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Abstract
Recent neuroscience evidence suggests that some higher-order tasks might benefit from a
reduction in sensory filtering associated with low levels of cognitive control. Guided by
neuroimaging findings, we hypothesized that cathodal (inhibitory) transcranial direct current
stimulation (tDCS) will facilitate performance in a flexible use generation task. Participants saw
pictures of artifacts and generated aloud either the object’s common use or an uncommon use for
it, while receiving cathodal tDCS (1.5 mA) either over left or right PFC, or sham stimulation. A
forward digit span task served as a negative control for potential general effects of stimulation.
Analysis of voice-onset reaction times and number of responses generated showed significant
facilitative effects of left PFC stimulation for the uncommon, but not the common use generation
task and no effects of stimulation on the control task. The results support the hypothesis that
certain tasks may benefit from a state of diminished cognitive control.



Introduction

Cognitive control is the ability to consider
multiple types of information from the environment
and bias these competing representations toward the
optimal alternative to promote the organism’s goals
in context (Miller & Cohen, 2001; Shimamura,
2000). Past research has implicated the prefrontal
cortex (PFC)— particularly the left ventrolateral
regions—in numerous domains requiring such
regulatory filtering of bottom-up information,
including working memory, language, and attention
tasks (Thompson-Schill, Bedny, & Goldberg,
2005). Successful performance in such tasks
typically involves representation of explicit abstract
rules and inhibition of irrelevant information for the
identification of an optimal response (e.g., Barde et
al., 2010, Thompson-Schill, et al., 1997). Although
the involvement of this region is undeniably critical
for several aspects of complex cognition, recent
evidence suggests that lack of top-down regulatory
filtering, as guided by PFC mechanisms, might—
perhaps paradoxically—benefit performance under
some circumstances (Thompson-Schill, Ramscar, &
Chrysikou, 2009). Diminished PFC functioning
(hypofrontality), coupled with increased activity in
posterior brain regions, may prove advantageous for
tasks that depend on availability of unfiltered
information.

Evidence in support of this view comes from
different domains. In tasks that require using
common objects in ways that deviate from an
abstract understanding of their intended function,
for example, young children appear less susceptible
to functional fixedness than adults, and tend to
generate effective solutions inspired by the objects’
low-level, perceptual features (German & Defeyter,
2000). Likewise, patients with frontotemporal
dementia, a disease that may selectively affect the
left frontotemporal cortex, exhibit spontaneous
visual artistic abilities, which they did not possess
prior to the onset of their disease (Seeley et al.,
2008). Moreover, the abnormal development of
PFC in autism, coupled with increased activity in
occipital regions, has been hypothesized to underlie
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exceptional artistic, musical, or visual memory
abilities in certain autistic individuals (e.g., Heaton,
et al., 2007; Snyder, 2009). Overall, this evidence
would suggest that certain tasks might benefit from
a temporary disengagement of PFC regulatory
mechanisms and a focus on unfiltered information
processed in posterior brain regions.

According to this prediction, in past work
we hypothesized that under the demands of a
flexible thinking task, healthy adults might benefit
from a state of lower cognitive control that would
likely reflect a lack of regulatory filtering of
available information. In a recent fMRI experiment
(Chrysikou & Thompson-Schill, 2011), two groups
of participants were shown pictures of common
objects (e.g., belt) and they were asked to generate
either the common use of each (e.g., to keep one’s
pants up) or an uncommon use for it (e.g., to use as
a tourniquet). The results showed an interaction
between task (common vs. uncommon use
generation) and brain region (PFC vs. visual
association cortex), supporting the hypothesis that
generating an uncommon use reduced demands for
filtering of low-level object properties (e.g., the
shape or materials of the objects) that would support
a novel use. This pattern supports the hypothesis
that there is tradeoff between unfiltered and PFC-
regulated thought, such that tasks that require more
of the former are associated with less of the latter,
and vice versa.

The aim of this experiment was to amplify
these neuroimaging results by using non-invasive
brain stimulation to examine the causal relationship
between reduced function in this region and
performance in tasks involving flexible thought.
Specifically, we used cathodal transcranial direct
current stimulation (tDCS) to suppress activity in
left PFC; tDCS is a noninvasive technique that
involves the application of small currents (typically
1-2 mA) to the scalp for a few minutes through two
surface electrodes, which can modulate cortical
excitability in the wunderlying brain region.
Conventionally, anodal tDCS stimulation increases



cortical excitability at the stimulation site through
subthreshold neuron soma depolarization, whereas
cathodal tDCS stimulation decreases cortical
excitability at the stimulation site due to neuron
soma hyperpolarization (Nitsche et al., 2008). As
such, tDCS has been increasingly used in various
domains within cognitive neuroscience to establish
relationships between activity in a particular brain
region and a specific cognitive function.

A series of studies have employed tDCS to
examine the involvement of PFC in tasks that
require regulation of thought. For example,
increasing PFC activity with anodal tDCS lead to
improvements in inhibitory control (Hsu et al.,
2011), working memory (Boggio et al., 2006), and
increased efficiency in task shifting (Leite et al.,
2011; see also Dockery et al., 2009), whereas
opposing effects of cathodal versus anodal
stimulation over left inferior PFC have recently
been reported on a feature categorization task
(Lupyan et al. 2012).

Guided by these findings and our earlier
fMRI results, we hypothesized that application of
cathodal stimulation over left PFC should facilitate
performance (compared to those in a sham
stimulation condition) for the Uncommon Use (UU)
task, which benefits from unfiltered, bottom-up
information, but not for the Common Use (CU)
task, which benefits from PFC-driven, top-down
regulation. To examine the regional specificity of
this effect, we also included a group of subjects who
received cathodal stimulation over right PFC. To
control for the possibility that cathodal stimulation
may influence performance regardless of the nature
of the tasks (e.g., due to differences in arousal,
demand characteristics, etc.) we included as a
negative control a Forward Digit Span (FDS) task,
which 1s wunrelated to PFC function, and
performance on which should not have been
affected by our particular electrode size and
placement (i.e., electrode montage) and stimulation
parameters (Tadini et al., 2011). Although electrical
field modeling suggests that tDCS may affect a
large area of cortex (Datta et al., 2009) and as such
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it 1s not sufficient for the exact specification of
structure-function relationships, application of
tDCS can be useful to examine the nature of the
contribution of a given brain region in a task such as
the one employed here, wherein there is no a priori
hypothesis that a specific subregion within PFC
would be associated with behavior. Notwithstanding
the absence of fine-grained brain-behavior
predictions, here we used confirmatory electrical
field modeling to verify that our particular electrode
montage resulted in patterns of current flow that
would inhibit lateral PFC.

Method

Participants. Forty-eight right-handed, native
English speakers (mean age = 23.38 years, 15
males) participated in the study for monetary
compensation, after providing informed consent, as
approved by the local Institutional Review Board.

Materials. Sixty gray scale pictures of everyday
objects (448 x 336 ppi) presented on a gray
background were used as experimental stimuli. The
images were a subset of normed stimuli employed
in a prior study involving the Uses Task (Chrysikou
& Thompson-Schill, 2011). Stimuli were presented
for 9000ms each, with a 3000ms interstimulus
interval, using E-Prime software (Psychology
Software Tools, Inc.) on a PC laptop computer. A
brief sound marked the presentation onset of each
image. Stimulus onset and participants’ vocal
responses were captured through a portable
microphone attached to participants’ clothing
directly under their mouth and connected to a
different laptop computer which recorded stimulus
onset and responses using Audacity® software.
Stimulus order across participants was randomized.

Design & Procedure. Participants were randomly
assigned to one of six conditions (with 8
participants in each) depending on the experimental
task they had to perform (either the CU or the UU
task) and the type of stimulation that they received
(cathodal stimulation either over left-PFC or right-
PFC, or sham stimulation). Participants were blind



to the stimulation condition. We chose a between-
subjects design due to the particular characteristics
of the Uses Task, namely, the likelihood that
participants would inadvertently  think  of
uncommon uses of the objects in the context of the
common uses task, and vice versa; in addition, we
wanted to maintain consistency with the design of
our previous neuroimaging study (Chrysikou &
Thompson-Schill, 2011). For the CU task,
participants reported aloud the most typical or
commonly-encountered use for each object (e.g.,
Kleenex tissue: use to wipe one’s nose); for the UU
task, participants generated a novel use for the
object, one they had not seen or attempted before,
that would be plausible, yet, which would deviate
significantly from the object’s common uses (e.g.,
Kleenex tissue: use as stuffing in a box).
Participants were informed that the tasks had no
right or wrong answers and that they should feel
free to produce any response they judged fit. They
were instructed to respond as quickly as possible
and to remain silent if unable to generate a
response. Prior to testing, participants received brief
training on either task depending on their condition.
Each task lasted 12 minutes. For the FDS control
task, participants were read 16 increasingly longer
number strings and repeated aloud each string
exactly in the order the numbers in each were
presented. The task was adapted from the Wechsler
Adult Intelligence Scale—Fourth Edition (WAIS-
IV, Pearson Education, Inc.). The duration of the
Forward Digit Span task was approximately 5
minutes. Task order was randomized across
participants and conditions. The entire experimental
session lasted 45 minutes.

tDCS Stimulation Parameters. tDCS was
administered via two 5cm x 5cm electrodes covered
with saline-soaked sponges. The stimulation site
was determined by means of a BraiNet 10/20
Placement cap (bio-medical.com) and was marked
with a red marker on the participant’s scalp. Guided
by the region of maximal differences in our fMRI
study, the cathode was placed either over area F7 or
over area F8 on the 10/20 system for stimulation of
PFC (Homan et al., 1987) depending on the
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participant’s condition; the anode was placed over
the contralateral mastoid (see Fig. 4 for left
cathode/right anode montage). tDCS stimulation
was applied using an Eldith DC stimulator
(Magstim, Ltd.) at 1.5 mA for a maximum of 20
minutes (including 10 seconds ramp-up and 10
seconds ramp-down time). These parameters are
within safety limits established from prior work in
humans (e.g., Bikson et al., 2009; Nitsche et al.,
2003; Tadini et al., 2011). In the stimulation
conditions, stimulation began for 180 seconds prior
to the onset of either the experimental or the control
task; during this interval participants were looking
at a blank fixation screen. This period was
introduced based on past results suggesting that
cortical excitability changes with tDCS are not
observed until after 3-5 minutes of stimulation
(Nitsche & Paulus, 2000). Participants in the sham
conditions were also presented with a blank fixation
screen for 180 seconds prior to the onset of either
the experimental or the control task; stimulation
began for the first 90 seconds of the 180-second
interval and then, unbeknownst to the participants,
was automatically turned off. The placement of the
cathode for the sham conditions (either over F7 or
over F8) was counterbalanced across participants.

Results
No Effects of Stimulation on Forward Digit Span
Performance. All participants completed the
experimental session and no adverse effects were
reported. There were no differences in performance
on the Forward Digit Span between participants
who received the task before and those who
received it after the experimental task (p > 0.87), or
between participants who received as the
experimental task the CU task and those who
received as the experimental task the UU task (p >
0.64). Thus, performance on the control task was
collapsed across the experimental task conditions.
Each participant’s total number of correct responses
(out of 16) was entered into one-way Analysis of
Variance (ANOVA). There were no effects of
stimulation on the Forward Digit Span task across
the three stimulation conditions (F[2,42]=0.33, p =
0.72; Fig. 1). Thus, cathodal tDCS stimulation



either over left or right PFC did not influence
performance on the Forward Digit Span control
task.
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Figure 1. Performance on the Forward Digit Span Task by
Stimulation Condition. Error bars indicate the standard error
of the mean.

Effects of Cathodal Left PFC Stimulation on the
Uses Task. Participants’ responses were transcribed
from the audio recordings. Blank responses (see
separate analysis below) and answers that did not
comply with the experimental instructions (< 1%)
were removed from the analysis. Voice-onset
reaction times were obtained manually using
Audacity® software by an experimenter blind to the
participants’ condition. A second experimenter
obtained reaction times (RTs) in the same manner
from a randomly selected subset of the data (~25%)
to verify accuracy (inter-experimenter reliability
[Pearson’s r] was over 97%). Following data
verification, median RTs were derived for each
participant. There were no differences in
performance on the Uses Task between participants
who received the task before and those who
received it after the FDS control task (p > 0.59).
Median RTs (Fig. 2) were entered into a 2 (task) x 3
(stimulation type) ANOVA. There was a significant
main effect of task (F[1,42]=169.64, p < 0.001) and
condition (£]2,42]=3.37, p = 0.04). Critically, the
task X condition interaction was significant
(F[2,42]=5.55, p = 0.007). For the UU task, two
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planned orthogonal contrasts revealed that
participants who received cathodal tDCS over left
PFC generated uncommon uses significantly faster
than participants who received cathodal tDCS over
right PFC and participants who received sham
stimulation (#[22]=3.30, p = 0.003); and, that
participants who received cathodal tDCS over right
PFC did not generate uncommon uses faster than
those who received sham stimulation (¢[14]=0.44, p
= 0.67). Neither of these contrasts for the CU task
was significant (#22]=0.91, p = 037 and
{[14]=0.12, p = 0.91, respectively). Overall, these
results support the hypothesis that cathodal
stimulation over left PFC facilitates performance on
a semantic generation task that benefits from
unfiltered, bottom-up information.
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Figure 2. Performance on the Uses Task by Stimulation
Condition. Error bars indicate the standard error of the mean.
** p<.01

Analysis of Response Omissions. We also assessed
whether cathodal stimulation over left PFC would
affect the likelihood that participants would
generate a response in the time allotted. As with
response time, we entered the number of response
omissions for each participant in each condition into
a 2 (task) x 3 (stimulation type) ANOVA (Fig. 3).
There was a significant main effect of task
(F[1,42]=65.55, p < 0.001), and there were
marginally-significant trends for the main effect of
condition (F[2,42]=2.71, p = 0.078) and for the task
x condition interaction (F[2,42]=2.66, p = 0.08).
Planned orthogonal contrasts revealed that
participants who received cathodal tDCS over left



PFC omitted fewer responses than did participants
who received cathodal tDCS over right PFC and
participants who received sham stimulation
(#[22]=2.28, p = 0.03); participants who received
cathodal tDCS over right PFC did not differ from
those who received sham stimulation (¢[14]=0.56, p
= 0.57). Neither of the planned comparisons for the
CU task was significant (¢/[22]=0.26, p = 0.80 and
{[14]=0.40, p = 0.69, respectively). These results
suggest that, beyond increasing the speed of
generation of uncommon uses, cathodal tDCS over
left PFC also reduced the number of response
omissions in the UU condition.
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Figure 3. Mean Number of Response Omissions by
Stimulation Condition. Error bars indicate the standard error
of the mean. * p <.05.

Model of Current Flow. In studies using tDCS, the
electrode montage in conjunction with the anatomy
of the underlying brain regions, determines the
resulting current flow in the brain and, as such, any
possible  neurophysiogical effects on task
performance. Although a growing body of literature
has reported significant effects of tDCS in behavior
as discussed above, the majority of studies have not
incorporated current flow analyses to guide or
confirm that a particular montage is associated with
the predicted patterns of anodal or cathodal current
flow. Computational models using finite element
methods (FEM) are standard tools for predicting
current flow through the brain during tDCS (Datta
et al.,, 2011). Accordingly, in the present study
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induced electrical fields were modeled in a single
individual (Fig. 4) to verify the mode of
polarization under the cathode leading to somatic
hyperpolarization/decreased excitability in PFC
(Radman et al., 2007).

Consistent with findings using other bipolar
montages, tDCS generated a complex pattern of
current flow across the brain with clusters of
electrical field peaks reflecting the idiosyncratic
cortical gyrations. Consistent with our objective,
peak current was under the posterior portion of the
cathode electrode (PFC), which was the most
homogeneous region of consistently unidirectional,
soma hyperpolarizing current flow. A second
current peak in the temporal cortex was more
heterogeneous and bidirectional, and therefore less
likely to drive consistent resting membrane
potential hyperpolarization in that region. The use
of a mastoid anode resulted in diffused inward
current flow across the right hemisphere and also
superior to the cathode electrode, but there was no
uniformly inward region comparable to that
observed under the cathode (Fig. 4). The model thus
confirmed that the selected montage produces
dominantly outward current flow in PFC, with
diffuse bi-directional current flow in other regions
between the electrodes.

Figure 4. Modeling of electrical fields induced by tDCS.
tDCS stimulation montage and model of current flow for
cathodal stimulation over left PFC, with the cathode (depicted
in black) over F7 and the anode (depicted in red) over the
contralateral mastoid. The ‘mirror,” reverse configuration was



used for cathodal stimulation over right PFC. The third
column shows the magnitude of the induced electrical field,
which is maximal directly under the electrodes. Points of high
current density (peak current flow) are shown in left PFC and
left temporal cortex. The fourth column shows the
directionality of the current flow, with consistent cathodal
(i.e., outward) current flow (depicted in blue) over left PFC
(left side view), but inconsistent anodal (i.e., inward) current
flow (depicted in red) over right hemisphere (right side view).
This pattern of directional current was expected to decrease
left PFC excitability. Individual variation in gyral anatomy
may result in differences in the precise location of the effect
across subjects, but the model serves to confirm the expected
effect of this montage on the PFC in general.

This head model was created from a high resolution
magnetic resonance image (MRI) of an adult male, and
segmented into gray matter, white matter, cerebrospinal fluid
(CSF), skull, scalp, eye region, muscle, and air compartments
(Custom Segmentation, Soterix Medical, New York, NY). The
finite element mesh generated from the segmentation masks
was exported to COMSOL Multiphysics 3.5a (Burlington,
MA) for computation of electric fields (EF; Datta et al., 2011).
To complete the model, a synthetic region was added to
replace tissue clipped by the MRI acquisition volume. The
following isotropic electrical conductivities (in S/m) were
assigned: gray matter: 0.276; white matter: 0.126; CSF: 1.65;
skull: 0.01; scalp: 0.465; eye region: 0.4; muscle: 0.334; air:
le-15; synthetic region: 0.17; sponge: 1.4; electrode: 5.8¢7.
The Laplace equation was solved and induced cortical EF
maps were determined. Cortical EF surface and crosssection
magnitude maps for the left cathodal/right anodal electrode
montage were determined.

Discussion

We used tDCS to examine the hypothesis that
certain tasks involving flexible thought may benefit
from reduced PFC regulation, and a focus, instead,
on unfiltered bottom-up information. As predicted,
cathodal tDCS over left PFC, relative to cathodal
tDCS over right PFC and sham stimulation, lead to
significant improvements in the total number and
the speed in which participants generated
uncommon uses, but not typical uses, for everyday
objects. Furthermore, tDCS did not alter
performance on the FDS control task. Our results
offer support for the hypothesis that a hypofrontal
cognitive state—and consequent lack of top-down
regulatory filtering—may benefit performance in
tasks that require availability of unfiltered, low-
level information.
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Our computational model confirmed that our
particular electrode montage lead to a pattern of
current flow concentrated in the stimulated
hemisphere. Although the exact manner in which
tDCS influences cortical excitability is currently
unknown, based on the model’s output we
hypothesize that cathodal stimulation may have led
to PFC hypofunction, which selectively facilitated
performance on the UU task for the left PFC
stimulation condition. This interpretation is in line
with past findings suggesting benefits to creative
cognition under hypofrontal cognitive states (e.g.,
Molle et al., 1999; Limb & Braun, 2008).

Our findings do not indicate that al/l aspects
of behavior that could be characterized as creative
benefit from a state of reduced cognitive control.
Flexible 1dea generation can benefit from
availability of unfiltered information (as we have
just shown), but creative thought may also depend
on access to remote associations that have been
associated  with  right-hemisphere  functions
(Kounios & Beeman, 2009) or the evaluation and
selection of an optimal idea when implementing a
particular goal. Recent evidence in the neural
stimulation literature supports this point. For
example, cathodal tDCS over the left anterior
temporal lobe but with concurrent anodal tDCS
over the right anterior temporal lobe lead to
performance benefits in a matchstick arithmetic task
that involves violations of rule-based thought (Chi
& Snyder, 2011). Similarly, anodal stimulation over
left PFC, but not cathodal or sham stimulation, lead
to improvements in performance in a remote
associates task (RAT) that incorporates a creative
component and, critically, convergence to a single
correct response unlike our open-ended task
(Cerruti & Schlaug, 2008)". Studies such as these,
and the present one, illustrate the need to better
characterize the component processes that
contribute to behaviors that are conveniently (but
perhaps not usefully) lumped together as examples
of “creativity”.

The application of cathodal tDCS over PFC
that was employed in this study was guided by past



research on the possible benefits of hypofrontality
in a variety of tasks, as well as our own fMRI
findings on the Uses Task. Whether or not anodal
tDCS over left PFC would lead to the reverse
effects, namely performance deficits in the Uses
Task and any other tasks that depend on availability
of unfiltered data (Ambrus et al., 2011), remains an
open question. Furthermore, in this experiment we
chose to increase the availability of object
information (e.g., shape, material) by using pictorial
stimuli, which may have strengthened our observed
effect; thus, it is possible that stimulus modality
(i.e., verbal or pictorial) can moderate the outcome
of tDCS. Finally, in this paradigm the application of
tDCS was concurrent with the experimental tasks,
and it is possible that there are differences in
performance with different timing parameters,
including application of tDCS prior to testing
(Stagg et al., 2011; Zheng et al, 2011).
Notwithstanding these remaining questions, the
present experiment is the first to demonstrate that
alterations in PFC function by means of cathodal
tDCS over left PFC can be associated with the
availability of low-level, bottom-up information in a
task involving flexible object use.
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Footnotes

'"The current flow model revealed an unpredicted,
secondary current peak, albeit not uniform, in
lateral temporal cortex that may, in part, account for
the magnitude of the observed effect on RTs under
left PFC stimulation. Specifically, cathodal tDCS
over left PFC may have inhibited PFC-guided
tendencies to organize knowledge according to
abstract, categorical rules. On the other hand, the
effects of cathodal tDCS in lateral temporal cortex
may have inhibited access to stored categorical
knowledge per se, which has been associated with
activity in this region in past research. For example,
in an fMRI adaptation paradigm it has been shown
that activation in posterior lateral temporal cortex is
associated with sematic retrieval, whereas activation
in left vetrolateral PFC is associated with semantic
ambiguity (Bedny et al., 2008). Limited access to
stored categorical knowledge through left cathodal
tDCS may have lead to accumulated benefits for the
UU task, performance in which depends on the
temporary distancing from exactly this type of well-
established knowledge of object function that is
associated with activity in left lateral temporal
cortex. Although it is difficult in the present
paradigm to isolate the independent contributions of
left PFC and temporal cortex to the observed
effects, decreased function in these regions is
consistent with the observed facilitation in
performance in the UU task.
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