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Abstract

Mental set switching is a complex executive function that is required when the focus of attention
must be altered in order to adapt to a frequently-changing environment. While there is generally
acceptance that switching is subserved by a fronto-parietal network, there is a considerable lack of
consistency across studies as to other brain regions involved in executing mental set switches. This
functional magnetic resonance imaging study sought to determine whether paradigmatic design
aspects such as stimulus complexity, motor response complexity, and stimulus ordering could
account for the differences in reporting of brain regions associated with mental set switching
across previous studies. Several brain regions, including the striatum and anterior cingulate,
previously associated with mental set switching were found to be related more to resolving intra-
stimulus interference conferred by increased stimulus complexity and increased motor response
complexity than to executing the mental set switch. In considering stimulus ordering, defined as
the number of non-switch trials preceding a switch trial, brain activity was not observed in the
fronto-parietal regions typically associated with switching but rather in regions in the anterior
prefrontal cortex, sensorimotor cortex, and secondary visual cortices. Our results indicate that
these important paradigm design aspects that are theoretically unrelated to set switching per se
should be balanced and controlled for in future experiments, so as not to obscure clear
identification of brain regions truly engaged in mental set switching.

Keywords
fMRI; paradigm; set switching; set shifting; striatum; anterior cingulate cortex

INTRODUCTION

1.1 Mental set switching

Mental set switching is a complex executive function that is required when the focus of
attention must be altered in order to adapt to a frequently-changing environment. In its
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broadest sense, set switching can be said to be necessary for nearly any type of cognitive set
switch, whether it be shifting attention from one stimulus attribute to another (e.g.,
Hampshire and Owen, 20061 Loose et al., 2006), altering stimulus-response mappings in
contexts with different contingencies (e.g., Rubia et al., 2006), or switching from performing
one task to another (e.g., Dreher and Grafman, 2003). Despite the diversity of switch types,
the underlying behavior being measured is the ability to update the executive control
parameters representing a given ‘task set’ to accommodate a new task set (Logan and
Gordon, 2001; Rogers and Monsell, 1995). Although the unique neural correlates of set
switching are still a matter of active research, meta-analyses of relevant functional
neuroimaging literature have confirmed the importance of brain activity within frontal and
parietal cortex regions when a mental set switch is required (Buchsbaum et al., 2005; Wager
et al., 2004). However, across the growing body of fMRI and PET studies published to date,
it is clear more than these regions are commonly engaged when set switching is required.
For example, in his meta-analytic synthesis of studies prior to 2004, Wager et al. (2004)
noted evidence across studies for set shifting engagement of occipital cortices, sensorimotor
regions, temporal cortex, insulae, anterior cingulate, and thalamus (Wager et al., 2004).
Many of these same regions were also noted in a second, later meta-analysis (Buchshaum et
al., 2005). Additionally, some brain regions, such as the striatum (Casey et al., 2004; Casey
et al., 2002; Luna et al., 2001; Sohn et al., 2000) and anterior cingulate cortex (Braver et al.,
2003; Derrfuss et al., 2004; Rubia et al., 2006; Smith et al., 2004), are frequently implicated
in small subsets of individual set switching studies.

1.2 Inconsistencies in reported neural correlates of mental set switching

Wager et al. (2004) attempted to account for the inconsistencies across studies by examining
whether brain activity elicited across set shifting neuroimaging studies was related to
inherent properties of brain organization, (i.e., whether different brain regions were
functionally specialized for shifting attention for location, objects, attributes, rules, and
tasks). However, they did not find any brain region active during a specific switch type that
was not also active during all other switch types (Wager, et al. 2004). Gender has not
routinely been considered as a factor that dictates neural activity differences in set switching
tasks. Numerous studies have shown that there are no differences in behavioral performance
on cognitive switching tasks between adult males and females (e.g., Kalkut et al., 2009).
Indeed, there is only limited evidence that females engage fronto-striatal regions more than
males, while males engage parietal regions more than females during performance of a
Meiran-type stimulus-response set switching task (Christakou et al., 2009). Because that
study included both adolescents and adults, it is not clear whether the observed gender-
related differences were dominated by changes in neural activity during adolescence
(Christakou et al., 2009). Another aspect of the previous body of set shifting literature that
has not yet been considered when attempting to understand the Inconsistencies across
studies is the design differences in the fMRI paradigms themselves. Different paradigm
types can impose different types of cognitive demands, each of which could conceivably
elicit different profiles of brain activity. For instance, set switching paradigms unavoidably
rely on the integrity of other cognitive systems including working memory, inhibition, and
attention (Miyake et al., 2000). It is possible that failure to effectively balance these
paradigm design considerations (or even other cognitive demands) between switch and non-
switch conditions might obscure evidence for regional activation (e.g., Rubia et al., 2006
employed a paradigm in which switch trials were preceded by no fewer than three non-
switch trials, potentially biasing results towards any effects of stimulus ordering; Derfuss et
al., 2004 reported that switch trials could be preceded by upwards of five non-switch trials,
but gave no indication as to whether this ordering had been balanced across the run), leading
to variable findings across studies and possibly inaccurate conclusions about which brain
regions are functionally specialized for effecting a switch of mental set.

Neuroimage. Author manuscript; available in PMC 2014 January 15.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Witt and Stevens Page 3

1.3 Summary of various paradigms employed in functional neuroimaging studies of set
switching

A review of the set switching literature reveals that studies measuring the same switch type
can have very different degrees of stimulus complexity and motor response options.
Complex stimuli can be considered those stimuli that differ on multiple dimensions, thus
increasing interference in determining the correct target. For example, studies employing
tasks requiring both attribute and rule switches, such as card sorting tasks, can use simple
stimuli requiring a forced choice option (e.g., Asari et al., 2005) or more complex stimuli
which require the participant to choose from several possible options (e.g., Hampshire and
Owen, 2006; Monchi et al., 2006; Nagahama et al., 1999). Likewise, experiments can
employ response options that require a participant to either continually switch between
stimulus-response set mappings (e.g., Crone et al., 2006; Derrfuss et al., 2004; Dove et al.,
2000; Rubia et al., 2006; Wilkinson et al., 2001) or select from upwards of four different
responses (e.g., Monchi et al., 2006). Paradigms employing these more complex motor
response options also increase stimulus-response interference when selecting motor program
for the correct response (e.g., Hazeltine et al., 2000; Jiang and Kanwisher, 2003). Another
aspect of paradigm design that can influence the observed neural correlates of set switching
lies in the ordering and timing of stimuli. It has been shown that varying the inter-stimulus
interval or response-to-cue interval had a significant effect on the behavioral performance of
an attribute set switching task (Badre and Wagner, 2006; Cepeda et al., 2001; Loose et al.,
2006). Additionally, for those mental set switching experiments that employ a cue notifying
of an impending shift, varying the cue-to-target interval (“task set reconfiguration”
manipulation; (Rogers and Monsell, 1995) has also been shown to have a significant
measureable effect on behavioral performance (Cepeda et al., 2001; Meiran, 1996, 2000). In
line with these previous results regarding stimulus timing in set switching tasks, one might
reasonably expect that stimulus ordering (i.e., having more or fewer non-switch trials
preceding a switch trial) would alter both behavioral performance and the activity in those
brain regions engaged in switching. Other evidence for stimulus order on brain function
come from fMRI studies examining task automaticity and habituation, which have shown a
role for the frontal cortices and inferior parietal lobes in reorienting attention after error
perception in a Go/No-go task (Hester et al., 2005) and after a target switch in an over-
practiced visual search task (Kubler et al., 2006).

1.4 Summary and hypotheses

We present results from an attribute set switching task that manipulated stimulus
complexity, motor response complexity (i.e., number of possible responses), and the number
of non-switch trials preceding a given switch or non-switch trial in a pseudo-random factor
throughout each task session. The paradigm was constructed not only to balance several
other design factors relevant to shifting, but also to determine the effect of trial type (i.e.,
switch or non-switch) on these paradigmatic design considerations. As our paradigm was
designed to be able to quantify these three design aspects for each trial, we employed a
GLM approach including measures for stimulus complexity, motor response complexity,
and the number of preceding non-switch trials as parametric modulation terms. The aims of
this study were twofold. First, we wanted to identify the neural correlates of set-shifting
unconfounded by otherwise controllable experimental parameters, and second, we wanted to
characterize the neural correlates of these paradigm design aspects and determine if the
discrepancies found in the set-shifting literature are related to them. In line with the
previously cited meta-analyses, we anticipate that set-shifting would engage predominantly
frontal and parietal regions. We hypothesized that increasing stimulus complexity would
result in increased hemodynamic activity in both frontal and motor planning regions to assist
in overcoming the increased interference posed by stimuli differing on multiple dimensions.
As the anterior cingulate cortex has previously been linked to interference resolution, as in
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Stroop tasks (Nee et al., 2007), we anticipated that this region would be engaged more for
overcoming stimulus complexity interference than switching. We predicted that increasing
the number of possible motor response options would result in increased hemodynamic
activity in both motor planning and motor performance regions. Both the caudate and
putamen have been linked to motor planning and performance (Witt et al., 2008), thus we
hypothesized that these regions would be enlisted to overcome motor response complexity.
A recent review of the role of interference in set switching found that both stimulus- and
response-based interferences, conferred by moderately and maximally complex stimuli, had
dissociable and measurable effects on set switching behavioral performance, with greater
effects noted for switch trials compared to non-switch trials (Kiesel et al., 2010). Thus we
anticipated that any observed activity in these frontal and motor regions would be greater
during switch trials, due to the need to overcome both inter- and intra-stimulus interference,
as evidenced by increased behavioral switch costs. As there is not a large body of work
published on task automaticity during executive or cognitive functions, we speculated that
switch trials following long trains of non-switch trials might engage brain regions associated
with reorienting attention after periods of task automaticity or habituation. These included
regions in the superior, medial, middle, and inferior frontal cortices as well as the inferior
parietal lobes and supramarginal gyri (Hester et al., 2005; Kubler et al., 2006). As with our
hypotheses for stimulus and motor response complexity, we anticipated that the effects of
long trains of non-switch trials preceding a switch trial would be more pronounced during
switch trial due to need to reorient attention to the new mental set.

2.1 Participants

A total of 83 right-handed adult participants (46 females) were recruited for several studies
at the Olin Neuropsychiatry Research Center through community advertisements.
Participants ranged in age from 18 to 31 years (mean (SD) = 22 (2.7) years) and were
screened to ensure that they were medically healthy and had no past head injury, neurologic
condition, learning disability, or other neurodevelopmental conditions. The absence of
current or lifetime psychiatric and substance abuse disorders was determined using the
screening module of the Structured Clinical Interview for Diagnosis (SCID-1V; (First et al.,
1996). All participants underwent written informed consent using procedures approved by
the Hartford Hospital IRB.

2.2 FMRI Stimulus Delivery/Response Recording

The fMRI set switching task was implemented using E-Prime software (Psychology
Software Tools, Inc.). Visual stimuli were presented using a projection system (5000 ANSI
lumens) and displayed on a high resolution screen located just behind the participant’s head.
The participant viewed the screen using a mirror attached to the head coil. Corrective lenses
were provided as needed. An MR-compatible fiber optic response device (Lightwave
Medical, Inc., Vancouver, B.C.) was used to acquire behavioral responses.

2.3 Set switching Paradigm

The set switching paradigm (Figure 1) was designed as a rapid, event-related fMRI task,
where each of two unique runs consisted of 81 trials, 41 switch trials (counting the first trial
as a switch) and 40 non-switch trials. Trials were pseudo-randomly ordered, where any
given switch trial could be preceded by between 1 and 6 non-switch trials (mean = 2;
median = 1 preceding non-switch trials) and stimulus complexity and response options
varied in no discernable pattern. The number of non-switch trials preceding a given switch
trial was distributed such that 50% of switch trials were preceded by 1 non-switch trial, 25%
by 2 non-switch trials, and 25% by 3 or more non-switch trials. Each trial was 4 seconds
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long, preceded by a 1.2 second cue (Cepeda et al., 2001). The cue informed participants
whether they would be required to count the number of different colors, sizes, or shapes on
the stimulus, and this cue remained on the screen throughout the trial to remove extraneous
working memory demands. The cue duration was selected based on previous evidence that
1.2 seconds was sufficient to equalize impact on behavioral switch costs due to proactive
task set reconfiguration (Cepeda et al., 2001). The response type was held constant on all
trials (i.e., participants always pressed button 1, 2, or 3 if there were 1, 2, or 3 dimensions
counted). The task itself (counting) remained the same on all trials, but participants had to
shift among attribute sets to count the relevant stimulus attribute. The stimuli were 3x3 grids
of different colors (red, yellow, or blue), sizes (small, medium, or large), and shapes
(triangles, circles, or squares) that ranged from very simple (all large, yellow squares, i.e.,
differing on only one dimension) to complex (differing on three dimensions). Importantly,
the task was counterbalanced across all factors, such that the frequency of each color, size,
and shape (including combinations and mappings to task) was equiprobable, ensuring that
there were no frequency or familiarity confounds. Additionally, no stimulus was repeated.
The interstimulus interval (ISI) was varied between 0.5 and 9.5 seconds, with an average
(SD) of 2.4 (2) seconds. Each run lasted 8 minutes and 41 seconds.

2.4 Imaging Parameters

MR images were acquired on a 3T Siemens Allegra (Siemens Medical Solutions, Erlangen,
Germany) located at the Olin Neuropsychiatry Research Center at the Institute of Living/
Hartford Hospital in Hartford, CT. The functional imaging volumes were collected in axial
orientation to the anterior commissure-posterior commissure line using a single-shot-
gradient-echo echo-planar sequence (TR/TE = 1,500/28 msec; flip angle = 65; FOV =24
cm; matrix = 64; 3.4x3.4 mm in-plane resolution; slice thickness = 5 mm; 30 slices) with
whole brain coverage. The two runs each consisted of 347 time points, with an initial 9
second rest session to allow for T1 effects to stabilize. These initial six images were not
included in subsequent analyses.

High resolution T1- and T2-weighted anatomical images were also acquired on all
participants to ensure that all were free from obvious brain structure abnormality that might
influence both task performance results and interpretation of functional imaging results.

2.5 Behavioral Data Analyses

The reaction time data for correct trials were analyzed using a series of multivariate,
repeated measures ANOVASs in SPSS (IBM Corporation, Somers, NY). Trial type (switch,
non-switch) and each paradigm design aspect (stimulus complexity, number of potential
response options, and number of preceding non-switch trials) were used as within-subjects
factors. Evidence for significant multivariate effects was examined at each level of each
paradigm design aspect (i.e., 1, 2, 3 for stimulus complexity and number of potential
response options and 1-6 for the number of preceding non-switch trials; Figure 1). Two
additional series of multivariate, repeated measures ANOVAs were also conducted using
age binned to the nearest integer and gender as between-subjects factors. Again, evidence
for significant multivariate behavioral task effects was examined for each between-subject
factor, each within-subject factor, and all possible within- and between-subjects interactions
in a mixed-effects regression model.

2.6 Image Processing

Functional images were reconstructed offline. Each run was corrected for slice-timing
acquisition differences and separately realigned using INRIalign (Freire and Mangin, 2001;
Freire et al., 2002) as implemented in SPM5 (Wellcome Department of Cognitive
Neurology, London, UK). A mean functional image volume was constructed for each

Neuroimage. Author manuscript; available in PMC 2014 January 15.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Witt and Stevens

Page 6

participant for each run from the realigned image volumes and used to determine the
parameters for spatial normalization into standardized Montreal Neurological Institute
(MNI) space. These normalization parameters were then applied to the corresponding
functional image volumes, and the normalized images were smoothed with an 8 mm FWHM
Gaussian kernel. All participants’ data were individually inspected to ensure that no
participant had translational or rotational head motion greater than the acquired voxel size.

2.7 FMRI Statistics

The regressors from each participant’s fMRI model were derived by extracting the stimulus
onset timing for all trials and modeled using a synthetic hemodynamic response function.
The functional imaging data of each participant were modeled individually in SPM5 and
included regressors for switch trials and non-switch trials. Stimulus complexity, response-
mapping, and the number of preceding non-switch trials were included into each participant
model as parametric interaction terms, in that order. Stimulus complexity was parameterized
as the number of attribute dimensions on a given stimulus (i.e., 1, 2, or 3). Similarly,
response-mapping was parameterized as the number of potential response options (i.e., 1, 2,
or 3), based on the number of potential valid response options assuming that the cue was
ignored. Example stimuli are shown in lower portion of Figure 1. While stimulus complexity
and motor response complexity often corresponded in this paradigm, the actual correlation
between the two regressor terms was only = 0.26 for each run. Finally, the number of
preceding non-switch trials was parameterized as the integer number of non-switch trials
preceding a given trial. As SPM5 utilizes serial orthogonalization, individual participant
models were rerun several times in different ways to ensure that the order in which the
parametric interaction terms were included in the statistical parametric model did not affect
the results. The six motion-corrected parameter estimates (x, y, and z displacements and
pitch, roll, and yaw rotations) were included as covariates of no interest to statistically
control signal change related to head motion. A high-pass filter (cutoff period = 128 s) was
incorporated into the model to remove low-frequency signals. Contrasts corresponding to
the main effect of switch trials, non-switch trials and the parametric main effects of stimulus
complexity, response-mapping, and number of preceding non-switch trials were specified
for each participant. All contrast images written by SPM5 represented brain activity relative
to an ‘implicit baseline’ of unmodeled variance. In addition, linear combinations of these
contrasts were specified to examine the difference between elicited BOLD signal changes on
switch versus non-switch trials for each of these factors.

The main effects of switching were estimated using a 1-sample t-test of each participant’s
contrast directly comparing switch trials to non-switch trials. The neural correlates of each
paradigm design aspect were also measured via three individual 1-sample t-tests of each
participant’s contrasts estimating the parametric effects of stimulus complexity, number of
potential response options, or number of preceding non-switch trials, respectively, across
both trial types. To determine the parametric effects of each paradigm design aspect on a
given trial type (switch or non-switch), individual 1-sample t-tests were performed on every
participant’s contrast terms comparing each paradigm design aspect for switch trials to that
for non-switch trials. These tests allowed us to identify which of these brain regions with
activity related to a given paradigm design aspect -- irrespective of parametric level (e.g.,
increased versus decreased stimulus complexity) -- also differed in activation in some way
between switch trials compared with non-switch trials and vice versa. By choosing to use an
arguably simpler parametric analysis over a more complicated four-way GLM-interaction,
we lost the ability to fully describe the interaction between switching and paradigm design
aspect, perhaps presenting an avenue for future work to fully describe these relationships.
All group effect maps underwent whole-brain correction for multiple comparisons using
False Discovery Rate (FDR; Genovese et al., 2002).
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RESULTS

3.1 Behavioral Data

All participants were able to perform the set-switching task with high accuracy and
consistency. The average response accuracies were 92.2% and 89.4% for non-switch and
switch trials, respectively. Overall there was an average of <1% missed (no response) trials.
No single participant had less than 75% accuracy or failed to respond to more than 10% of
trials, regardless of trial type.

Significant multivariate effects on reaction time were observed for Trial type (switch versus
non-switch trials), confirming the presence of an overall switch cost of 96 msec (F(1 g2 =
198.271, p < 1.36 x 10723). Significant multivariate effects were also observed for each of
the three factors under consideration, stimulus complexity (F( g1) = 181.381, p < 1.76 x
10722), number of response options (F2,81) = 190.506, p < 2.37 x 1073"), and the number of
preceding non-switch trials (3 gg) = 117.072, p < 3.55 x 10729), indicating that these
paradigmatic design factors have an overall effect on performance, regardless of trial type.
Finally, significant multivariate Design Factor x Trial Type (switch versus non-switch trials)
interactions were observed between each of the three factors: stimulus complexity (Fg1) =
11.129, p < 5.4x107°), number of response options (F(2 g1y = 47.510, p < 2.23 x 10714, and
number of preceding non-switch trials (F(3 go) = 8.498, p < 5.75x107°), indicating that each
of these factors, beyond affecting overall reaction times, had an effect on switch costs
(Figure 2).

A second set of multivariate analyses confirmed that the significant effects of stimulus
complexity, number of response options, and number of preceding non-switch trials
described above were not the result of either differences due to gender or age. There were no
overall multivariate age effects for switch costs, stimulus complexity, number of response
options, and number of preceding non-switch trials, nor were there any significant
multivariate Age x Design Factor x Trial Type interactions. Similarly, we did not observe
any significant multivariate effects between gender and switch costs, stimulus complexity,
number of response options, and number of preceding non-switch trials. However,
significant Gender x Design Factor x Trial Type interactions were observed for stimulus
complexity (F2,809) = 3.378, p < 0.0391) and number of response options (F go) = 3.189, p
< 0.047), but these interactions are likely explained by slightly better overall performance in
men compared with women.

3.2 Functional imaging results

3.2.1 Main effects of switching—The comparison of switch versus non-switch trials
(main effects of switching) is summarized here to provide a context of key findings related
to “switching” for this paradigm (Figure 3, Table 1). Switch trials resulted in greater activity
in the left middle frontal gyrus (BA 6/9/46), left inferior frontal gyrus (BA 44/45), left
superior and inferior parietal lobes (BA 7/40), medial and superior frontal gyrus (BA 6/8),
right middle frontal gyrus (BA 6), right superior parietal lobe (BA 7), bilateral insula,
bilateral thalamus, as well as several occipital and temporal regions. Non-switch trials were
predominantly characterized by a large cluster of activation in the medial cuneus (BA 18)
and a small but significant cluster of activity in the medial frontal gyrus (BA 10).

3.2.2 Parametric effects of stimulus complexity—Increased complexity (Figure 4A,
Table 2A) was characterized by significantly greater activity in bilateral middle/inferior
frontal gyri (BA 6/9/46/47), right medial frontal cortex (BA 8, pre-SMA), bilateral superior
parietal lobes (BA 7), bilateral inferior parietal lobes (BA 40), bilateral caudate, bilateral
thalamus, bilateral anterior insula, bilateral middle/inferior occipital gyri, and bilateral
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fusiform/lingual gyri. Increased complexity also was characterized by lower activity in
bilateral anterior frontal gyri (BA 8/9), anterior cingulate, inferior parietal gyri (BA 40),
posterior cingulate (BA 31), posterior insula (BA 13), and middle temporal gyri (BA 22).

3.2.3 Modulatory effects of stimulus complexity on set switching—A number of
brain regions identified above as being related to stimulus complexity (Figure 4B, Table 2B)
modulated brain activity during switch trials compared with non-switch trials. These regions
encompassed frontal, motor, and parietal control areas, including the right anterior cingulate
(BA 32), bilateral MFG (BA 8), right postcentral gyrus (BA 2), bilateral cerebellum, left
anterior insula (BA 13), bilateral posterior cuneus, and thalamus, as well as more extensive
activity in bilateral middle and medial frontal gyri (BA 6). There were also effects of
stimulus complexity on non-switch trials relative to switch trials in bilateral medial frontal
cortex/anterior cingulate (BA 9/10/24/32), left posterior cingulate (BA 31), bilateral inferior
parietal lobes (BA 39), bilateral middle temporal gyri (BA 21), and bilateral
parahippocampi.

3.2.4 Parametric effects of number of response options—An increased humber of
response options (Figure 4C, Table 3A) was characterized by greater activity in numerous
regions throughout the brain. These included bilateral anterior cingulate (BA 32), middle/
inferior frontal and precentral gyri (BA 6), SMA (BA 6), postcentral gyri (BA 2), superior
parietal lobes (BA 7), inferior parietal lobes (BA 40), caudate, thalamus, anterior insulae
(BA 13), and middle occipital gyri (BA 19), as well as left putamen, and right lingual gyrus.
A decreased number of response options was characterized by relatively lower activity in
bilateral superior frontal gryi (BA 8/9), several regions in bilateral inferior parietal lobes
(BA 40), bilateral middle temporal gyri (BA 22), and left cuneus (BA 19).

3.2.5 Modulatory effects of the number of response options on set switching
—Several brain regions, identified above as being engaged by number of response options,
modulated activity during switch trials compared with non-switch trials (Figure 4D, Table
3B). These regions included bilateral superior/middle/inferior frontal gyri (BA 6/9/44/46),
superior parietal lobes (BA 7), inferior parietal lobes (BA 40), bilateral putamen/globus
pallidus, thalamus, left insula, left postcentral gyrus (BA 2), and right caudate. In contrast,
no such significant effect of the number of response options was observed for non-switch
trials compared with switch trials.

3.2.6 Parametric effects of number of preceding non-switch trials—A greater
number of non-switch trials preceding a given trial (Figure 5, Table 4) was characterized by
increased activity in bilateral superior frontal gyri (BA 8/9), medial frontal gyri (BA 10),
inferior frontal gyri (BA 47), anterior cingulate (BA 24), pre-/postcentral gyri (BA 3/4),
inferior parietal lobes (BA 39/40), cuneus (BA 18), middle temporal gyri (BA 21/22), right
posterior cingulate (BA 30), right caudate, and right thalamus. An increased number of
preceding non-switch trials did not significantly reduce BOLD response in any brain
regions.

3.2.7 Effects of number of preceding non-switch trials on set switching—There
were no significant modulatory effects of the number of preceding non-switch trials when
comparing switch or non-switch trials.

DISCUSSION

The purposes of this study were to identify the neural correlates of set-shifting,
unconfounded by common paradigm design aspects, and to determine whether these
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stimulus design aspects (largely uncontrolled in previous functional neuroimaging studies of
set shifting), such as stimulus complexity, motor response complexity, and stimulus
ordering, could account for neural activity in some of the brain regions frequently but
inconsistently attributed to mental set switching. The study had several important, novel
findings. First, we have demonstrated that when several stimulus and paradigm design
aspects were effectively balanced within the fMRI paradigm, set switches among different
stimulus attributes appeared to be executed by a predominantly left-lateralized fronto-
parietal cortical control network. This is a subset of brain regions identified in previous
meta-analyses as engaged for set switching (Buchsbaum et al., 2005; Wager et al., 2004).
Second, our analyses also helped clarify the somewhat ambiguous role of brain regions such
as the anterior cingulate cortex and striatum in set switching. Specifically, we found
evidence that neither of these regions was involved in the direct execution of a set switch.
Instead, their engagement appeared to be more related to mediating interference induced by
complex stimuli. Finally, we observed that there was a demonstrable effect of stimulus
ordering on set switching brain function. This particular paradigm design aspect may
represent an additional, largely unexplored, cognitive component of mental set switching, as
the behavioral and neural correlates suggested a form of attentional disengagement not
previously described.

4.1 Main effects of switching

By controlling for the paradigm and stimulus design aspects of stimulus complexity, motor
response complexity, and stimulus ordering, we were able to identify a number of brain
regions that appeared to be, in the context of this study, engaged to execute a mental set
switch. In addition, activity in these regions could not easily be attributed to the three
experimental factors. This suggests that, in comparison to meta-analyses of previous
functional neuroimaging set-shifting studies that find a somewhat larger handful of regions,
these regions might be more central to attribute set-shifting. This predominantly left
lateralized fronto-parietal network included the dorsolateral prefrontal cortex, inferior
frontal gyrus, and inferior parietal lobe and was in line with previous summaries of
published results (e.g., Buchsbaum et al., 2005; Wager et al., 2004). In particular, the current
results confirmed a role for the prefrontal cortex, especially the dorsolateral prefrontal cortex
in switching when stimulus selection was the only issue (Rushworth et al., 2002b;
Rushworth et al., 2004; van Veen et al., 2001). Likewise, fMRI studies in healthy
participants have associated hemodynamic activity in the left inferior frontal gyrus to
conflict resolution in switch trials (Badre and Wagner, 2006, 2007). Similar studies in
patients with damage to this region have also noted impairment in task-switching
performance, specifically in the ability to select and maintain task-set (Aron et al., 2004;
Mecklinger et al., 1999; Rogers et al., 1998). The inferior parietal lobes have associated with
the selection of stimulus-response sets (Corbetta and Shulman, 2002).

4.2 Parametric effects of stimulus complexity

As hypothesized, increased stimulus complexity resulted in engagement of additional frontal
and parietal regions, including the medial frontal gyrus, dorsal caudate, and superior parietal
lobules. The presence of activity in the medial frontal gyrus and dorsal caudate (discussed
below in terms of their shared roles in overcoming both stimulus and response complexity)
confirms our second aim that activity in these regions may be related more to other
paradigm design considerations than to executing the mental set-shift.

4.3 Parametric effects of response complexity

Stimuli with an increased number of motor response options engaged additional motor
planning and programming regions, including the medial frontal gyrus, premotor cortices,
sensorimotor cortices, superior parietal lobules, and ventral striatum. Activity in several of

Neuroimage. Author manuscript; available in PMC 2014 January 15.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Witt and Stevens

Page 10

the same regions, including medial frontal cortex, superior parietal lobules, and striatum,
again suggests that these regions that they play a role in overcoming general stimulus-
response set interference more than executing mental set switches, as discussed below.
Additionally, the differences between the neural correlates of increased stimulus complexity
and motor response complexity, including that increased response complexity engaged
motor performance regions and ventral striatum, confirm our hypothesis, as well as
behavioral work done by Kiesel et al., (2010), that these two phenomena are capturing
different neural effects.

4.4 Role of anterior cingulate cortex in switching and stimulus and response complexity

In contrast to several previous mental set switching studies (Braver et al., 2003; Derrfuss et
al., 2004; Rubia et al., 2006; Smith et al., 2004), we did not observe activity in anterior
cingulate cortex that was related to executing attribute-based mental set switches. There also
was no evidence for striatal engagement during switching once major paradigmatic factors
were controlled for, adding to both previous and current evidence that striatal involvement
in switching is perhaps only required to inhibit competing cognitive or motor responses
(Cools, 1980; Mink, 1996). The anterior cingulate cortex and striatum, in addition to other
regions commonly associated with motor planning, programming, and performance,
appeared to be engaged more to overcome intra-stimulus interference either due to increased
stimulus complexity or increased motor response complexity. In several previous studies,
the anterior cingulate cortex has been demonstrated to be active only during switches with
changes in response set or conflicts between possible response sets (Botvinick et al., 2004;
Rushworth et al., 2002a; Rushworth et al., 2004; van Veen et al., 2001). A recent study
examining mechanisms of cognitive flexibility found that activity in the anterior cingulate
was related more to switching between response sets than switching between stimulus
attributes (Kim et al., 2011). Several authors also proposed that the neighboring pre-SMA
region is involved in such interference resolution (Ridderinkhof et al., 2004; Rushworth et
al., 2008; Ullsperger and von Cramon, 2001), as it is thought to be engaged in change-of-
plan and stop tasks (Aron and Poldrack, 2006; Curtis, 2006; Li et al., 2006; Nachev et al.,
2005). Neural activity in these medial frontal cortical regions has been related to inhibiting
responses, switching between tasks, and switching between stimulus-response sets (Brass
and von Cramon, 2002; Crone et al., 2006; Garavan et al., 2003; Rushworth et al., 2002a;
Wager et al., 2004). Neither the pre-SMA nor the anterior cingulate cortex has been shown
to be engaged in switching when the switching entails only how stimuli are processed
without any stimulus-response set changes (Rushworth et al., 2002b, 2005). In general, the
role of the anterior cingulate cortex and pre-SMA in task control involves anticipatory
preparation and selection of task set, while their role in response competition can be
explained by need to select or re-select partially ambiguous stimulus-response sets
(Rushworth et al., 2004). This fits well with our results showing medial frontal engagement
associated with stimulus and motor response complexity and not switching per se.

4.5 Role of striatum in switching and mediating stimulus and response complexity

Striatal activity was also associated to stimulus and motor response complexity but not
switching itself. Although dorsal striatal activity was noted both for trials with increased
stimulus complexity and trials with increased motor response complexity, only trials with
increased motor response complexity engaged regions of the ventral striatum, including the
putamen. At least one previous study has shown that the caudate is active during the
cognitive decision to shift, but not during the simple execution of a shift (Monchi et al.,
2006). Activity in the caudate has additionally been seen when evaluation and decision to
change set is required but not during blocks of continuous shifting (Grahn et al., 2008). Its
engagement in association with increased stimulus complexity and increased number of
response options also suggests a potential role for the caudate in mediating conflict and
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interference. In contrast, activity in bilateral putamen has been predominantly associated
with motor performance (Lehericy et al., 1998; Maillard et al., 2000; Witt et al., 2008),
having strong connections to the sensorimotor strip, SMA, and anterior cingulate cortex (Di
Martino et al., 2008). The ventral striatum has been associated with cortical regions engaged
in executive functions, decision making, and motor planning (Di Martino et al., 2008),
however, since activity in the ventral striatum was only observed during trials of increased
number of motor response options, its observed activity here was most likely related to
motor planning.

4.6 Additional regions engaged in mediating stimulus and response complexity

Several other brain regions exhibited activity apparently related more to stimulus and motor
response complexity than switching itself, including middle and medial frontal gyri and
superior parietal lobe. The bilateral premotor and supplementary motor cortices have been
previously associated with motor programming and planning (Grafton et al., 1992;
Passingham, 1985; Roland, 1984; Roland et al., 1980; Wise et al., 1997), in addition to the
execution of simple, voluntary movements in general (Witt et al., 2008). Both left and right
superior parietal lobes, extending into the inferior parietal lobes and precuneus, have been
connected to both mediating stimulus-response set conflict or interference and selecting the
appropriate stimulus-response set (Hazeltine et al., 2000; Jiang and Kanwisher, 2003). The
superior parietal lobes, in conjunction with the supplementary motor area, left cingulate, and
left middle and bilateral inferior frontal gyri, have also been linked to processing
increasingly complex stimuli (Kroger et al., 2002), lending further evidence that increased
stimulus complexity and increased motor response complexity require additional resources
to overcome the conferred interference.

4.7 Summary of parametric effects of stimulus and response complexity

Our careful task design and use of parametric analyses to control for various stimulus and
paradigm design aspects suggests that anterior cingulate, striatum, middle and medial frontal
gyri, and superior parietal lobule play more of a role in facilitating switches by mediating
stimulus-induced interference rather than in executing the switch itself. Therefore, while
previous studies linking activity in these brain regions to set switching were not incorrect,
they did not uncover the specificity of arguably distinct cognitive demands that engaged
those regions. We observed that activity in these regions was also modulated for switch
trials. Qualitative comparison of the results for parametric effects of stimulus and response
complexity to their respective modulatory effects on switching strongly suggests that
activity in these regions increased. However, the limitation of our parametric analysis
framework made it impossible to precisely confirm this. Future experiments that specifically
seek to describe how these complexities influence switch-related activation could confirm
this observation that inter-trial interference (i.e., switching) necessitates greater engagement
of the brain these regions. It is noteworthy that brain regions exhibiting increased activity
during non-switch trials mirrored those active during trials with overall reduced stimulus
and motor response complexity and included many regions though to comprise the default
mode network (i.e., superior/medial frontal gyri, posterior cingulate gyri, and inferior
parietal lobes; (Damoiseaux et al., 2006; Greicius et al., 2003; Gusnhard and Raichle, 2001;
Raichle et al., 2001; van den Heuvel et al., 2009). This suggests that the additional cortical
and motor planning control, afforded by the anterior cingulate cortex, striatum, and superior
parietal lobe, was only needed to overcome the interference posed by highly complex
stimuli when a switch was being performed. During non-switch trials, the observed lesser
degree of “deactivation” within regions of the default mode network could be interpreted in
a similar manner as Eichele et al. (2008) and Weissman et al. (2006), wherein reduced
deactivation was taken as an indication of reduced attention to the task at hand. If correct,
the current results suggest that the less complex the stimulus, the more likely it was for
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participants to lose focus on the task at hand if the behavioral set remained unchanged across
subsequent trials.

Behaviorally, both increased stimulus and response complexity resulted in both overall
slowing of performance regardless of trial type and increased switch costs, paralleling the
neuroimaging results. This indicated that increased cognitive resources are recruited to
process the most complex stimuli. Both stimulus complexity and the number of potential
response options exhibited similar behavioral and neuroimaging correlates, which was not
wholly unexpected given that the two were linked in the paradigm employed in this study,
i.e., the number of potential response options on a given stimulus, for the most part,
paralleled the number of dimensions on which the stimulus differed. However, these two
design aspects were not significantly correlated and did not measure the same cognitive
phenomenon. Thus, they should not be conflated. Notable differences in how these two
factors modulated brain activity included engagement of the ventral striatum and more
posterior aspects of middle and medial frontal regions for trials with increased motor
response complexity compared with trials of increased stimulus complexity (Sections 3.2.2—
3.2.5; Figure 3; Tables 2-3). Additionally, it should also be noted that for trials with
minimal response complexity (i.e., only one possible motor response option), switch costs
were effectively eliminated. As described previously (Figure 1, Section 2.7), the most
complex stimulus could have only one response option while, a relatively simple stimulus
could have three potential response options. Additionally, as reviewed in the Introduction
(Section 1.4), it is possible to design a mental set-shifting paradigm that uses very complex
stimuli with very simple motor response patterns and vice versa.

4.8 Effects of stimulus ordering

With a greater number of preceding non-switch trials, the data suggested there was
disengagement of the cognitive control brain regions normally observed active during
switching in favor of regions related to attention reorientation, task reversal, and motor
programming and performance. In contrast to our initial prediction that increasing the
number of preceding non-switch trials to a switch trial would engage similar brain regions to
that previously observed for task automaticity and habituation, no significant switch-elicited
activity was observed in dorsolateral prefrontal cortex. Also, only a small area of the left
inferior parietal lobe was observed to exhibit significant activity. Additionally, unlike with
the two previously considered paradigmatic design aspects, there was virtually no overlap
between the parametric effects of increasing number of preceding non-switch trials and
either the main effects of switching or the main effects of stimulus complexity or number of
motor response options. The uniqueness of the effect the number of preceding non-switch
trials had on switches suggested that it, like task set reconfiguration (Allport et al., 1994;
Meiran, 1996; Rogers and Monsell, 1995) and task set inertia (Rogers and Monsell, 1995),
may represent another component of cognitive theories of mental set switching. The neural
correlates of this phenomenon indicate that the fronto-parietal cognitive control network
proposed to underlie mental set switching disengaged quickly in the face of increasingly
longer trains of non-switch trials and was not fully re-engaged during switch trials preceded
by long trains of non-switch trials. Behaviorally, this was reflected in overall improved
performance with increased number of preceding non-switch trials up to three preceding
non-switch trials. For switch trials preceded by four or more non-switch trials, there
appeared to be a resetting of switch costs and overall performance back to the level of that
associated with switch trials preceded by only one non-switch trial.

Although the overall pattern of neural activity for the main effects of the number of
preceding non-switch trials was widespread, the areas of activity with the largest signal
change and extent included the anterior frontal cortex, the sensorimotor strip, and secondary
visual areas. A few mental set switching fMRI studies have noted increased hemodynamic
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activity in the anterior PFC (Braver et al., 2003; Rubia et al., 2006; Smith et al., 2004).
Braver et al., (2003), using a block design, noted that activity in the anterior PFC was
sustained during blocks in which participants had to randomly switch between two tasks.
They related activity in the anterior PFC to the increased working memory and attentional
demands of the switching task. Rubia et al., (2006) noted increased anterior PFC activity in
adults during switch trials compared with non-switch trials. Of note, this particular study
employed an event-related design in which switch trials were purposefully preceded by no
fewer than four non-switch trials, such that they might have captured activity in the anterior
PFC of a similar origin to what was observed in this present study. However, Derfuss et al.,
(2004), in employing an event-related design in which switch trials could be preceded by up
to five non-switch trials, failed to note any significant neural activity in anterior PFC.
Activity in this region has been linked to numerous higher-order cognitive functions. As
reviewed by (Ramnani and Owen, 2004), the anterior PFC (BA 10) has been linked to
processing internal states (Christoff and Gabrieli, 2000), prospective memory (Burgess et
al., 2001), episodic memory retrieval (Konishi et al., 2000; McDermott et al., 2003;
Ranganath and Paller, 2000; Rugg et al., 1998), branching and reallocating attention (Baker
et al., 1996; Braver and Bongiolatti, 2002; Koechlin et al., 1999; Koechlin et al., 2000; Sakai
and Passingham, 2003; Sylvester et al., 2003), and relational integration (Braver et al., 2003;
Kroger et al., 2002). Neural activity in BA 10 has also been proposed in relation to motor
response programming (Peterson et al., 1999). As no significant trial type modulation was
observed for this effect, it was difficult to determine whether the increased activity in
anterior PFC observed here was related to maintaining attention during repetitive trains of
non-switch trials or to reorienting attention during a switch trial preceded by a long train of
non-switch trials. The activity observed in the anterior PFC also extended inferiorly into the
orbitofrontal cortices, which have been linked to both response inhibition and task reversal
(Elliott and Deakin, 2005). This again indicated that switch trials performed after a long
succession of non-switch trials required additional cognitive control from regions not
typically observed during the main effects of switching (Buchsbaum et al., 2005; Wager et
al., 2004). In contrast to the increased cognitive control afforded by the anterior prefrontal
cortex, the presence of significant activity in the sensorimotor strip, in the relative absence
of activity in the motor planning/programming regions noted above for increased stimulus
and response complexity, suggested that only those regions associated with motor
performance were needed when the target stimulus remained the same across several trials.

CONCLUSIONS

Our findings emphasize that merely describing mental set switching in terms of simple
comparisons between switch and non-switch trials is inadequate in terms of accurately
delimitating the neural correlates of switching. This study more thoroughly unravels the
growing number of theoretically distinct cognitive phenomena at play during the act of
executing a mental set switch. This study has several strengths including its large sample
size, well-balanced paradigm, and its use of the relatively novel analytic technique that
controlled for paradigmatic design aspects by including them as parametric modulation
terms within the statistical parametric model. It is hoped that other researchers are
encouraged to explore how stimulus-response set complexity affects the brain function
elicited during mental set switching, both to replicate our results as well as to consider types
of mental set switching other than attribute switching. One limitation of our study which
presents an avenue for future work lies in further characterizing the modulatory effects of
stimulus-response complexity on switching, in particular, determining whether, as suggested
by the results presented here, brain regions engaged in overcoming increased stimulus-
response interference are also engaged more by switch trials than non-switch trials or vice
versa. Additional work on the effects of stimulus ordering (i.e., the number of non-switch
trials preceding a switch trial) on set switching would be useful to determine if this
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phenomenon does, as we have suggested, represent an additional cognitive component of
mental set switching. Finally, while controlling for paradigmatic design considerations like
stimulus-response set complexity, stimulus ordering, and experimental timing is not a trivial
design consideration, future mental set switching research should pay attention to these
factors to ensure that the effects described in this study do not become inextricably
entangled in what are perceived as the main effects of switching.
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Figure 1. Partial schematic of the paradigm design and examples of stimuli and associated
parametric terms

A partial schematic of the paradigm is depicted in the upper portion of the figure, and
example stimuli are shown in the lower portion of the figure. Participants were given a
verbal cue 1.2 seconds prior to stimulus onset as to which stimulus attribute to count (color,
shape, size), and this cue remained on the screen throughout the entire trial. Participants then
had 4 seconds to respond with the appropriate button press (1,2,3). ISl stands in for the
variable interstimulus interval. Each stimulus was assigned an integer value (1,2,3) based on
the number of dimensions, corresponding to its complexity. Stimulus A was assigned a
stimulus complexity value of 1, since it did not differ on any dimensions. Stimuli B and C
each contained two dimensions (B: size and shape; C: shape and color) and were assigned a
stimulus complexity value of 2. Stimulus D had three dimensions (shape, size, color) and
was assigned a stimulus complexity value of 3. To determine the response complexity, the
number of potential valid responses were counted for each stimuli, not assuming a specific
cue. For stimulus A, there was only one potential response option, as there was only one
color, one shape, and one size presented. The only valid button press was 1, and stimulus A
was assigned a response complexity value of 1. For stimulus B, there were two potential
response options, as there was one color, two sizes, and two shapes. Valid button presses
were 1 and 2, and stimulus B was, thus, assigned a response complexity value of 2. For
stimulus C, there were three potential response options: one size, two colors, and three
shapes (valid button presses were 1, 2, and 3). A response complexity value of 3 was
assigned to stimulus 3. Finally, for stimulus D, there was again only one potential response
option, as there were three sizes, three shapes, and three colors (valid button press was 3).
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Figure 2. Behavioral data from Design Factor x Trial Typeinteraction

Graphs of the Design Factor x Trial Type interaction for the three design factors, where
switch trial reaction times are shown in BLACK and non-switch trial reaction times in
GRAY. For stimulus and response complexity, an overall slowing with increased
complexity was observed. Of note, is that for trials with only one potential response option,
there was an extinguishing of switch costs. In considering the number of preceding non-
switch trials, there is an overall improvement in behavioral performance up to three
preceding non-switch trials. For switch trials preceded by four or more non-switch trials,
continued improvement is not observed, and switch costs actually revert back to the original
levels of switch trials preceded by only one non-switch trial.
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Figure 3. Main effects of switching

Regions with greater activity during switch trials are shown in YELLOW/ORANGE, and
regions with greater activity during non-switch trials are shown in BLUE/GREEN. The t-
maps have been thresholded at p < 0.05, corrected for multiple comparisons using False
Discovery Rate (FDR). Color bars are expressed in terms of t-scores, and images are
displayed in normal convention (left = left).
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Figure4. A: Parametric effects of stimulus complexity

Regions with greater activity for trials with high stimulus complexity are shown in
YELLOW/ORANGE, while regions with greater activity for trials with low stimulus
complexity are shown in GREEN/BLUE. B: Effects of stimulus complexity on switching.
Stimulus complexity related regions with greater activity during switch trials are shown in
YELLOW/ORANGE. Stimulus complexity related regions with greater activity during non-
switch trials are shown in GREEN/BLUE. C: Parametric effects of response complexity.
Regions with greater activity for trials with greater number of potential response options are
shown in YELLOW/ORANGE, while regions with greater activity for trials with fewer
number of response options are shown in GREEN/BLUE. D: Effects of response
complexity on switching. Response complexity related regions with greater activity during
switch trials are shown in YELLOW/ORANGE. Response complexity related regions with
greater activity during non-switch trials are shown in GREEN/BLUE. All t-maps have been
thresholded at p < 0.05, corrected for multiple comparisons (FDR). Color bars are expressed
in terms of t-scores, and images are displayed in normal convention.
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Figure 5. Parametric effects of number of preceding non-switch trials

Regions with greater activity for trials preceded by a greater number of non-switch trials are
shown in YELLOW/ORANGE, while regions with greater activity for trials preceded by a
lesser number of non-switch trials are shown in GREEN/BLUE. All t-maps have been
thresholded at p < 0.05, corrected for multiple comparisons (FDR). Color bars are expressed
in terms of t-scores, and images are displayed in normal convention.
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