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Abstract: In visual discrimination tasks, the relevant feature to discriminate is defined before stimulus
presentation. In feature uncertainty tasks, a cue about the relevant feature is provided after stimulus
offset. We used 15O-butanol positron emission tomography (PET) in order to investigate brain activation
during a feature uncertainty task. There was greater activity during the feature uncertainty task, com-
pared with stimulus detection and discrimination of orientation and spatial frequency, in the lateral and
medial prefrontal cortex, the cuneus, superior temporal and inferior parietal cortex, cortical motor areas,
and the cerebellum. The most robust and consistent activation was observed in the dorsal anterior
cingulate cortex (Brodmann area 32; x � 0 y � 16, z � 40). The insula, located near the claustrum (x � �38,
y � 8, z � 4), was activated during the discrimination tasks compared with the feature uncertainty
condition. These results suggest that the dorsal anterior cingulate cortex is important in feature uncer-
tainty conditions, which include divided attention, expectancy under uncertainty, and cognitive moni-
toring. Hum. Brain Mapp. 21:26–33, 2004. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

In a previous study [Gulyás and Roland, 1995], we dem-
onstrated the activation of an overlapping, widely distrib-
uted neuronal network during spatial frequency and orien-

tation discrimination [see also Faillenot et al., 2001]. In these
experiments, subjects were told the relevant feature to dis-
criminate (spatial frequency or orientation) before stimulus
presentation. In contrast to visual discrimination tasks, in
feature uncertainty conditions subjects do not know the
relevant feature to discriminate until after the offset of stim-
uli [Vogels et al., 1988; Wing and Allport, 1973]. In this task,
subjects divide their attention among multiple visual fea-
tures from which any can be relevant for discrimination.
After stimulus offset, a cue is presented that signifies the
relevant feature to discriminate.

Consider the paradigm shown in Figure 1. In the reference
condition, the stimulus pair consists of a random dot pattern
and a grating, and subjects are asked to indicate if the first
member of the pair is the grating. In the orientation and
spatial frequency discrimination conditions, only the rele-
vant feature differs between the first and second grating.
Subjects are asked to indicate if the first grating is closer to
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the vertical meridian (orientation discrimination) or to indi-
cate if the spatial frequency of the first grating is higher than
that of the second grating (spatial frequency discrimination).
In the feature uncertainty condition, both features change
and the color of the response signal indicates the relevant
feature to discriminate. In discrimination tasks, the color of
the response signal is irrelevant because the relevant feature
is defined before stimulus onset.

Cortical fields in the dorsal and ventral visual stream and
the prefrontal cortex are active during orientation and spa-
tial frequency discrimination. Cortical areas in the occipito-
temporal and occipito-parietal regions may be responsible
for sensory representation, whereas prefrontal activation
may reflect attentional and decision-making processes [Fail-
lenot et al., 2001; Gulyás and Roland, 1991, 1995; Vidnyán-
szky et al., 2000]. However, cerebral structures related to
feature uncertainty tasks are unknown. It is possible that the
visual cortex is especially active during feature uncertainty
tasks because of the concurrent analysis of multiple visual
features. Alternatively, increased activity may be observed
in the prefrontal cortex and related structures because of the
divided attention and expectancy components of the feature
uncertainty task. To elucidate this issue, we measured re-
gional cerebral blood flow (rCBF) with 15O-butanol positron
emission tomography (PET) during simple stimulus detec-
tion (reference condition), orientation and spatial frequency
discrimination, and a feature uncertainty task.

SUBJECTS AND METHODS

Participants

Participants were eight male volunteers (age range 24–46
years) with no history of medical conditions that may affect

brain functions. They were right-handed as determined by
the Edinburgh Handedness Inventory [Oldfield, 1971] and
had normal or corrected-to-normal visual acuity. Electroocu-
lography (EOG), electroencephalography (EEG), electro-
myography (EMG) (movements of the right thumb for re-
sponses), and arterial PaO2 and PaCO2 were registered
during the experiment [Gulyás and Roland, 1995]. All sub-
jects gave their written informed consent to participate in the
study. The study was approved by the Ethical, Radiation
Safety, and Magnetic Resonance Imaging Committees of the
Karolinska Hospital.

Stimuli and Procedure

Stimuli were vertical luminance-contrast gratings and ran-
dom dot patterns (Fig. 1). The spatial frequency ranged
between 0.42 and 4.6 cycles/degree in equal steps in a
logarithmic scale. The orientation of the gratings covered
0–360 degrees in 15-degree steps. Stimuli were matched for
average luminance (13.5 cd/m2), geometrical complexity as
determined by Euler numbers, internal contrast, and edge
lengths [for details, see Gulyás and Roland, 1995].

During the experiment, subjects were placed in a supine
position in the camera bed. Environmental noise was kept at
a minimum. Stimuli were presented on a double-polarized
projection screen (Simda projectors). The viewing distance
was 86 cm. The stimulus area covered a circular window.
The diameter of the window was of 10 degrees of visual
angle. The exposure time for both members of the stimulus
pair (S1 and S2) was 120 msec. The inter-stimulus interval
was 720 msec. The second stimulus was followed by a
720-msec interval, and then a response signal appeared on
the screen for 100 msec. The LED-generated response signal
was a green or a red spot of 1 degree diameter. The LED
colors were constant (red for spatial frequency and green for
orientation). In the reference task, the color had no relevance
for decision-making. Finally, an interval of 2,000 msec was
included, during which subjects responded by moving their
right thumb (monitored by EMG) (Fig. 1). Before scanning,
subjects were given a practice run to ensure that they were
able to perform the task.

The experiment included four tasks. (1) In the reference
detection task, the stimulus pair consisted of a grating and a
random dot pattern. Subjects were asked to indicate if the
first member of the pair was the grating. (2) In the orienta-
tion discrimination task, a pair of gratings with different
orientations was presented. The spatial frequency was con-
stant. Subjects were asked to indicate if the first grating was
closer to the vertical meridian. (3) In the spatial frequency
discrimination task, two gratings with different spatial fre-
quency were presented. The orientation was constant. Sub-
jects were asked to indicate if the spatial frequency of the
first grating was higher than that of the second grating. (4) In
the feature uncertainty task, both orientation and spatial
frequency of S1 and S2 were different. If the response signal
was green, subjects had to indicate in a similar way as they
did in the orientation discrimination condition. If the signal
was red, they had to use the response strategy of the spatial

Figure 1.
Visual discrimination and feature uncertainty tasks. S1, first stim-
ulus; S2, second stimulus; int., interstimulus interval; LED, re-
sponse signal.
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frequency condition. The order of tasks was randomized
and counterbalanced across subjects. Subjects responded to
each stimulus in a two-alternative forced choice manner.
The number of targets was matched across tasks. The time-
interval between the blocks was 20–25 min.

Brain Scanning

During the high-resolution magnetic resonance imaging
(MRI) and PET recordings, individually molded plastic head
fixation helmets were used in order to hold the head in an
identical position. For the PET measurements, a Scanditro-
nix 2048-15B camera was used. The 15O-butanol tracer was
given in a bolus injection before each task in the cubital vein
[65 � 5 mCi dissolved in 7 ml solution of physiological
saline (90%) and ethanol (10%)]. Data were obtained for a
total of 100 sec in 20 subsequent scans from which, following
delay correction, the first 80 sec was included in the data
analysis. The measurement of rCBF and stimulus presenta-
tion started simultaneously [for further methodological de-
tails, see Gulyás and Roland, 1995; Roland et al., 1993].

Data Analysis

The statistical parametric mapping software (SPM99, v.
1999, Welcome Department of Cognitive Neurology, Lon-
don, UK) was used. The SPM software ran under a
MATLAB package (Mathworks, Sherborn, MA) in an Oc-
tane-2 Silicon Graphics workstation. T1-weighted structural
magnetic resonance images (Siemens) were coregistered to
the PET images. Scans were realigned using the first scan for
reference. Following realignment, images were stereotacti-
cally transformed to the Montreal Neurological Institute
template space [Friston et al., 1995a], and then were
smoothed with an isotropic Gaussian kernel of 5 mm
FWHM. After spatial pre-processing, statistical parametric
maps were calculated, which were based on the general
linear model and the theory of Gaussian fields [Friston et al.,
1991, 1994]. Condition and subject effects were calculated at
each voxel. Analysis of covariance (ANCOVA) was used,
including global brain activity as covariate of no interest
(fixed at 50 ml/dl/min) [Friston et al., 1995b]. Three con-
trasts were defined: (1) feature uncertainty vs. rest (FU
� RE), (2) feature uncertainty vs. orientation discrimination
(FU � OR), and (3) feature uncertainty vs. spatial frequency
discrimination (FU � SF). The reverse of the three contrasts
was also determined (RE � FU, OR � FU, SF � FU). For
each contrast, the voxel values constituted a statistical para-

metric map of t-statistics (SPM(t)). The SPM(t) data were
transformed to the unit of normal distribution (SPM(Z)). The
level of significance was set at P � 0.001 (uncorrected) and
P � 0.05 (corrected according to the standard SPM proce-
dure). The localization of brain areas was given using the
Talairach–Tournoux coordinates [Talairach and Tournoux,
1988].

RESULTS

Behavioral and Physiological Measures

Performance and reaction time were as follows: RE: 100%
(SD � 0), 609.3 msec (SD � 49.0); OR: 96.9% (SD � 4.6), 636.6
msec (SD � 56.8); SF: 97.4% (SD � 2.9), 633.6 msec (SD
� 59.6); FU: 96.5% (SD � 4.9), 650.4 msec (SD � 44.7). There
was no significant difference between test performances
(Mann-Whitney U test, P � 0.05). Log-transformed reaction
time data were entered into an analysis of variance
(ANOVA). There was no significant main effect of test con-
dition (P � 0.1). Table I shows the physiological parameters.

Feature Uncertainty vs. Rest

Table II shows the brain areas that were active in the FU
� RE contrast. At the cluster-level, only two regions reached
the level of statistical significance: the dorsal anterior cingu-
late cortex (dACC) (tentative BA 32) and the cuneus (tenta-
tive BA 18) (Fig. 2A). When data were corrected for multiple

TABLE I. Physiological parameters

Parameters Reference Orientation Spatial frequency Feature uncertainty

gCBF 54.5 � 7.2 56.7 � 9.9 57.1 � 9.9 55.5 � 6.9
PaO2 12.3 � 1.7 12.1 � 1.3 12.5 � 2.0 12.0 � 1.7
PaCO2 5.77 � 0.5 5.77 � 0.4 5.76 � 0.4 5.72 � 0.5
EOG (Hz) 0.46 � 0.06 0.46 � 0.04 0.45 � 0.03 0.48 � 0.03
EEG (alpha blockade, %) 6.8 � 1.4 8.1 � 2.4 4.7 � 2.3 6.1 � 1.0

TABLE II. Significant regional brain activity in the
feature uncertainty vs. rest (FU > RE) contrast*

Brain region
Coordinates

(x, y, z) Z-score t-score

Anterior cingulate (BA 32) 0, 16, 40 6.07 15.11
Right cuneus (BA 18) 4, �74, 20 4.41 6.94
Right inferior frontal

gyrus (BA 45) 36, 48, 16 3.75 5.18
Anterior cingulate (BA 32) 0, 28, 32 3.75 5.17
Right inferior parietal lobe

(BA 40) 58, �34, 26 3.60 4.85
Right cerebellum 38, �74, �32 3.52 4.68
Right cerebellum 36, �76, �26 3.31 4.26

* Coordinates are given according to Talairach and Tornoux [1988].
BA: Brodmann area; P � 0.001, uncorrected.
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comparisons, only the dACC remained significant (t � 15.11,
Z � 6.07, P � 0.05).

Feature Uncertainty vs. Orientation
Discrimination

Table III shows the significantly activated brain areas in
the FU � OR contrast. When data were corrected for mul-
tiple comparisons, significant activity was found only in the
dACC (tentative BA 32) (t � 10.78, Z � 5.38, P � 0.05) (Fig.
2B).

Feature Uncertainty Versus Spatial
Frequency Discrimination

Table IV shows the significantly activated brain areas in
the FU � SF contrast. Similarly to the FU � OR contrast,
only the dACC (tentative BA 32) was active when data were

corrected for multiple comparisons (t � 7.81, Z � 4.68, P
� 0.05) (Fig. 2C).

Reverse Contrasts

In the RE � FU contrast, we found no supra-threshold
values. In the OR � FU comparison, the insula, near to the
claustrum, was active (x � �38, y � 8, z � 4; t � 10.05, Z
� 5.23, P � 0.05, corrected). The same area was observed in
the SF � FU contrast (t � 8.26, Z � 4.80, P � 0.05, corrected).

DISCUSSION

Summary of Brain Activation

We found the dACC to be active in each contrast (FU
� RE, FU � OR, FU � SF) (Fig. 3). This suggests that the
dACC is the core of a complex network, which participates

Figure 2.
Brain activation in the feature uncertainty-reference (FU � RE), feature uncertainty-orientation discrimination (FU � OR), and feature
uncertainty-spatial frequency discrimination (FU � SF) contrasts (P � 0.001, uncorrected). The dorsal anterior cingulate cortex
(Brodmann area 32; x � 0, y � 16, z � 40) was significantly activated in each contrast. In the FU � RE contrast, the cuneus was also
activated (Brodmann area 18; x � 4, y � �74, z � 20).

TABLE III. Significant regional brain activity in the feature uncertainty vs. orientation
discrimination (FU > OR) contrast

Brain region

Coordinates

Z-score t-scorex y z

Anterior cingulate (BA 32) 0 16 40 5.38 10.78
Left cerebellum �2 �68 �26 4.28 6.54
Right inferior frontal gyrus (BA 45) 36 48 16 4.24 6.44
Right cuneus (BA 18) 4 �74 20 4.10 6.04
Anterior cingulate (BA 32) 0 28 32 3.85 5.43
Left middle frontal gyrus (BA 9) �22 34 36 3.51 4.65
Right cerebellum 38 �74 �32 3.39 4.42
Right precentral gyrus (BA 4) 14 �22 64 3.35 4.33
Medial part of the right superior frontal gyrus (BA 6) 6 �4 64 3.32 4.28

* Coordinates are given according to Talairach and Tornoux [1988]. BA: Brodmann area; P � 0.001, uncorrected.
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in divided attention and expectancy for the cue related to the
selection of features and response strategies.

Beyond the dACC, several other areas are worthy of men-
tion. The inferior lateral prefrontal cortex (tentative BA 45)
was also active in each contrast. Extrastriatal visual areas
(the cuneus located near to the middle occipital gyrus) were
engaged in the FU � RE and FU � OR contrasts. Interest-
ingly, a right-sided (ipsilateral) activation of motor areas
(tentative BA 4) was observed in the FU � OR and FU � SF
contrasts but not in the FU � RE comparison. The most
extensive prefrontal activity was observed in the FU � SF
contrast, including the medial prefrontal cortex localized
anterior to the dACC (Tables I–III). Finally, the insula, near
the claustrum, was active in the SF � FU and OR � FU
contrasts. In the following sections, we discuss the func-
tional significance of these findings. Brain areas will be
divided into four groups: (1) areas in the prefrontal cortex,
(2) cerebellum and cortical motor areas, (3) visual cortex, (4)
insula/claustrum.

Prefrontal Cortex

The exact functional organization of the cingulate cortex is
unclear. Evidence from clinical research, animal models, and
functional neuroimaging studies suggests that arousal, mo-
tor control, cognitive processes, and drive/emotion are in-
tegrated in the ACC [Allman et al., 2001; Bush et al., 2000;
Devinsky et al., 1995; Paus, 2001]. The role of the dACC is
emphasized in relation to voluntary actions/mental effort
[Cohen et al., 1999; Paus et al., 1998], arousal and attention
[Corbetta et al., 1991; Janer and Pardo, 1991; Koski and
Petrides, 2002], response selection [Paus et al., 1993; Schu-
macher and D’Esposito, 2002; Turken and Swick, 1999], error
detection [Dehaene et al., 1994; Gehring and Knight, 2000],
conflict monitoring [Botvinick et al., 1999; Carter et al., 1998;
Fallgatter et al., 2002; van Veen et al., 2001], reward and
punishment [Bush et al., 2002; Gehring and Willoughby,
2002], and various aspects of social cognition [Calder et al.,
2002; Frith, 2002; Hadland et al., 2003; Shallice, 2001].

There are at least four critical cognitive functions that are
involved in the feature uncertainty task: (1) attention is

divided between features, (2) features and response strate-
gies are maintained on-line in working memory, (3) the cue
is anticipated under uncertainty, and (4) the appropriate
response is selected according to the cue. These are essential
components of decision-making processes [Payne et al.,
1992]. Consistent with our results, it has been demonstrated
that dACC is activated during divided attention tasks [Cor-
betta et al., 1991]. The dACC also plays a critical role in
anticipation and arousal in situations with uncertain out-
comes [Critchley et al., 2001]. Pollmann et al. [2000] used a
visual search task in which the feature of the target-to-be-
detected was uncertain (color or motion). These authors also
found activation in the dACC during the uncertain condi-
tion, although the exact localization of this area was differ-
ent from that in the present study.

The dACC and the lateral prefrontal cortex were activated
together during the feature uncertainty task. It is possible
that the lateral prefrontal cortex (tentative BA 45) is related
to the maintenance of visual information in working mem-
ory [Glahn et al., 2002; Petrides, 1996; Postle and D‘Esposito,
1999]. However, the exact functional significance of the
dACC and lateral prefrontal activity is unclear. MacDonald
et al. [2000] claimed that while the lateral prefrontal cortex
participates in allocating and maintaining top-down atten-
tional control, the primary role of the dACC is conflict
monitoring. An alternative hypothesis suggests that the
dACC is responsible for the selection of motor responses,
while decision-making takes place in the lateral prefrontal
cortex [Paus et al., 1993; Turken and Swick, 1999]. In the OR
� RE and SF � RE comparisons, we found no significant
activation in the dACC. Therefore, it is unlikely that this
cortical area is related to the maintenance of visual informa-
tion. In addition, response selection and basic decision-mak-
ing processes were also included in the discrimination tasks,
which is against the possibility that activation under the
feature uncertainty task is due to these processes.

Conflict monitoring is important when processing con-
flicts appear between simultaneously active and incompati-
ble representations [Posner and DiGirolamo, 1998]. The fea-
ture uncertainty task includes a similar cognitive component

TABLE IV. Significant regional brain activity in the feature uncertainty vs. spatial frequency
(FU > SF) discrimination contrast*

Brain region

Coordinates

Z-score t-scorex y z

Anterior cingulate (BA 32) 0 16 40 4.68 7.81
Right superior temporal gyrus (BA 22) 58 �36 8 4.58 7.49
Medial part of the right superior frontal gyrus (BA 9) 4 34 32 4.36 6.79
Right inferior frontal gyrus (BA 45) 36 48 16 4.07 5.97
Right middle frontal gyrus (BA 9) 48 24 28 3.90 5.55
Medial part of the right superior frontal gyrus (BA 6) 4 �2 62 3.81 5.32
Right anterior cingulate (BA 32) 6 36 20 3.80 5.31
Right precentral gyrus (BA 4) 42 0 44 3.30 4.24

* Coordinates are given according to Talairach and Tornoux [1988]. BA: Brodmann area; P � 0.001, uncorrected.

� Kéri et al. �

� 30 �



because, in the pre-cue phase, competitive features and re-
lated response strategies are processed. Similarly to previ-
ous studies emphasizing the significance of conflict moni-
toring [Carter et al., 1998; Dreher and Grafman, 2003; van
Veen et al., 2001], the dACC was activated under the feature
uncertainty task. It is important to emphasize that the four
tasks had similar difficulties and performances revealed a
ceiling effect. Therefore, the differential dACC responses can
not be explained with task difficulty [Paus et al., 1998].

The feature uncertainty task is a complex procedure that
can be solved by remembering both stimulus dimensions
and associated responses (decisions) or by deciding after the
cue. Another possibility is that subjects alternated between
the two strategies. It is difficult to objectively determine and
experimentally control the strategy. Verbal reports suggest
that the majority of subjects decide only after the cue, and
nobody seems to alternate between the two strategies.

Because of the limitation of our experimental design, it is
not possible to conclude about the basic function of the
dACC. In general, it is difficult to attribute a single cognitive
function to the dACC. In a single cell study, Schall et al.
[2002] found that neurons in the ACC did not control move-
ment initiation but signaled the production of errors, the
anticipation of reinforcement, and the presence of process-
ing conflict. Rushworth et al. [2003] concluded that it is
difficult to separate specific cognitive functions of the ACC
from simple attentional effects. We have discussed the ques-
tion of information maintenance, decision-making/response
selection, task difficulty, and switching between alternative
strategies. These are not likely to specifically contribute to
brain activation during feature uncertainty tasks. In contrast,
divided attention, expectancy under uncertainty, and higher
monitoring demands may be critical. However, it is also
possible that the dACC activity reflects efforts by subjects to
learn the task since they received no practice before scanning
[Milham et al., 2003]. Further work is needed to test this
hypothesis by training subjects in the feature uncertainty
task before scanning.

Cerebellum and Motor Areas

In the FU � RE and FU � OR contrasts, the cerebellum
was activated. In the FU � OR and FU � SF contrasts,
activation was observed in the cortical motor areas (tentative
BA 4 and BA 6). Cerebellar activation was repeatedly found
when subjects performed tasks that required selective and
divided attention, anticipation, and working memory [Ca-
beza and Nyberg, 2000; Middleton and Strick, 1998; but see
Nixon and Passingham, 1999]. However, during the feature
uncertainty task, expectancy may result in the imagery of
motor responses, which may lead to the activation of cortical
motor areas and the cerebellum [Decety et al., 1994; Naito et
al., 2002; Roth et al., 1996]. It is notable, however, that the BA
6 also receives an intensive visual input [Okano, 1992],
which may contribute to its role in our present paradigm.
Interestingly, activity in these areas is common during high-
er-level cognitive tasks [Cabeza and Nyberg, 2000].

Visual Areas

In the feature uncertainty task, more features are pro-
cessed simultaneously (spatial frequency and orientation)
than in discrimination tasks (spatial frequency or orienta-
tion), which may result in enhanced activity in the visual
cortex. Indeed, the cuneus was activated in the FU � RE
contrast in which the reference task was perceptually sim-
ple. Herath et al. [2001] found the cuneus to be activated
during the recognition of visual patterns. The anteromedial
cuneus is believed to interact with the primary visual cortex
and may modify information transfer to higher-order extra-
striate cortices [Vanni et al., 2001]. It is notable that stimulus
pairs differed in both spatial frequency and orientation only
in the feature uncertainty condition. However, it is unlikely
that dACC activation in each contrast is due to this fact.

In the FU � SF contrast, extensive activations were detected
in the prefrontal cortex. Is spatial frequency processing special?
In our previous study, we found that the volume of activated
cortical fields during spatial frequency discrimination was two
and a half times larger than that during orientation discrimi-
nation [Gulyás and Roland, 1995]. These findings are consistent
with recent theories of natural image perception that empha-
size the importance of multi-resolution filtering in early stages
of visual processing. The early filtering process may be medi-
ated by specific frequency-tuned channels [Brady, 1997; and
see also Dragoi et al., 2002].

The superior temporal cortex (tentative BA 22) was exclu-
sively activated in the FU � SF contrast. This area was also
identified in a visual search task during an uncertain condi-
tion [Pollmann et al., 2000]. The superior temporal cortex
receives both object-based and space-based visual informa-
tion, and in the right hemisphere it is believed to be related
to spatial awareness and exploration [Karnath, 2001].

Insula/Claustrum

The insula, located near the claustrum, was activated in the
SF � FU and OR � FU contrasts. This suggests that this area is
engaged when visual processing is focused on a single feature
(discrimination), but not when multiple features and associ-
ated response strategies must be simultaneously processed
(feature uncertainty). There is some evidence that the insula
receives information from multiple sensory modalities and
may play a role in attentional selection [Augustine, 1996; Had-
jikhani and Roland, 1998; Lewis et al., 2000].

Conclusions

We found the dACC to be active during the feature un-
certainty task as compared with simple discrimination tasks.
This area is important in higher cognitive processes [Allman
et al, 2001; Bush et al., 2000; Devinsky et al., 1995; Paus, 2001]
and seems to coordinate the processing of competing fea-
tures and response-sets. Divided attention, anticipation un-
der uncertainty, and cognitive monitoring may be essential
components of the feature uncertainty task. The insula/
claustrum was activated during the discrimination tasks as
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compared with feature uncertainty, suggesting its role in
single feature processing during discrimination.
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