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Differential Roles of Inferior Frontal and Inferior
Parietal Cortex in Task Switching: Evidence from
Stimulus-Categorization Switching and
Response-Modality Switching
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Abstract: We used fMRI to investigate both common and differential neural mechanisms underlying
two distinct types of switching requirements, namely switching between stimulus categorizations
(color vs. form) and switching between response modalities (hand vs. foot responses). Both types of
switching induced similar behavioral shift costs. However, at the neural level, switching between stim-
ulus categorizations led to left-hemispheric activations including the inferior frontal gyrus as well as
the intraparietal sulcus extending to the superior parietal gyrus and the supramarginal gyrus. In con-
trast, switching between response modalities was associated mainly with left-hemispheric activation of
the intraparietal sulcus and the supramarginal gyrus. A conjunction analysis indicated common activa-
tion of the left intraparietal sulcus and the supramarginal gyrus for both types of switching. Together,
these results qualify previous claims about a general role of the left prefrontal cortex in task control by
suggesting that the left inferior frontal gyrus is specifically involved in switching between stimulus
categorizations, whereas parietal cortex is more generally implicated in the selection of action rules.
Hum Brain Mﬂpp 34.‘1910—1920, 2013. © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

One of the most important human skills is the ability to
quickly adapt to changing situations, to switch from one
task to another, and to correctly select task-relevant actions
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- processes usually referred to as “cognitive control.”
Task-switching paradigms allow to examine cognitive con-
trol [for reviews see e.g., Kiesel et al., 2010; Koch et al.,
2010; Monsell, 2003; Vandierendonck et al., 2010]: converg-
ing evidence suggests that performance declines when a
task needs to be changed compared to when a task is per-
formed repeatedly [e.g., Allport et al., 1994; Meiran, 1996].

In most studies, task switching has been examined by
asking subjects to switch between different stimulus cate-
gories (e.g., color vs. form). Yet, a cognitive task repre-
sentation includes various components ranging from
stimulus encoding to response execution [e.g., Rogers and
Monsell, 1995; Vandierendonck et al., 2008]. Consequently,
switching between motor-related components, like
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response modalities, also constitutes a type of task switch-
ing. Hence, response-modality switching constitutes an
additional means to investigate task switching [Philipp
and Koch, 2005, 2010, 2011] and its underlying neural
mechanisms. The present fMRI study was aimed to
elucidate stimulus-categorization switching and response-
modality switching to examine differential neural mecha-
nisms underlying the two types of switching.

Previous fMRI studies suggest that both frontal and pa-
rietal regions play a crucial role in task switching [e.g.,
Braver et al., 2003; Crone et al., 2006; Dove et al., 2000; Lis-
ton et al., 2006, Sohn et al., 2000; Sylvester et al., 2003;
Yeung et al., 2006]. More specifically, the areas involved
consist of prefrontal cortex and inferior parietal cortex —
areas known to be involved in cognitive control [see, e.g.,
Bunge et al., 2002; Collette and Van der Linden, 2002; Ste-
phan et al., 2003; see also Cabeza and Nyberg, 2000, for a
review]. While the prefrontal cortex has been suggested to
exert top-down control to maintain or to update task rep-
resentations [cf. Miller and Cohen, 2001], the inferior pari-
etal cortex is assumed to be relevant for transformations of
stimulus representations into associated response codes
[cf. Andersen et al., 1997; Culham and Kanwisher, 2001].
This dissociation is supported by fMRI data reported by
Bunge et al. [2002] who used an Eriksen flanker task. In
that study, the (left) parietal cortex activation was associ-
ated with stimulus-based activation of responses, while a
bilateral prefrontal activation was attributed to context-
related resolution of conflict.

According to this functional dissociation, the activation
pattern observed in task switching is likely to differ
depending on the type of switching. Wager et al. [2004]
addressed this question in a meta-analysis: Although the
typical fronto-parietal activation pattern was observed in
different types of task switching, the location of peak acti-
vations differed depending on the type of switching [see
also Rushworth et al., 2001b; Rushworth et al., 2002]. Inter-
pretation of these differences is, however, difficult since
different types of switching were compared across subjects
and/or across studies. Furthermore, the task requirements
in the different types of switching were very
heterogeneous.

To elucidate the neural mechanisms underlying task
switching, we therefore compared different types of
switching within an identical setting. In contrast to previ-
ous studies, the present study compared two types of task
switching within subjects. The experimental design
ensured identical numbers of stimulus-response (SR) or
action rules across both types of switching (i.e., between
stimulus categorizations and response modalities). Both
kinds of switches involved the selection of the correct
action rule and of a correct response. The two types of
switches differed, however, with regard to whether task-
relevant action rules were either updated in terms of stim-
ulus categorizations or response modalities. Given that
updating cognitive components (i.e., stimulus categoriza-
tion) and motor-related components (i.e., response modal-

ities) involves different types of cognitive control
processes, we hypothesized that the two types of switch-
ing would differ with regard to their underlying neural
mechanisms (and hence with respect to the brain areas
involved). In addition, we also expected processes more
generally involved in task-switching and hence related to
both types of task switching. Accordingly, a conjunction
analysis was expected to also reveal common activations
for the two types of task switching.

METHOD
Subjects

Twenty-three subjects (15 female, 8 male, mean age = 26
years) were tested and received 30 € remuneration for par-
ticipation. Written informed consent was obtained from all
subjects. The study was approved by the Ethics Committee
of the University Hospital of Aachen and conducted in ac-
cordance with the Declaration of Helsinki (revised
version).

Stimuli, Tasks, Procedures, and Design

Subjects were required to judge the color or the form of
a stimulus. The stimulus was either a circle (diameter
1.02° visual angle) or a square (1.02° x 1.02° visual angle),
presented in red or blue color. Each stimulus was pre-
sented within a rectangular white frame (3.6° x 3.6° visual
angle) in the middle of a black screen. Visual stimuli
were presented using a Silent Vision fiberoptic system
(Avotec, FL). Subjects” responses were given by pressing a
response key with the right / left index finger or with the
right/left foot via Lumitouch optical keypads (Photon
Control, CA).

The experiment included two different types of task
switching. In one type (“stimulus categorization”), subjects
switched between color and form categorization while the
response modality was constant in each block but differed
between blocks. In the other type (“response modality”),
subjects switched between finger and foot responses while
stimulus categorization was constant in each block but dif-
fered between blocks. This design resulted in four differ-
ent block types, which were randomly intermingled: (1)
Switching between color and form categorizations, finger
responses; (2) Switching between color and form categori-
zations, foot responses; (3) Color categorization, switching
between finger and foot responses; and (4) Form categori-
zation, switching between finger and foot responses. An
example trial sequence for block types 1 and 3 is depicted
in Figure 1.

Before each block, subjects were informed about the con-
stant task component in the next block of trials. In stimu-
lus-categorization switching blocks, in which the response
modality was constant, a written instruction informed sub-
jects to respond with either finger or foot responses in a
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Block type 1

“Stimulus categorization”

Switching between color and form categorization,
always finger responses

Switch trial

Repetition trial

Inter-trial interval

Cue and stimulus were
presented for 1,200 ms

4,500, 5,000 or 5,500 ms

Block type 3

“Response modality”

Always color categorization,

switching between finger and foot responses

Switch trial

Repetition trial

Figure I.

Example trial sequence for block type | (switching between
color and form, finger responses) and block type 3 (color,
switching between finger and foot responses). The stimulus cat-
egorization color was indicated by a yellow square, form was
indicated by the outline of a parallelogram. Finger responses
were indicated by a black and white drawing of a hand, foot
responses were indicated by a black and white drawing of a
foot. The cues on the right and left side of the frame indicated

given block of trials. In response-modality switching
blocks, in which the stimulus categorization was constant,
subjects were instructed to attend always to the color or to
the form of the stimulus, respectively. Additionally, in
each block, the constant task component was indicated by
a cue above the stimulus frame. Finger responses were
indicated by a black and white drawing of a hand (2.0° x
2.1° visual angle), foot responses were indicated by a black
and white drawing of a foot (1.3° x 2.1° visual angle). The
color categorization was indicated by a yellow rectangle
(0.9° x 1.6° visual angle) and form categorization was
indicated by the outline of a parallelogram (1.9° x 1.9° vis-
ual angle). Hence, each cue had a perceptual similarity to
the task component it indicated. The same cues were used
to indicate the variable task component in each trial (i.e.,
the relevant stimulus categorization in stimulus-categoriza-
tion switching blocks and the relevant response modality
in response-modality switching blocks). However, for the
variable task component the cues were presented on the
right and left side of the stimulus frame (see Fig. 1).

In each trial, the cues and the stimulus were presented
with a stimulus onset asynchrony of 200 ms. The stimulus
together with the cues remained on the screen for 1,200

the variable task component (e.g., the stimulus categorization in
stimulus-categorization switching blocks), the cue above the
frame indicated the constant task component (e.g., the response
modality in stimulus-categorization switching blocks). Please
note that the cues were always presented 200 ms before the
stimulus (i.e., blue or red circle or square). This cue-stimulus
interval is not depicted in the figure.

ms. The intertrial interval (i.e., a black screen) was either
4,500 ms, 5,000 ms or 5,500 ms. Subjects’ responses were
registered until 1,000 ms after stimulus offset.

The functional imaging experiment was run in a single
session with a duration of ~ 37 min. In addition, subjects
performed eight training blocks outside the MR scanner.
This training session was identical to the actual experi-
ment except that subjects were seated in front of a laptop
computer and used different response devices. The experi-
ment itself consisted of 16 blocks (i.e., four blocks of each
block type) with 24 trials each. The sequence of trials and
blocks was pseudo-random with the restriction that repeat
and switch trials in each condition appeared equally often
within the experiment. A new sequence was generated
for each subject. The SR mapping was counterbalanced
between subjects.

For data analyses, we used Transition (switch trial vs.
repetition trial) and Type of Switching (stimulus categoriza-
tion vs. response modality) as within-subject independent
variables. The first two trials of each block were discarded
from further data analyses as were trials with an RT below
200 ms. In addition, error trials as well as trials subsequent
to error trials were excluded from the analysis.
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fMRI Acquisition

Functional images were acquired by means of a 1.5-
Tesla Avanto MRI system (Siemens, Erlangen, Germany),
using a T2*-weighted echo planar (EPI) sequence (TR =
3.0 s, TE=60 ms). Seven hundred forty-one volumes were
obtained each consisting of 30 axial slices, allowing for
whole brain coverage. Slice thickness was 4 mm and inter-
slice distance 0.4 mm, with a 20-cm FOV and a 64 x 64
image matrix, and a voxel size of 3.1 x 3.1 x 4 mm?®. Fur-
thermore, for each subject high-resolution anatomical
images (voxel size 1 x 1 x 1 mm?®) were acquired using a
standard T1-weighted 3D MP-RAGE sequence.

Images were spatially realigned to the fifth volume (see
below) to correct for inter-scan head movement and nor-
malized to the Montreal Neurological Institute (MNI) sin-
gle subject template using the “unified-segmentation”
function in SPM5 (see below). This algorithm is based
upon a probabilistic framework that permits image regis-
tration, tissue classification, and bias correction to be com-
bined within the same generative model. The resulting
parameters of a discrete cosine transform, which define
the deformation field necessary to move the subject’s data
into the space of the MNI tissue probability maps [Evans
et al.,, 1994], were then combined with the deformation
field transforming between ‘MNI tissue probability maps’
and the MNI single-subject template. The resulting defor-
mation was subsequently applied to the individual EPI
volumes. The data were then smoothed using a Gaussian
kernel of 8-mm full-width half-maximum.

fMRI Data Analysis

fMRI data were analyzed using the Statistical Parametric
Mapping software SPM5 (Wellcome Department of Imag-
ing Neuroscience, London; http://www fil.ion.ucl.ac.uk/
spm/software/spm5/). The first four images were
excluded from further analyses, as these were acquired
within the time period the MR signal needs to reach a
steady state. Slow signal drifts across the experiment were
removed by applying a high-pass filter with a cut-off of
128 s. Onset regressors were separately defined for switch
and repetition trials in both stimulus-categorization and
response-modality switching blocks, indicating the onsets
of individual trials. Error trials as well as post-error trials
were modeled in a separate regressor. The hemodynamic
response to each type of event was modeled using a
canonical synthetic hemodynamic response function (HRF)
and its first derivative. The six head movement parameters
were included as confounds.

First-level linear baseline contrasts were calculated com-
paring each onset regressor with the implicit baseline (i.e.,
those time periods that were not explicitly modeled and
where no event occurred). These contrasts were then taken
to the second level, where they were subjected to a within-
subject repeated-measures analyses of variance (ANOVA)
with the variable Transition (switch trials vs. repetition tri-

als) and the variable Type of Switching (stimulus categori-
zation vs. response modality), using a corrected threshold of
P < 0.05 at the cluster level (P < 0.001 cut-off at the voxel
level). In addition, the contrasts testing for an interaction are
reported with a lowered threshold of P < 0.001 uncorrected
(see below). Unequal variances between subjects and condi-
tions were compensated for by non-sphericity correction.
Differential contrasts were calculated comparing switch tri-
als with repetition trials separately for the stimulus-categori-
zation switching blocks and the response-modality
switching blocks. To test for common neural activations, the
resulting (thresholded) T-maps were subjected to a minimal
statistics analysis, testing for the conjunction null hypothesis
[Nichols et al., 2005; Friston et al., 2005].

To test whether switching between stimulus categoriza-
tions was different from switching response modalities,
the interaction contrasts were calculated at a statistical
threshold of P < 0.001 uncorrected (i.e. [Stimulus-categori-
zation switches minus Stimulus-categorization repetitions]
compared to [Response-modality switches minus
Response-modality repetitions] and vice versa).

To test for a differential involvement of frontal and parie-
tal brain areas in switching between stimulus categoriza-
tions and response modalities, BOLD-amplitudes changes
(as estimated by beta-parameters) at different locations were
further examined. Therefore, beta-parameters elicited by the
four different conditions at two locations in frontal and pari-
etal cortex were subjected to a three-way repeated measures
ANOVA with the variables Brain regions (frontal vs. parie-
tal), Transition (switch trial vs. repetition trial) and Type of
Switching (stimulus categorization vs. response modality).

RESULTS
Behavioral Data

The RT and error rate data were examined by ANOVAs,
with the variables Transition (switch trial vs. repetition
trial) and Type of switching (stimulus categorization vs.
response modality). For the results of the RT and error
analyses see Table L.

The RT analysis revealed a main effect of Transition
[F(1, 22) = 42.87; MSe = 5417; P < 0.001], indicating shift
costs, and a main effect of Type of Switching [F(1, 22) =
23.891; MSe = 16993; P < 0.001], demonstrating higher
RTs in the stimulus-categorization switching blocks (1,126
ms) than in the response-modality switching blocks (993
ms). The interaction of Transition and Type of Switching
was not significant [F(1, 22) = 0.65; MSe = 6032; n.s]. That
is, significant shift costs were observed in both types of
switching. This result was confirmed in post hoc two-
tailed t-tests comparing switch and repeat trials in stimu-
lus-categorization switching blocks [shift costs of 114 ms,
t(22) = 4.4; P < 0.001] and in response-modality switching
blocks [shift costs of 88 ms, #(22) = 4.9; P < 0.001].

An analogous ANOVA of the error rates failed to reveal
any significant effects: Transition: F(1, 22) = 3.75; MSe =
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TABLE I. RT (in ms) and error percentage as a function
of type of switching (stimulus categorization vs.
response modality) and transition (switch vs. repetition)

Transition
Switch Repetition
Mean SD Mean SD
RT (in ms)
Stimulus-categorization switching 1183 326 1069 266
Response-modality switching 1037 222 949 231
Error percentage
Stimulus-categorization switching 4.6% 3.9% 3.8% 4.3%
Response-modality switching 63% 67% 50% 6.0%

0.06307; n.s. (P = 0.065); Type of Switching: F(1, 22) =
3.15; MSe = 0.1489; n.s. (P = 0.089); Transition x Type of
Switching: F(1, 22) = 0.16; MSe = 0.06845; n.s.. The trend
for an effect of Transition supported the RT data, but the
trend for an effect of Type of Switching opposed the RT
data, suggesting a speed-accuracy trade-off (i.e., faster but
less accurate responses in response-modality switching
than in stimulus-categorization switching).

Taken together, the behavioral results showed compara-
ble shift costs in both types of task switching. That is, a
switch from one stimulus categorization to another
resulted in higher RTs and error rates than the repetition of
the relevant stimulus categorization [cf. Meiran, 1996; Rog-
ers and Monsell, 1995]. Please note that with respect to the
stimulus-categorization switching blocks the stimulus
always contains information for both categorizations so that
two different responses may be activated by the stimulus.
Consequently, “congruent” trials, in which the stimulus
requires the same response in both categorizations, can be
differentiated from “incongruent” trials, in which the stim-
ulus requires different responses in both categorizations.
However, congruency had no significant influence on
switch costs in stimulus-categorization switching blocks.'

Like the shift costs observed in stimulus-categorization
switching blocks, responding in a different response mo-

'A 2 x 2-factorial repeated measures ANOVA of RTs with the varia-
bles Transition (switch trial vs. repetition trial) and Congruency
(incongruent trial vs. congruent trial), revealed both main effects but
not the interaction as significant [Transition: F(1, 22) = 18.84; MSe =
14885; P < 0.01; Congruency: F(1, 22) = 11.34; MSe = 21147; P < 0.01;
Transition x Congruency: F(1, 22) = 0.0017; MSe = 9262.6; n.s. P =
0.97]. The results of an analogous ANOVA for error rates revealed
only the main effect for Congruency as significant [Congruency: F(1,
22) = 24.15; MSe = 0.11; P < 0.01; Transition: F(1, 22) = 1.38; MSe =
0.13; P = 0.25; Transition x Congruency: F(1, 22) = 0.08; MSe = 0.16;
n.s. P = 0.77]. Thus, for behavioral data, congruency provided an
additive effect, as participants responses were slower and more erro-
neous to incongruent (1171 ms, 5.9%) as compared to congruent tri-
als (1069 ms, 2.5%), but it did not interact with stimulus-
categorization switching.

dality than in the previous trial resulted in higher RTs and
more errors than a repetition of the response modality.
The data thus support our assumption that switching
between response modalities is a type of task switching —
comparable to more established types of task switching
like switching between stimulus categorizations [see also
Philipp and Koch, 2005, 2010, 2011].

Furthermore, it is interesting to note that shift costs
were not influenced by either the stimulus categorization
(color vs. form in stimulus-categorization blocks) or the
response modality (hand vs. foot in response-modality
switching blocks).” That is, both types of switching did not
reveal shift-cost asymmetries [cf. Allport et al., 1994], sug-
gesting that we can cautiously conclude that also cognitive
control demands in stimulus-categorization switching and
response-modality switching are comparable.

Functional Imaging Data

We conducted whole brain analyses for the two types of
task switching (stimulus categorization vs. response modal-
ity) individually as well as a conjunction analysis. The loca-
tions of significant activation clusters are shown in Table I

With respect to stimulus categorizations, the effect of
switching was assessed by comparing functional imaging
data related to stimulus-categorization switch trials with
stimulus-categorization repetition trials (within stimulus-
categorization switching blocks, averaged across response
modalities). This revealed a left lateralized pattern of acti-
vations involving two distinct clusters. One cluster was
located in the left inferior frontal sulcus extending (in a
posterior direction) to the junction with the precentral
gyrus with its peak maximum located at the inferior fron-
tal junction (—44, 4, 30). A large cluster of activation was
observed in the left superior parietal lobe extending to the
intraparietal sulcus and the supramarginal gyrus (Fig. 2).

For stimulus-categorization switching blocks, two way ANOVAs
were calculated with the variables Stimulus categorization (color vs.
form) and Transition (switch trial vs. repetition trial) for RTs and
Errors. In the RT analysis both main effects were significant [Stimu-
lus categorization: F(1, 22) = 16.345; P < 0.001; Transition: F(1, 22) =
21.257; P < 0.001]. The interaction between both variables was not
significant [F(1, 22) = 0.4448; n.s.; P = 0.52]. An analogous ANOVA
of the error rates failed to reveal any significant effects [Stimulus cat-
egorization: F(1, 22) = 1.3184; n.s.; P = 0.26; Transition: F(1, 22) =
1.1374; n.s.; P = 0.30; Stimulus categorization x Transition: F(1,22) =
1.9025; n.s.; P = 0.18]. In response-modality switching blocks, 2 x 2-
factorial repeated measures ANOVAs on Transition (switch trial vs.
repetition trial) and Response modality (hand vs. foot) were per-
formed separately for RTs and Errors. For the RT analysis, the main
effects of Transition [F(1,22) = 33.44; P < 0.001] and of Response mo-
dality [F(1, 22)= 19.332; P < 0.001] were significant. The interaction
between both variables was not significant [F(1, 22) = 2.1973; n.s.; P
= 0.15]. An analogous ANOVA of the error rates failed to reveal any
significant effects [Transition: F(1, 22) = 2.692; ns.; P = 0.11;
Response modality: F(1, 22) = 0.1031; n.s.; P = 0.75; Transition x
Response modality: F(1,22) = 0.985; n.s.; P = 0.33].
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TABLE Il. Significant neural activations in the whole brain analyses

Structure Cluster size (voxel) T-score

MNI

Cluster level 0.05 (P < 0.001 cutoff at the voxel level)
(a) Stimulus-categorization switch > stimulus-categorization repetition

Inferior frontal sulcus 355 4.56
Superior parietal cortex 905 4.85
(b) Response-modality switch > response-modality repetition
Intraparietal sulcus/Supramarginal gyrus 152 417
(c) Conjunction: a N' b
Intraparietal sulcus/Supramarginal gyrus 16 3.6
18 3.55

Interaction contrasts p < 0.001 uncorrected (voxel>10)

(d) Stimulus-categorization (switch minus repetition) vs. Response-modality (switch minus repetition)

Lateral orbital gyrus 13 3.61
Inferior frontal sulcus 17 3.66
Temporoparietal junction 56 4.57
59 4.25
(e) Response-modality (switch minus repetition) vs. Stimulus-categorization (switch minus repetition)
Cingulate gyrus 61 5.07
Long gyrus of the insula 25 3.89
Medial superior frontal gyrus 13 3.8

Left (—44, 4, 30)
Left (—14, —66, 46)

Left (—30, —46, 44)

Left (—44, —38, 46)
Left (—40, —50, 46)

Right (30, —56, 52)
Left (—46, 24, 34)

Left (—58, —50, 26)
Right (56, —52, 30)

Left (—12, —8, 32)
Right (26, —16, 18)
Left (~14, —12, 48)

a) Stimulus-categorization switch > stimulus-
categorization repetition repetition

Response modality switch > response-modality

b) Conjunction: Stimulus-categorization (switch minus
repetition) n Response-modality (switch minus

repetition)

Figure 2.

(a) Surface renderings of functional contrasts for brain areas showing increased activity along
with switch compared to repetition trials, separately shown for stimulus-categorization (left) and
response-modality blocks (right). (b) Surface renderings showing those brain areas that were
significantly activated by switches in both the stimulus-categorization as well as in the response-

modality blocks.
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Switching between different response modalities was
analysed by comparing trials where subjects had to switch
their response modality (relative to a previous trial) with
trials where subjects responded within the same modality
(within response-modality switching blocks, averaged
across stimulus categorizations). This contrast revealed
one large cluster of activation in left parietal cortex. This
activation was centred upon the left intraparietal sulcus,
extending to inferior parietal cortex (Fig. 2).

A minimum statistics conjunction analysis [Nichols
et al., 2005] of the activations reported above revealed sig-
nificant activation in the left intraparietal sulcus extending
in an inferior direction to the supramarginal gyrus associ-
ated with switching both between different response
modalities and between stimulus categorizations (Fig. 2).

In addition, the interaction contrasts [Stimulus-categori-
zation (switch minus repetition) vs. Response-modality
(switch minus repetition)] and [Response-modality (switch
minus repetition) vs. Stimulus-categorization (switch
minus repetition)] were calculated to test whether switch-
related activation was different for both types of task
switching (locations of significant activation clusters are
also shown in Table II). Applying a corrected threshold (P
< 0.05 corrected at the cluster-level), no significant activa-
tion was observed for any of the interaction contrasts.

Lowering the threshold to an uncorrected level (P <
0.001 with voxel threshold of 10 consecutive voxels)
revealed several clusters of activation. Switches between
stimulus categories (relative to repetitions) elicited higher
signal changes than switches of the response modality (rel-
ative to repetitions) at the temporoparietal junction (TPJ)
bilaterally. In addition stronger signal changes were
observed in the right lateral orbital gyrus and in the left
inferior frontal sulcus. The latter overlapped with the left
inferior frontal sulcus activation observed in switches of
stimulus categories (—46, 24, 34).

Interaction: Stimulus-categorization (switch minus
repetition) > Response-modality (switch minus
repetition) p<0.001 uncorrected

The reverse contrast indicating stronger signal changes
related to switches of the response modality (relative to
repetitions) than to switches of the stimulus category (rela-
tive to repetitions) activated medial brain regions involv-
ing the middle cingulate gyrus as well as left medial
superior frontal gyrus and insular cortex at the right long
insular gyrus (Fig. 3).

ROI Analysis

Contrasting switch and repetition trials separately
within stimulus-categorization blocks and response-modal-
ity blocks suggests that left inferior frontal and left supe-
rior parietal regions are differently involved in task
switching. While left intraparietal sulcus was activated by
both types of task switching, as indicated by the conjunc-
tion analysis, the left inferior frontal junction showed
switching related effects only in stimulus categorization
blocks. Additionally, the interaction contrasts (in which
the threshold was lowered to an uncorrected level) indi-
cated stronger signal changes in the left inferior frontal
sulcus for stimulus-categorization switching than for
response modality switching, whereas no difference was
found with respect to the left intraparietal sulcus.

Thus, to test whether these two regions indeed respond
differently to different types of task switching, a three-way
ANOVA was conducted on the beta-parameters of all four
conditions, extracted at two different locations. Beta pa-
rameters in left intraparietal cortex were extracted at the
maximum peak location of the activation revealed by the
conjunction analysis (—44, —38, 46). Significant activations
in left inferior frontal cortex were present in the switch vs.
repetition contrast of the stimulus categorization blocks
only. Accordingly, the coordinates for the inferior frontal
location were chosen on the basis of this contrast (—44, 4,
30).

Interaction: Response-modality (switch minus
repetition) > Stimulus-categorization (switch minus
repetition) p<0.001 uncorrected

Figure 3.

Surface renderings of functional contrasts reflecting the interac-
tion between the variables transition (switch vs. repetition) and
type of switching (stimulus categorization vs. response modality).
Brain areas showing a stronger change related difference for
Stimulus categorization compared to Response-modality (i.e.
[Stimulus-categorization switches minus Stimulus-categorization
repetitions] compared to [Response-modality switches minus

Response-modality repetitions]) are depicted on the left. The
reverse contrast (i.e. [Response-modality switches minus
Response-modality repetitions] compared to [Stimulus-categori-
zation switches minus Stimulus-categorization repetitions]) is
shown on the right. The interaction contrasts were calculated at
a statistical threshold of P < 0.001, uncorrected.
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Figure 4.
Switch-related increases of beta parameters (switch—repetition)
shown separately for stimulus-categorization and response-mo-
dality blocks at two different locations: left inferior frontal cor-
tex (—44, 4, 30) and left intraparietal cortex (—44, —38, 46).

The three-way ANOVA conducted in order to test
whether the Type of Switching (stimulus categorization vs.
response modality) affects Transition (switch trials vs. rep-
etition trials)-related activations specifically in different
Brain regions (frontal vs. parietal) revealed a significant
main effect of Brain regions [F(1, 22) = 22.492; MSe =
78.427; P < 0.001] and a significant main effect of Transi-
tion [F(1, 22) = 29.743; MSe = 4.1038; P < 0.001] confirm-
ing the involvement of these regions in switch-related
processing.

Furthermore a significant three-way interaction of Type
of Switching x Transition x Brain regions [F(1, 22) =
7.326; MSe = 0.97008; P < 0.05] was observed, indicating
differential switch-related processing within these brain
areas (Fig. 4). To qualify this interaction, separate two-way
ANOVAs were calculated for the two brain regions with
the variables Transition and Type of Switching. These
analyses revealed significant main effects for the variable
Transition in both brain regions [parietal: F(1, 22) =
37.563;, MSe = 2.892; P < 0.001; frontal: F(1, 22) = 12.459;
MSe = 1.356; P < 0.01]. However, while no evidence was
found for a Transition x Type of Switching two-way inter-
action in the intraparietal sulcus [F(1, 22) = 0.0331; MSe =
0.004; n.s.], a significant two-way interaction was observed
in inferior frontal sulcus [F(1, 22) = 5.3207; MSe = 1.759;
P < 0.05]. To further specify the Transition x Type of
switching interaction, post hoc t-tests were performed,
comparing switch and repetition trials separately for stim-
ulus-categorization blocks and response-modality blocks.
This was done for both the inferior frontal sulcus as well

as the intraparietal sulcus. In the inferior frontal sulcus,
switches of a stimulus category elicited significantly stron-
ger signal changes than repetitions [t(22) = 3.54; P <
0.001]. In contrast, signal changes related to switches of a
response modality were not observed as different from
those elicited by repetitions [t(22) = —0.2606; P = 0.80,
n.s.]. Furthermore, switch-related changes of beta-values
(Switch-Repetition) were significantly higher for stimulus
categories relative to response modalities [t(22) = 2.3067; P
< 0.05]. In the intraparietal sulcus, switch trials generated
significantly larger signal changes than the respective repe-
tition trials for both the stimulus-category blocks and the
response-modality blocks [stimulus categorization switch
vs. repetitions: #(22) = 3.61; P < 0.01; response modality
switch vs. repetition: #(22) = 3.79; P < 0.01]. Consequently,
switch-related changes of beta-values (Switch-Repetition)
were not different for stimulus categorizations compared
to response modalities [t(22) = —0.1818; P = 0.85, n.s.].
These results suggest that the intraparietal cortex is gener-
ally involved in task switching, whereas the switch-related
activation difference in the inferior frontal cortex was re-
stricted to switching between stimulus categorizations.

DISCUSSION

In the present study, we aimed at elucidating the neural
mechanisms underlying switching between stimulus cate-
gorizations and switching between response modalities.
Therefore, the most important finding is that we observed
a dissociation between both types of task switching at the
neural level. Switching between stimulus categorizations
activated the left inferior frontal sulcus and the left supe-
rior parietal cortex. In contrast to switching between stim-
ulus  categorizations, switching between response
modalities activated a single cluster in the left intraparietal
sulcus/supramarginal gyrus only. Consequently, the con-
junction analysis revealed activation common to both
types of task switching in the left intraparietal sulcus/
supramarginal gyrus.

At first sight, not observing a prefrontal activation in the
conjunction analysis appears to be at odds with a number
of studies in which the relevant stimulus categorization
remained the same for all trials and in which an activation
of the prefrontal cortex was observed [see, e.g., Dove
et al., 2000; Rushworth et al., 2002]. It is important to note,
however, that the data pattern observed in the present
study does not support the notion that prefrontal cortex is
relevant only for switches between different stimulus cate-
gorizations. As we compared only two types of task
switching, the present results cannot be generalized to the
involvement of the prefrontal cortex in other types of task
switching. Yet, the current study provides evidence that
left prefrontal cortex is involved in switches between stim-
ulus categories, whereas we did not observe prefrontal
involvement in switches of response modalities. This
notion is supported by an interaction in left inferior frontal
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junction (whole brain: P < 0.001 uncorrected) and by the
three-way interaction observed in the ROI analysis. Conse-
quently, these results indicate that the magnitude of the
prefrontal activation depends on the task requirements.
The data thus suggest that a substantial part of the pre-
frontal activation observed in previous task-switching
experiments depended on switching between stimulus
categorizations.

The present results, on the one hand, qualify previous
claims about the general role of the left prefrontal cortex
in task control and, on the other hand, suggest a general
role of parietal cortex in the selection of action rules. This
suggestion is supported by the fact that parietal cortex
was consistently activated in previous task-switching stud-
ies [Braver et al., 2003; Crone et al., 2006; Dove et al., 2000;
Le et al., 1998; Liston et al., 2006; Rushworth et al., 2001b;
Sohn et al., 2000; Yeung et al., 2006] even if no prefrontal
activation occurred [see, e.g., Kimberg et al., 2000; Gurd
et al., 2002]. Furthermore, a recent study by Chiu and Yan-
tis [2009] identified the medial superior parietal cortex as
the only brain region which was activated both in shifting
attention between different locations and stimulus-catego-
rization switching [see also Esterman et al., 2009]. This
finding strongly supports the proposed general role of the
parietal cortex in cognitive control.

We assume that the general role of the parietal cortex in
task switching is related to the selection of SR or action
rules. This selection of actions rules is relevant for all dif-
ferent types of task switching as a specific stimulus attrib-
ute is always mapped to a specific response. Yet, action
rules certainly differ with respect to the type of task
switching. Thus, one might also speculate that different
peak activations within the parietal cortex can be observed
for different types of task switching [see, e.g., Rushworth
et al., 2001b]. However, it is important to note that we nei-
ther expected nor observed effector-specific activations in
parietal (or premotor) cortex. This is because we always
addressed switch-specific activations, while keeping pri-
mary effector-specific attributes comparable (i.e. switch
and repetition trials both involved hand as well as foot
responses).

While parietal areas show a more general involvement
in the selection of SR or action rules, we also observed in
the (uncorrected) interaction contrasts that medial frontal
areas seem to be more specifically involved in switching
between different response modalities. This finding is con-
sistent with the notion that the medial superior frontal
gyrus plays a crucial role in selecting superordinate sets of
action-selection rules or selection sets [Rushworth et al.,
2004]. These data indicate that medial frontal areas are
more involved in selecting responses than in selecting SR
associations.

With regard to the differential role of prefrontal and pa-
rietal cortex in task switching, our findings are consistent
with the idea that the prefrontal activation is mainly asso-
ciated with a stimulus-related switching component,
whereas the parietal activation mainly corresponds to a

response-related switching component. Empirical evidence
for the prefrontal activation as a stimulus-driven compo-
nent can be found, for example, in studies using the Wis-
consin Card Sorting Test (WCST). Shifting attention
between different stimulus categorizations in the WCST is
typically associated with activation of the prefrontal cortex
[see, e.g., Konishi et al., 1998; Lie et al., 2006; Rogers et al.,
2000]. Further support for a role of the prefrontal cortex in
stimulus categorization stems from studies on monkeys
[Freedman et al., 2001]. Finally, research on hierarchical
representations in the prefrontal cortex [for reviews see
Badre, 2008; Botvinick, 2008] demonstrates a role of the
prefrontal cortex in switching between categorization rules
of varying complexity [Yoshida et al., 2010].

Empirical evidence for the parietal activation reflecting
response-related task components is derived from studies
on apraxia [e.g., De Renzi et al., 1968]. That is, patients
with a lesion of the left parietal cortex often suffer from
the difficulty or failure to perform an action in response to
a visual stimulus. Further, the parietal cortex also plays a
crucial role for the intention to move [Desmurget et al.,
2009]. These observations are in good accordance with the
notion that one prominent aspect of parietal cortex is its
function as an association area that integrates visual, cog-
nitive, and motor information [Bremmer et al., 2001;
Grefkes et al., 2002; for a review see Gottlieb, 2007]. This
suggests that the parietal cortex is generally relevant for
the visuo-motor transformation of stimuli into correspond-
ing responses [cf. Andersen et al, 1997; Culham and
Kanwisher, 2001; Rumiati et al., 2004]. This association of
the parietal cortex to a response-related component in task
switching is further supported by lesion work and TMS
studies indicating that the parietal cortex is critical in
switching from one movement to another [Rushworth
et al., 1997; Rushworth et al., 2001a].

A differentiation = between stimulus-related and
response-related components is also consistent with a vari-
ety of models in task switching [see, e.g., Kiesel et al.,
2010, for a review]. For example, Rubinstein and col-
leagues [2001] proposed a two-stage model of task switch-
ing. In a first stage, the relevant task goal or task
representation is updated. In a second stage, the activation
and application of specific SR rules takes place. In accord-
ance with this idea, activation of the prefrontal cortex
(associated with the updating of an abstract task represen-
tation in terms of the stimulus categorization) should
occur before activation of the inferior parietal cortex (asso-
ciated with rule activation). This sequence of events was
indeed observed in an event-related potential (ERP) study
of Brass et al. [2005]. Consequently, these authors sug-
gested that activation of the prefrontal cortex is related to
the updating of an abstract task representation (for which
stimulus categorizations play a role) and influences the
activation of specific response-related action rules stored
in parietal cortex. Yet, in contrast to the observation of
Brass and colleagues, Bode and Haynes [2009] reported an
earlier peak in the left parietal cortex than in the left
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frontal cortex with respect to the representation of task
rules. It is important to note, however, that this early peak
in the left parietal cortex was even present before the onset
of the imperative stimulus - thus further indicating a
more abstract and global role of parietal cortex in task
switching.

Although we did not manipulate the cue-stimulus inter-
val, it is interesting to relate the present results to task
preparation. This is because models on task switching dis-
tinguish between the preparation of stimulus-related and
of response-related components [Meiran, 2000; see also
Meiran et al., 2008]. Furthermore, previous fMRI studies
demonstrated that task preparation resulted in an activa-
tion of both the prefrontal cortex and the parietal cortex
[Brass and von Cramon, 2002; Gruber et al., 2006; Ruge
et al., 2005; Sohn et al., 2000; for a review see Ruge et al.,
2011]. Brass and von Cramon [2004] suggested that frontal
cortex supports more abstract aspects of task preparation,
including preparation for specific stimulus categorizations,
while parietal cortex is related in preparing mainly
response-related action rules [see also Ruge et al., 2011].
Thus, the distinction between the prefrontal cortex and
stimulus-related components of task switching on the one
hand and parietal activation and response-related compo-
nents on the other hand also appears to emerge with
respect to task preparation. In line with the data from our
experiment, these observations again strongly suggest a
relatively global and response-related role of parietal cor-
tex in task switching.

CONCLUSION

The results of the present study contribute to the
functional differentiation between the prefrontal and
inferior parietal cortex in task switching by comparing
two different types of task switching (i.e., stimulus-catego-
rization switching and response-modality switching).
Our findings strongly suggest that the prefrontal activation
is largely related to switching the relevant stimulus catego-
rization, whereas the activation of the inferior parietal
cortex reflects a more general selection of the relevant
action rule.
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