










was also observed in IFJ (BA 6). Resp-Sw
also resulted in activation of posterior re-
gions, including precuneus (BA 7), mid-
dle temporal gyrus (BA 19/39), lingual
gyrus (BA 18), and cuneus (BA 17/18).

Compared with Non-Sw, Set-Sw
(shown in red) resulted in activation in
rostral-PFC regions, prominently involv-
ing lateral and medial portions of FPC
(BA 10). Other PFC activations for Set-Sw
were observed in IFJ (BA 6) and left infe-
rior frontal gyrus (BA 44/45). Set-Sw also
resulted in activation of posterior regions,
including precuneus (BA 7), superior and
inferior parietal lobules (SPL and IPL; BAs
7 and 40), and occipitotemporal areas in-
cluding the cuneus, lingual gyrus (BA 17/
18), superior occipital gyrus (BA 19), and
middle temporal gyrus (BA 37).

A conjunction analysis was then con-
ducted to identify common areas of ac-
tivation across Set-Sw, Resp-Sw, and
Stim-Sw compared with Non-Sw. The re-
sults showed prominent activation of left
IFJ (BA 6) and a large cluster within poste-
rior parietal cortex (PPC), extending into
the superior occipital gyrus (Fig. 4). The co-
ordinates of these regions, and several other
regions showing common activation across
switch conditions, are listed in Table 4.

The next analyses focused on direct
comparisons between three switch contrasts
to identify regions preferentially activated
by each switch type (Fig. 5; Table 5). Areas
preferentially activated by Stim-Sw (shown
in green) compared with Resp-Sw and
Set-Sw were the left pre-PMd (BA 6) and
cdACC (BA 24). Areas preferentially acti-
vated by Resp-Sw (shown in blue) com-
pared with Stim-Sw and Set-Sw were the left
DLPFC (BA 9/46) and rdACC (BA 32).
Finally, areas preferentially activated by
Set-Sw (shown in red) compared with
Stim-Sw and Resp-Sw were the left lateral
FPC (LFPC) (BA 10) and left medial FPC
(MFPC) (BA 10).

In summary, results from the direct
comparisons confirmed the pattern of
PFC activation observed in the individual analyses of each switch
type (described above). Specifically, the direct comparisons dem-
onstrated an anterior-to-posterior gradient of activation across
lateral and medial frontal cortex according to switch type. The
most anterior activations were observed for Set-Sw (lateral and
medial FPC). Resp-Sw resulted in activations situated posterior
to Set-Sw activations (DLPFC and rdACC). Finally, Stim-Sw re-
sulted in activations posterior to those of Resp-Sw (pre-PMd and
cdACC).

To further explore the strength of switch-type preferentiality
of PFC regions identified in the whole-brain analyses, correla-
tions were run between behavioral and neural switch costs. From
the conjunction analysis results we calculated neural switch costs
in left IFJ (x, y, z � �50, 1, 40) for each of the three switch
conditions. In addition, from the results of the direct comparisons,

neural switch costs were calculated in the following ROIs: left LFPC
(x, y, z � �19, 50, 16), left DLPFC (x, y, z � �44, 26, 26), left
pre-PMd (x, y, z � �30, �8, 60), MFPC (x, y, z � �10, 48, 18),
rdACC (x, y, z � 6, 17, 38), and cdACC (x, y, z � �5, �2, 47).

Results from the correlation analyses demonstrated a domain-
general activation pattern of left IFJ, which showed significant
positive correlations (r � 0.76 – 0.79, p � 0.001) between neural
and behavioral switch costs for each switch type (Fig. 4C). In
striking contrast to the domain-general pattern of correlations
observed in left IFJ, other PFC regions showed highly preferential
correlation patterns between behavioral and neural switch costs
(Fig. 5). The neural switch costs in pre-PMd and cdACC tracked
selectively with Stim-Sw behavioral costs (r � 0.69 and r � 0.71,
respectively, p values �0.01). The neural switch costs in DLPFC
and rdACC tracked selectively with Resp-Sw behavioral costs

Figure 3. Significant brain activations for each switch type. A, B, Activations in the lateral (A) and medial (B) prefrontal cortex
for Stim-Sw (green), Resp-Sw (blue), and Set-Sw (red), compared with Non-Sw. Hemodynamic time courses are presented for
prefrontal regions showing preferential activation according to switch type.
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(r � 0.66 and r � 0.65, respectively, p values �0.01). Finally, the
neural switch costs in MFPC and LFPC tracked selectively with
Set-Sw behavioral costs (r � 0.64 and r � 0.65, respectively, p
values �0.01).

Discussion
The present study dissociated spatially discrete regions of PFC
that contribute to domain-general and domain-specific forms of
switching using a common task and set of stimuli. Importantly,
RT switch costs were not different between conditions and each

of the regions characterized as domain preferential displayed ac-
tivation patterns which were selectively correlated with the be-
havioral costs of only one switch type. These findings suggest that
preferential activation for specific switch types were unlikely to
result from differences in generic cognitive effort. Results dem-
onstrate that multiple PFC regions show cognitive flexibility,
with regional specialization depending upon the kind of flexibil-
ity required. At the broadest level, results suggest a rostrocaudal
gradient across the lateral and medial PFC according to the de-
gree of representational abstraction engendered by an act of cog-
nitive flexibility.

Domain-general switching mechanisms within the
frontoparietal network
Prominent activation common to each switch type was observed
in IFJ and PPC. The IFJ is a posterior lateral region of frontal
cortex near the junction of the inferior frontal sulcus and the
inferior precentral sulcus (�BA 44/6/9). The PPC comprises a
wide expanse of parietal cortex (�BA 7/40), including much of
the inferior and superior parietal lobules. This finding suggests
that IFJ and PPC contribute core cognitive processes generic to
task switching. Two cognitive processes which are thought to
contribute to all forms of switching are representing and updat-
ing task sets (Miyake et al., 2000), making IFJ and PPC potential
contributors to these domain-general switch processes.

If this were the case, then two expectations should follow.
First, there should be existing evidence supporting a role for IFJ
and PPC in representing and updating task sets from previous
studies. There is support for this expectation. Specifically, previ-
ous studies have implicated IFJ in updating task rules or sets
across a range of cognitive control tasks (Brass and von Cramon,
2004; Derrfuss et al., 2004, 2005; Roth et al., 2006, 2009; Roth and
Courtney, 2007). Analogously, there is evidence of a role for PPC
in representing task sets (Bunge et al., 2002, 2003; Cavina-Pratesi
et al., 2006).

The second expectation concerns the intimate relationship
between the cognitive processes of representing and updating
task sets, which suggests that there should be a coordinated role of
regions which putatively support these processes (i.e., IFJ and
PPC). Support for this expectation comes from diffusion tensor
imaging (DTI) tractography studies, which have demonstrated
that portions of the IFJ (�BA 44/6) and PPC (�BA 40/7) are
anatomically connected via the superior longitudinal fascicu-
lus (SLF) (Catani et al., 2005). Further, we recently found that
the strength of anatomical connectivity (assessed via DTI met-
ric of fractional anisotropy) along the SLF tract is negatively
correlated with switch cost RT in young and older adults (Gold
et al., 2010). This suggests that faster task switching is associ-
ated with “more direct” information flow between IFJ and
PPC, consistent with a view that these regions play a coordi-
nated role during switching.

Anterior prefrontal cortex supports cognitive set switching
Cognitive Set-Sw preferentially recruited portions of lateral and
medial FPC, a finding which is consistent with a previously
known role for FPC in the internal generation of cognitive rep-
resentations. For example, FPC has been associated with plan-
ning (Koechlin et al., 1999, 2000; van den Heuvel et al., 2003),
envisioning/predicting future events (Partiot et al., 1995; Okuda
et al., 2003), reasoning (Christoff et al., 2001; Kroger et al., 2002),
maintaining rules guiding subsequent cognitive activity (Sakai
and Passingham, 2006), and endogenous set switching (Rogers et
al., 2000; Weidner et al., 2002).

Table 1. Significant areas of activation for stimulus switching compared with
non-switching

Region Hem x y z BA z-score

cdACC L �5 5 48 24/32 3.29
pre-PMd L �26 �9 61 6 3.70
IFJ L �50 3 38 6 3.49
pre-PMd R 28 �5 57 6 3.47
SOG/MOG/precuneus L �29 �75 18 19 5.28
Cuneus/precuneus R 26 �81 29 7/19 4.62
MOG/lingual gyrus L �24 �84 3 18 3.87
Thalamus L �12 �18 17 3.84
Cerebellum (pyramis) R 21 �61 �30 3.41
Cerebellum (uvula/declive) L �8 �65 �27 3.83
Cerebellum (declive) R 6 �67 �22 3.98

Hem, Hemisphere; L, left; R, right; SOG, superior occipital gyrus; MOG, middle occipital gyrus.

Table 2. Significant areas of activation for response switching compared with
non-switching

Region Hem x y z BA z-score

IFJ L �38 �2 32 6 3.97
DLPFC R 45 38 21 46 3.74
DLPFC L �48 24 29 9 4.18
rdACC R 8 18 37 32 4.82
Precuneus L �11 �68 46 7 4.28
Precuneus/MTG R 26 �72 34 19/39 4.24
Lingual gyrus L �20 �78 �9 18 5.06
Cuneus/MOG L �28 �74 27 19 4.02
Cuneus R 6 �83 4 17/18 3.70
Claustrum R 29 19 7 4.52
Claustrum L �27 15 7 3.79
Cerebellum (pyramis) L �14 �64 �29 3.45

Hem, Hemisphere; L, left; R, right; MTG, middle temporal gyrus; MOG, middle occipital gyrus.

Table 3. Significant areas of activation for cognitive set switching compared with
non-switching

Region Hem x y z BA z-score

IFG L �42 16 18 44/45 3.92
LFPC L �21 52 11 10 3.67
MFPC L �8 50 16 10 3.62
LFPC R 27 43 9 10 3.97
IFJ L �50 �1 41 6 4.36
Precuneus/SOG L �31 �76 33 19 4.61
Precuneus/SPL R 30 �74 34 7/19 4.60
Precuneus R 7 �69 52 7 4.08
SPL L �32 �61 54 7 3.46
IPL L �41 �60 41 40 3.29
MTG L �57 �49 �9 37 3.51
Precuneus/PCC L 0 �64 27 7/30/31 4.69
Cuneus/lingual gyrus R 1 �77 8 17/18 4.56
Cerebellum (tuber) R 31 �66 �30 3.93
Cerebellum (cerebellar tonsil) L �36 �60 �38 3.64

Hem, Hemisphere; L, left; R, right; IFG, inferior frontal gyrus; SOG, superior occipital gyrus; MTG, middle temporal
gyrus; PCC, posterior cingulate cortex.
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At first pass, it may appear that pref-
erential FPC activation for Set-Sw could
relate to episodic memory retrieval de-
mands since Set-Sw induced subjects to
retrieve a previously learned digit set.
However, Stim-Sw also required episodic
retrieval. Specifically, Stim-Sw required
retrieval of a specific digit within a set. Re-
sults from episodic retrieval studies sug-
gest that FPC activity tends to increase
when a specific aspect of an item must be
retrieved (Ranganath et al., 2000). Thus,
increased episodic retrieval demands do
not appear to account for the preferen-
tial FPC activation we observed during
Set-Sw.

Mid-prefrontal regions support
response switching
Resp-Sw preferentially recruited left DLPFC
(BAs 9 and 46) and the rostral portion of
the dorsal cingulate cortex (rdACC; BA
32). This finding is consistent with several
recent studies which have directly con-
trasted perceptual-based and response-
based cognitive control processes. For
example, Ravizza and Carter (2008)
found greater DLPFC activity for response switching than for
perceptual switching. Similarly, in our recent work using a mod-
ified version of the Stroop task, DLPFC was activated during
response conflict but not perceptual conflict (Kim et al., 2010,
2011a).

The present results demonstrate a preferential role for medial
PFC (rdACC), in addition to lateral PFC (DLPFC), in Resp-Sw.
One difference between the present Resp-Sw and those in some
previous studies (Ravizza and Carter, 2008) is that the pres-
ent condition involved switching between response-rules (a
conceptual-level representational shift) rather than simple S–R
mappings. Conflict monitoring theory suggests that rdACC con-
tributes to conflict detection whereas DLPFC contributes to con-
flict resolution at the response level (Botvinick et al., 1999, 2001;
MacDonald et al., 2000). It is thus possible that response rule
switches enhance conflict detection mechanisms compared with
S–R switches, which could drive the activation of rdACC during
response rule switching.

Posterior prefrontal regions support stimulus switching
Stim-Sw preferentially recruited pre-PMd (BA 6) and cdACC
(BA 24). The pre-PMd region comprises a rostral portion of pre-
motor cortex and is more heavily interconnected with PFC than
with motor cortex (Barbas and Pandya, 1987). Data from a body
of lesion studies in monkeys and humans suggest that pre-PMd’s
role in stimulus-motor relationships relates to learning arbitrary
perceptual-stimulus associations (Petrides, 2005; Amiez et al.,
2006). Based on such evidence, an emerging theory is that pre-
PMd is involved in learning and applying rule-based associations
between perceptual features of stimuli and responses (Badre and
D’Esposito, 2009). The present results demonstrate that pre-
PMd is actively involved in switching between internal represen-
tations per se and does so in a domain-general manner. In other
words, the same region that contributes the basic representa-
tional building blocks to learning arbitrary perceptual-stimulus

associations also supports switching between representations of
these associations.

Anterior–posterior PFC switching gradient associated with
endogenous control
Results suggest an anterior–posterior gradient across PFC, according
to the degree of endogenous control required by a task switch. Pro-
gressively more rostral regions were recruited as switches became
increasingly abstract and required more endogenous control. The
most anterior activations were observed for Set-Sw, for which per-
ceptual cues did not unambiguously specify the correct comparator
digit for the task because the correct digit had to be retrieved de novo
from a new digit set. Set-Sw is thus thought to emphasize endoge-
nous control processes associated with the internal generation and
maintenance of task sets within working memory (Dreher et al.,
2002).

In contrast, the most posterior activations (pre-PMd and
cdACC) were observed for Stim-Sw, which can be viewed as rel-
atively low in the need for endogenous control because external
switch cues directly specify the dimension of focus (Koch, 2003).
Located spatially in between activations for Set-Sw and Stim-Sw
were Resp-Sw activations in mid-PFC regions (DLPFC and
rdACC). Like Stim-Sw trials, Resp-Sw trials directly specified the
rule to be used for the digit-color comparison task within a cog-
nitive set. However, Resp-Sw in the present experiment was more
abstract than Stim-Sw because it required a change in the rule for

Figure 4. Common activations across switch types compared with the non-switch. A, Significant activations in left IFJ and left PPC. B,
Hemodynamic time courses in the left IFJ associated with each condition. C, Correlations between behavioral switch costs and neural switch
costs observed in the left IFJ for three different switch types. The asterisks denote statistical significance ( p � 0.001).

Table 4. Common areas of activation across switch types compared with
non-switching

Region Hem x y z BA z-score

IFJ L �50 1 40 6 3.74
PPC/SOG L �31 �74 29 7/19 4.84
Precuneus L �11 �74 49 7 3.76
Precuneus/SPL R 28 �74 34 7/19 4.82
Cuneus L �9 �81 9 17/18 3.77

Hem, Hemisphere; L, left; R, right; SOG, superior occipital gyrus.
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responding to the task (a conceptual-level representational shift)
as opposed to the application of the same rule to a different
stimulus (i.e., a change in “how” rather than “what” levels of
internal representation).

Our findings are partly consistent with the hierarchical or-
ganization model of PFC function (Koechlin et al., 2003). In

particular, the present results concur with the hierarchical
model that rostral PFC regions are involved in control opera-
tions related to the selection of task sets of S–R associations
according to ongoing internal goals, whereas more posterior
PFC regions are involved in sensory control processes in re-
sponse to external cues. However, the hierarchical organiza-
tion model holds that “lower-level” regions (e.g., premotor
cortex) are dependent on the operation of “higher-level” re-
gions (e.g., DLPFC). In contrast, the present results suggest
that, within the domain of task switching, some posterior PFC
regions (e.g., pre-PMd) appear to be capable of guiding task
switches in the absence of prominent involvement of more
anterior PFC regions.

The present anterior-to-posterior PFC task-switching gradi-
ent is similar to a previously reported gradient in “representa-
tional abstraction” that has been observed in language and verbal
memory domains across ventrolateral PFC (Gold and Buckner,
2002; Badre et al., 2005; Gold et al., 2006). Our results support a
view that there exists a parallel functional organization across

Figure 5. A, B, Preferential areas of activation in the left lateral (A) and medial (B) PFC for Set-Sw, Resp-Sw, and Stim-Sw. Correlations between behavioral and neural switch costs for three switch
types within selected ROIs are presented. The asterisks denote statistical significance ( p � 0.01).

Table 5. Preferential areas of activation for different switch types

Region Hem. x y z BA z-score

Cognitive set switching
LFPC L �19 50 16 10 3.53
MFPC L �10 48 18 10 3.92

Response switching
DLPFC L �44 26 26 9/46 4.17
rdACC R 6 17 38 32 4.38

Stimulus switching
pre-PMd L �30 �8 60 6 3.91
cdACC L �5 �2 47 24 3.60

Hem, Hemisphere; L, left; R, right.
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lateral and medial PFC according to the level of abstraction in-
volved in cognitive control (Banich, 2009; Egner, 2009; Kounei-
her et al., 2009). The existence of multiple qualitatively distinct
switch mechanisms within PFC likely contributes to our ability to
flexibly adjust to our environment on a moment-to-moment
basis.
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