the selective
attention conditions. Differences in the brain activa-
tion of sensory brain areas, the cingulate cortex, and
the prefrontal cortex are summarized in Figure 4. Am-
plitude estimation is shown in Figure 5.

DISCUSSION

The accuracy of performance was equally good in
all attention tasks (�96%). Reaction times for visual

Figure 3.
Brain activity related to divided attention. The left superior tem-
poral gyrus, the left precuneus cortex, the right superior and
inferior parietal cortex were activated; the cingulate cortex, infe-
rior frontal cortex, and occipital cortex were activated bilaterally.
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Figure 4.
Group brain activity related to selective and divided attention.
Four transverse slices through the visual, auditory, prefrontal, and
cingulate cortex are presented. Activation in the primary sensory
areas (visual and auditory cortex) decreased markedly during

divided attention compared to selective attention. Prefrontal and
cingulate gyrus activation increased during the divided attention
task. Activation in the left prefrontal cortex was produced only in
the divided attention task, but not during selective attention.
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stimuli were significantly longer than reaction times
for auditory stimuli. This effect is probably due to the
stimulus characteristic. While in the visual modality,
the subjects had to discern a visual pattern within the
stimulus (this appeared at different locations), in the
auditory condition it is possible to ascertain immedi-
ately whether or not the tone is a target stimulus.
Reaction times during divided attention were signifi-
cantly longer than reaction times during selective at-
tention. This effect represents the expected time cost of
dividing attention between two sources of informa-
tion. The results, showing increased reaction times in
a dual task paradigm, are in accordance with Kling-
berg and Roland [1997]. In previous investigations, it
was shown that reaction times and electrophysiologi-
cal recordings (P300 latencies) were delayed for di-
vided attention as compared with selective attention
[Hohnsbein et al., 1991].

The results in the selective attention tasks in the
present investigation are in accordance with those of
O’Leary et al. [1997] who found that rCBF changes due
to auditory attention were largely localized in the
temporal lobe, whereas visual attention caused rCBF
changes in a widespread network that included fron-
tal and parietal brain regions. Interestingly, significant
activation in auditory selective attention was limited
to the left hemisphere in our investigations. In accor-
dance with our findings, Jäncke et al. [1999b] found
stronger activation in the left auditory cortex when
subjects were required to attend to auditory stimuli.

These authors, however, used verbal stimulus mate-
rial (syllables) inducing hemispheric specialization,
whereas in the present study tones of different fre-
quencies were applied. One should consider that, had
a less conservative threshold been chosen, the right
auditory cortex would have been activated during
selective auditory attention in the present study. Nev-
ertheless, there is a strong left-sided hemispheric spe-
cialization that may be related to right handedness
and ear preference of the subjects.

The selective visual attention task produced signif-
icantly increased activation in the occipital cortex, the
left precuneus cortex, the right superior and inferior
parietal cortex, the cingulate cortex, and the right pre-
frontal cortex. Similar activity in the primary visual
cortex was shown by Jäncke et al. [1999c] when sub-
jects were required to attend to visual stimuli. Mar-
tinez et al. [1999] combined fMRI and EEG results and
hypothesized that the primary visual cortex modula-
tion found with fMRI may represent a delayed, re-
entrant feedback from higher visual areas or sustained
biasing during attention, because the sensory input to
the primary visual cortex measured with EEG (evoked
potentials) was not modulated by attention. The ob-
served predominantly right-sided posterior parietal
and cingulate cortex activation accords with studies
on spatial attention [Coull and Frith, 1998; Gitelman et
al., 1999; Nobre et al., 1997]. In a space-based attention
task, Fink et al. [1997] showed activation of the right
prefrontal cortex. In summary, a similar network of

Figure 5.
Mean amplitudes � standard errors (percent
change) in the sensory cortical and prefrontal
areas. When attention was divided between both
modalities, the activation in the sensory areas was
decreased. Prefrontal activation was increased
during the divided attention task.
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brain activation to that found in the present investi-
gation has been shown in other functional imaging
studies using visual attention paradigms, especially
where spatial attention tasks were used. In our selec-
tive visual attention task, the detection of visual target
stimuli most probably included a spatial analysis of
the pattern. The present results, therefore, correspond
with previous findings.

When attention was divided between the auditory
and visual modalities, the activation in the sensory
auditory and visual areas was decreased compared to
the selective attention tasks. This corresponds with the
findings of Corbetta et al. [1990] who investigated
changes in rCBF while subjects discriminated between
different attributes of a visual stimulus, e.g., shape,
colour, and velocity. The authors reported visual cor-
tex activation after subtracting a divided attention task
from each of the selective attention tasks (discrimina-
tion of shape, colour, and velocity). This activation
may also represent reduced activation in the divided
attention condition. During an arithmetical task, irrel-
evant speech yielded a decreased level of activity in
the auditory cortex [Ghatan et al., 1998]. The authors
interpreted their results as evidence of a top-down
inhibitory modulation of a non-attended input to the
auditory cortex. Similarly, Haxby et al. [1994] ob-
served decreases in regional cerebral blood flow in
auditory and somatosensory cortex during a visual
face matching task. The authors suggested that selec-
tive attention to one sensory modality is associated
with decreased activity in cortical areas responsible
for processing input from other sensory modalities.
Inhibitory influences are, however, not restricted to
the interaction of different modalities. Smith et al.
[2000] showed that visual attention to a particular
location resulted in a widespread suppression of ac-
tivity in brain regions responsible for all other loca-
tions. Taken together, attention to one modality or to
one attribute within one modality leads not only to
increased activity of the sensory cortical area involved
in the processing of these stimuli, but also to sup-
pressed activity in regions associated with other mo-
dalities. A difference between the cited investigations
and the present investigation is that in our experiment
subjects had to attend to both modalities. We assume
that during divided attention, both modalities are ac-
tivated by a top-down mechanism and simultaneously
inhibited by the concurrent modality, respectively. In
accordance with this, Vandenberghe et al. [1997]
showed within the visual modality, that visual cortex
activity fell to a level midway between those seen
during exclusively leftward or rightward attention,

when subjects divided their attention over opposite
hemifields. Alternative to a sensory interaction model,
it is possible that a central executive mechanism con-
trols activation of the primary sensory areas and,
therefore, reduces activity if two modalities are in-
volved.

Activation was increased during divided attention
compared to selective attention tasks in the cingulate
cortex. Significant bilateral activation in the prefrontal
cortex was observed in the divided attention task,
whereas selective visual attention activated only the
right prefrontal cortex and selective auditory attention
revealed no significant frontal activation. Activation of
the cingulate cortex and the right prefrontal cortex
was shown in a linguistic dual task paradigm [Bene-
dict et al., 1998]. The same brain regions, however,
were activated during simple sustained attention and
alertness [Häger et al., 1998; Sturm et al., 1999]. Hop-
finger et al. [2000] showed that the anterior cingulate
cortex is activated during selective analysis of target
features, whereas the prefrontal cortex is involved in
top-down attentional control. In a working memory
task, the anterior cingulate cortex was activated by
increased task difficulty, whereas the prefrontal cortex
was activated by an increased working memory load
[Barch et al., 1997]. Working memory is a classical
paradigm for executive (top-down) function. The abil-
ity to perform two tasks simultaneously is also a func-
tion of the central executive [Leclercq et al., 2000]. We,
therefore, assume that increased cingulate cortex acti-
vation during divided attention is a result of increased
task difficulty. Activation of the prefrontal cortex, on
the other hand, may be related to executive function
during divided attention. Right prefrontal cortex acti-
vation is seen in simple visual and somatosensory
sustained attention tasks and alertness [Pardo et al.,
1991; Sturm et al., 1999]. Bilateral prefrontal cortex
activation, however, was found during working mem-
ory tasks [see Cabeza and Nyberg, 2000]. In accor-
dance with our results, the left prefrontal cortex was
only activated when executive top-down mechanisms
were involved. The apparent inconsistency with an-
other dual task performance where no separate corti-
cal area was identified can be explained by the fact
that two working memory tasks activating bilateral
prefrontal cortex were employed [Klingberg, 1998].
The dual task was, therefore, not able to produce
additional brain activity. Goldberg et al. [1998]
showed that activity in the prefrontal cortex may even
decrease during a concurrent task if the other task
involves executive function and, therefore, effects
strong prefrontal cortex activation. In a study using a
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dual task paradigm including visual and somatosen-
sory stimulation, the right prefrontal cortex (inferior
frontal gyrus) was activated selectively when the first
task interfered with the second [Herath et al., 2001]. In
the present study, however, the divided attention task
activated the prefrontal cortex bilaterally. This result
could be explained by the fact that the attentional
tasks used in our study interfered with each other, i.e.,
the reaction times following both visual and auditory
stimulation increased in the dual task compared with
the single tasks. Furthermore, the two types of stimuli
were administered simultaneously in our study,
whereas there was always a short delay between vi-
sual and somatosensory stimulation in the study of
Herath et al. [2001]. Johannsen et al. [1997] showed
activation in the right middle frontal gyrus in both
sustained and divided attention tasks. The activity
was more pronounced during divided attention.
There are, however, some methodological problems.
The subjects were instructed to detect a change of
frequency of the stimulus, although no change of fre-
quency occurred. Therefore, no control of the cogni-
tive state during the tasks was performed. There are
also methodological problems in the present examina-
tion. While the number of items was the same in all
attention tasks, the number of target items was higher
in the divided attention task because there were both
auditory and visual targets. The role of the left pre-
frontal cortex in divided attention, however, is sup-
ported by clinical data showing divided attention def-
icits in patients with lesions of the left prefrontal
cortex [Godefroy et al., 1996; Godefroy and Rous-
seaux, 1996]. Deficits in selective attention were also
evident in these patients.

In summary, divided attention to auditory and vi-
sual stimuli compared with selective attention leads to
decreased activity in the sensory brain areas and in-
creased activity in the cingulate cortex. The decline in
activation may be due to inter-sensory interaction
with reciprocal inhibition of both sensory systems,
respectively. The interaction resulted not merely in
decreased activity in sensory brain areas, but also in
increased reaction times in the performance. Increased
activity of the cingulate cortex may be a result of
increased task difficulty. Bilateral prefrontal activity
was shown during divided attention. The left prefron-
tal cortex was activated only in the divided attention
task, indicating that this brain region may represent
the location of executive functioning that involves a
top-down attentional control mechanism during di-
vided attention.
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