
ARTICLE

Using prefrontal transcranial direct current stimulation (tDCS)
to enhance proactive cognitive control in schizophrenia
Megan A. Boudewyn1, Katherine Scangos2, Charan Ranganath3 and Cameron S. Carter3

The goal of this study was to use transcranial direct current stimulation (tDCS) to examine the role of the prefrontal cortex (PFC) in
neural oscillatory activity associated with proactive cognitive control in schizophrenia. To do so, we tested the impact of PFC-
targeted tDCS on behavioral and electrophysiological markers of proactive cognitive control engagement in individuals with
schizophrenia. Using a within-participants, double-blinded, sham-controlled crossover design, we recorded EEG while participants
with schizophrenia completed a proactive cognitive control task (the Dot Pattern Expectancy (DPX) Task), after receiving 20min of
active prefrontal stimulation at 2 mA or sham stimulation. We hypothesized that active stimulation would enhance proactive
cognitive control, leading to changes in behavioral performance on the DPX task and in activity in the gamma frequency band
during key periods of the task designed to tax proactive cognitive control. The results showed significant changes in the pattern of
error rates and increases in EEG gamma power as a function of tDCS condition (active or sham), that were indicative of enhanced
proactive cognitive control. These findings, considered alongside our previous work in healthy adults, provides novel support for
the role gamma oscillations in proactive cognitive control and they suggest that frontal tDCS may be a promising approach to
enhance proactive cognitive control in schizophrenia.
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INTRODUCTION
Schizophrenia is a disorder characterized by psychotic symptoms
and cognitive deficits [1–3]. Schizophrenia is particularly asso-
ciated with impairment in the abilities that support goal-directed
cognition, or “cognitive control” [4], including proactive cognitive
control, which refers to the maintenance and representation over
time of goals, context or rules that are relevant to the task at hand.
For example, proactive cognitive control enables participants use
the rules of an experimental task to prepare an upcoming
response (e.g., preparing to respond to a target after seeing a cue).
Proactive cognitive control stands in contrast to reactive control,
which refers to adjustments in behavior made in response to
increased cognitive demands. In short, proactive cognitive control
involves preparation for upcoming cognitive demands, and
reactive control involves after-the-fact responses to cognitive
demands. Individuals with schizophrenia have impairments in
both proactive and reactive cognitive control; our focus in the
current paper is on proactive cognitive control in particular.
Proactive cognitive control is thought to be supported by the
dorsolateral prefrontal cortex (PFC), a key hub in the larger frontal-
parietal cognitive control network [5]. Deficits in proactive
cognitive control have been consistently reported in schizophre-
nia, accompanied by dysfunction in the underlying neural
circuitry, including the dorsolateral PFC (see Lesh et al. [4] for a
review).
Recent work in both healthy adults and in schizophrenia has

suggested that targeting neural circuits known to support
cognitive control processes with noninvasive brain stimulation
may enhance behavioral performance and neural markers of
cognitive control [6–9]. For example, in a study of healthy adults,

we found that stimulating the PFC with transcranial direct current
stimulation (tDCS) prior to a proactive cognitive control task
increased gamma band activity related to goal maintenance (a key
element of proactive cognitive control), compared with sham
stimulation [10]. Given that proactive control is impaired in
schizophrenia, the goal of the current study was to determine if
frontal tDCS could be used to enhance this ability in patients.
Electrophysiological recordings (EEG) provide a high temporal

resolution tool to examine cognitive processing in schizophrenia.
Specifically, studies of scalp-recorded EEG have found that,
compared with healthy adult participants, participants with
schizophrenia show reduced gamma band activity (30–80 Hz) in
response to task conditions that are demanding of proactive
cognitive control [11, 12]. High-frequency activity in the gamma
band has been linked to higher-order cognitive functions, and
sustained dorsolateral PFC gamma activity has been observed in
response to increased cognitive control demands using intracra-
nial EEG recordings [13].
We tested the impact of PFC-targeted tDCS on behavioral and

neural markers of proactive cognitive control using a within-
participants, double-blinded, sham-controlled crossover design.
To examine proactive cognitive control, we recorded EEG while
participants with schizophrenia completed the dot-pattern
expectancy (DPX) task following tDCS administration (see Fig. 1
for task overview). This task is designed to engage proactive
cognitive control by showing cue-probe sequences that require
participants to maintain cue context over a delay in order to
correctly respond to probes [14, 15]. This task is adapted from the
AX Continuous Performance task (AX-CPT), which uses letters as
cues and probes rather than the dot patterns used in the DPX task.

Received: 31 March 2020 Revised: 16 June 2020 Accepted: 19 June 2020
Published online: 30 June 2020

1University of California, Santa Cruz, CA, USA; 2University of California, San Francisco, CA, USA and 3University of California, Davis, CA, USA
Correspondence: Megan A. Boudewyn (mboudewyn@ucsc.edu)

www.nature.com/npp

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2020

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0750-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0750-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0750-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0750-8&domain=pdf
mailto:mboudewyn@ucsc.edu
www.nature.com/npp


Compared with healthy controls, patients with schizophrenia
show deficits in performance on both versions of this task [16–18].
In the DPX task, cues and probes are classified as targets or

nontargets. Targets consist of a particular dot pattern probe (“X”)
that is preceded by a particular dot pattern cue (“A”), known as an
“AX” trial. All other stimuli are nontargets. AX trials comprise the
majority of stimuli, which leads participants to develop an
expectation to make a target response to probes after seeing an
“A” cue, and when seeing “X” probes generally. Successful
proactive cognitive control is associated with a AY > BX error
pattern [16–20]. This is because proactive cognitive control
engagement in the form of anticipation of an “X” probe after an
“A” cue leads to an increased error rate on AY trials. In contrast, on
BX trials, proactive control engagement to maintain “B” cue
context and preparing to respond to a nontarget leads to a
reduced error rate. Thus, successful use of proactive cognitive
control is a disadvantage on AY trials, but an advantage on BX
trials and on overall trial performance.
Compared with sham stimulation, we predicted that active

stimulation of the PFC would enhance proactive cognitive control,
leading to changes in both behavioral performance on the DPX
task and activity in the gamma frequency band. Behaviorally, we
predicted that active stimulation would decrease BX errors and
conversely increase AY errors, compared with sham. For the EEG
data, we predicted that consistent with the results reported by
Boudewyn et al. [10] in healthy adults, gamma power would be
increased for active stimulation compared with sham, and

specifically, that active stimulation would enhance the gamma
power in the delay period between cue and probe. We focused on
the delay period between cue and probe because this is when
proactive cognitive control demands are highest, as the cue
context must be maintained in order to guide responding to the
upcoming probe. Last, we predicted that active stimulation may
enhance delay period gamma power for relatively more demand-
ing B cue trials compared with A cue trials (on which additional
proactive cognitive control is needed to prepare to make a
relatively rare, nontarget response), as reported in healthy adults
by Boudewyn et al. [10].

METHODS
Participants
In total, 37 participants (12 female) with schizophrenia or a
schizophrenia spectrum disorder were enrolled in this experiment.
Participants were recruited through the Early Diagnosis and
Preventive Treatment of Psychosis clinic at the University of
California, Davis Medical Center. Participants were recruited with
the following exclusion criteria: (a) IQ below 70, as measured by
the Wechsler Abbreviated Scale of Intelligence; (b) history of
neurological illness, including head injury; (c) substance-related
disorder in the previous 6 months; (d) uncontrolled medical illness;
(e) history of electroconvulsive therapy; (f) pacemakers, implants
or other metal in the body; (g) corrected vision that does not
achieve 20/30. All participants provided informed consent, with
approval from the Institutional Review Board at the University of
California, Davis. Participants were compensated at a rate of $15
per hour for completing this study.
Diagnoses were established using the Structured Clinical

Interview for DSM-IV Axis 1 Disorders, with experienced clinicians
conducting all diagnostic evaluations. Diagnoses were confirmed
by consensus conference. All clinicians demonstrated reliability,
defined by >0.8 intraclass correlation coefficients for continuous
measures, and by kappa >0.7 for categorical measures. All
clinicians participated in monthly reliability checks to prevent
drift from these standards. Clinical symptom scores were
measured using the Brief Psychiatric Rating Scale (BPRS) and the
Scales for the Assessment of Positive and Negative Symptoms
(SAPS and SANS).
Of the 37 participants enrolled in the study, 4 did not return for

the second session, 1 did not have data at both sessions because
of technical problems during EEG recording, and 5 were excluded
because they had too few artifact-free trials on the EEG task
(artifact correction and rejection procedures are described below).
Thus, 27 participants (8 female) had complete usable datasets. All
analyses reported in this manuscript reflect this final sample.
Demographic information and clinical symptom scores are
summarized in Table 1.

Protocol overview
We used a within-participants, double-blinded, sham-controlled
crossover design in this study. All participants completed both
stimulation condition (sham and active) on different days. The
order of sessions was randomized across participants (average
interval between sessions: 8.93 days; range: 2–28 days). Partici-
pants and the primary experimenter were blinded to experiment
condition. A secondary experimenter not blinded to experiment
condition operated the neurostimulation software. Each session
started with administration of tDCS, during which participants
completed the N-back task, which has been shown to engage the
prefrontal circuits targeted by our active stimulation protocol
[21, 22]. The use of task-engaged stimulation was motivated by
previous tDCS work suggesting enhanced effects of protocol
when stimulation is administered while participants performed a
relevant task [23]. Both stimulation conditions (sham and active)
were administered and EEG was recorded using a StarStim32

Fig. 1 Sample stimuli and timing information for the Dot Pattern
Expectancy (DPX) Task. The Dot Pattern Expectancy (DPX) task is a
modification of the AX continuous performance task (AX-CPT). In
the DPX, dot patterns are used as stimuli. The version used here was
developed by the CNTRACS initiative and is freely available online
(http://cntracs.ucdavis.edu/dpx). The task consists of 144 trials across
4 blocks (36 trials per block). Each trial consisted of a cue-probe pair,
in four conditions: AX (72%), AY (11%), BX (11%), and BY (6%). AX
trials serve as targets, and all other cue-probe combinations are
nontargets. Only trials on which participants responded correctly to
the cues were analyzed.
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neurostimulator (neuroelectrics.com) and corresponding
NIC1.0 software. The StarStim32 system includes electrodes
capable of both recording and stimulation. Thus, cap preparation
and electrode placement for both tDCS and EEG were completed
in one step prior to the start of the tDCS protocol, and EEG data
collection began directly after stimulation. Participants completed
entrance and exit mood questionnaires to screen for possible
changes in mood due to stimulation (none reported), and
completed three tolerability questionnaires during stimulation,
rating sensations of itching, heat and tingling on a scale of 1–10.
Participants were informed that ratings of 7 or higher on any of
those sensations corresponded to painful levels, and our protocol
called for immediate ramp-down and discontinuation of stimula-
tion should a rating of 7 or higher be recorded (none reported;
average rating was 2.18 on a scale of 1–10 where 1 was none/very
mild, 7 was so bothersome that you would like to stop, and 10 was
maximally uncomfortable/painful). Immediately following stimula-
tion, participants completed the DPX task. Sample stimuli and
timing information for the DPX task are shown in Fig. 1.

tDCS and EEG
Direct current was administered using Neuroelectrics Pistim
electrodes, which have a π cm2 contact area on an Ag/AgCI pellet
with a 12mm diameter (anode placement: over left dorsolateral
PFC (F3); cathode placement: right supraorbital site (FP2)). This
montage is commonly used to target the dorsolateral PFC [10, 24].
Stimulation parameters were informed by our previous study in
healthy young adults [10]: during active stimulation, current was
administered for 20 min at 2 mA, with a 30-s ramp-up and ramp-
down. Sham stimulation followed the same procedure, except that
current ramped down and remained off after the 30-s ramp-up at
the beginning of the 20-min period.

Time-frequency analysis
EEG recording and pre-processing details are described in
the Supplemental Materials. EEG spectral power was calculated
by convolving single-trial epochs with 7-cycle complex Morlet
wavelets (as in Boudewyn et al., [10]). Power for 154 log-spaced
frequencies from 3 to 80 Hz was averaged across trials within a
condition and log-transformed. For analysis, average power in the
gamma band (30–80 Hz) was computed and averaged across
electrodes in a cluster. Electrodes were grouped spatially into

seven clusters: Left Frontal (F3, F7, FC5), Mid Frontal (AF4, AF3, Fz),
Right Frontal (F4, F8, FC6), Central (FC2, Cz, CP2, FC1, CP1), Left
Posterior (P3, CP5, P7), Mid Posterior (O1, Oz, O2), and Right
Posterior (P4, CP6, P8).

Statistical analyses
To analyze both the behavioral and EEG data, we conducted
(rANCOVA), with the within-participants factor of Protocol (Sham,
Active), between-participants factor of Run Order (2 levels: Sham
First, Active First), and the number of days between sessions as a
covariate (Days Between). Run Order and Days Between were
added to examine order effects, based on pilot testing that
indicated the presence of such effects in similar protocols, and as
has been done in previous tDCS studies [25–28]. The EEG analysis
also included the within-participants factors of Trial Type and
Electrode Cluster. Significant interactions with Protocol were
followed up with additional analyses, and the Greenhouse-
Geisser correction was applied to all analyses with more than
one degree of freedom in the numerator.

RESULTS
Behavior
DPX error rate data. As noted above, AY and BX trials were our
primary focus in this study, and specifically, the AY > BX contrast
(indicative of proactive cognitive control engagement). Thus the
error rate for AY minus BX trials was used as the dependent
measure in a rANCOVA with the factors Protocol, Run Order and
Days Between, as described above. There was a significant main
effect of Protocol (F(1,24)= 5.474; p= 0.028; η2= 0.157), such that
the AY-BX contrast was less negative for Active than Sham
stimulation. As can be seen in Fig. 2, this was driven by a reduction
in the BX error rate for Active stimulation compared with Sham,
paired with the reverse error rate pattern for AY trials. The
interactions of Protocol with either Days Between (F(1,24)= 3.2;

Table 1. Demographics, symptom severity, and medication
information for all participants.

Measure Mean Range Standard
deviation

Age 22.76 18–30 3.65

IQ (WASI) 105.41 73–138 15.43

Education (Self, Years) 13.15 11–16 1.43

Education
(Parental, Years)

12.98 2–18 3.48

Years since First Episode
of Psychosis

2.96 0.71–6.33 1.26

BPRS total 43.19 27–72 13.12

SAPS total 16.41 0–45 14.33

SANS total 29.63 5–70 17.78

Medication N Percentage

Unmedicated 4 14.81%

Antipsychotics 21 77.78%

Antidepressants 6 22.22%

Anticholinergics 1 3.7%

Mood Stabilizers 2 7.41%

Fig. 2 Behavioral results. a error rate (%) for all trial types, for active
DLPFC-targeted stimulation and sham stimulation. b AY minus BX
error rate (%) for active DLPFC-targeted stimulation and sham
stimulation. Error bars reflect the standard error of the mean, with
the covariate Number of Days evaluated at 8.93 (mean). *p < 0.05.
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p= 0.086) or Run Order (F(1,24)= 2.15; p= 0.156) did not reach
statistical significance.

EEG (DPX Task). Our primary focus in this study was on gamma
activity during the delay period between the cue and the probe
on the DPX task that followed tDCS administration. We
hypothesized that active stimulation would enhance proactive
cognitive control compared with sham stimulation, leading to an
increase in gamma power during the delay period.
We conducted a repeated measures analysis of covariance

(rANCOVA) of delay period gamma power adding the within-
participants factor of Trial Type (2 levels: A Cue, B Cue) and
Electrode Cluster (7 levels: Left Frontal, Mid Frontal, Right Frontal,
Central, Left Posterior, Mid Posterior, Right Posterior) to the factors
Protocol, Run Order, and Days Between that are described above.
Results are summarized below and in Fig. 3.
Consistent with our primary hypothesis, the omnibus rANCOVA

showed a significant main effect of Protocol (F(1,24)= 6.55; p=
0.017), such that Active stimulation yielded increased delay period
gamma power compared with Sham stimulation, overall. This
effect was characterized by significant interactions with Run
Order, meaning that there were different patterns of results for
participants who completed the Active before the Sham session
and those who completed the Sham session before the Active
session (See Supplemental Table 1 for complete omnibus results).
Follow-up analyses to break down this interaction revealed that
participants who completed the Sham session first showed an
overall enhancement of delay period gamma power during the
Active session, as compared with the Sham session (F(1,11)= 7.94;
p= 0.017), and that delay period gamma power was higher for A
Cues than for B Cues (F(1,11)= 14.9; p= 0.003). In contrast,
participants who received active stimulation first showed no
significant overall effect of tDCS Protocol, but did show significant
interactions of Protocol by Trial Type by Cluster (F(6,72)= 3.26;
p= 0.018) and Protocol by Trial Type by Cluster by Days Between
(F(6,72)= 2.8; p= 0.034). Additional follow-ups by Cluster showed
that the Active > Sham pattern for delay period gamma power
was significant at all electrode clusters except Left and Mid
Posterior for participants who received Sham First, but not present
for any individual Cluster for participants who received Active First
(See Supplemental Tables 2 and 3 for complete follow-up results).
These results showed that the Active > Sham pattern was driven
primarily by participants who received Sham First.

DISCUSSION
In this study, we used a within-participants, double-blinded, sham-
controlled crossover design to test the impact of PFC targeted
tDCS on behavioral and gamma band markers of proactive
cognitive control in schizophrenia. Results showed that active
stimulation significantly enhanced proactive cognitive control, as

indicated by the increased tendency to show AY, relative to BX,
errors. As most trials wereAX trials, good use of cue context
(successful proactive cognitive control) led participants to prepare
to make a target response to an anticipated X trial. Thus, poor use
of cue context to prepare for probe response actually aided
performance on AY trials, as it minimized an individual’s tendency
to prepare to make a target response on an expected X probe that
is then not received (i.e., poor proactive cognitive control should
reduce the AY error rate). In contrast, poor use of cue context to
prepare for probe response negatively impacted performance on
BX trials, as it minimized an individual’s ability to prepare to inhibit
the prepotent target response when encountering an X probe (i.e.,
poor proactive cognitive control should increase BX error rate).
Indeed, previous studies have found that individuals with
schizophrenia make more errors on BX trials than on AY trials
on the DPX task or its variant, the AX-CPT task [16–19]. In contrast,
healthy adults tend to show either the reverse error pattern, or
else similar error rates on these two trial types; in either case,
compared with individuals with schizophrenia, an increased AY >
BX error rate ratio is typically observed in healthy adults, indicative
of intact proactive cognitive control processes [16–20]. In the
current study, the finding that active prefrontal stimulation
significantly reduced the BX error rate and increased the AY error
rate (i.e., increased the AY > BX error rate ratio) compared with
sham indicates that PFC-targeted tDCS led to stronger use of the
context provided by the cues on this task, compared with sham,
an indication of improved cognitive control.
The EEG results confirmed that prefrontally focused stimulation

enhanced delay related gamma activity compared with sham
stimulation. Our analysis demonstrated a robust active>sham
effect for delay period gamma power across all trial types.
Although the B > A contrast can be used to isolate a particularly
challenging proactive cognitive control condition (B cue delay
period) by subtracting a less challenging condition (A cue delay
period), all cues require proactive cognitive control during the
delay period in order to maintain cue context and prepare to
make a correct response to the probe. Indeed, our pattern of
behavioral results, with increased AY errors and decreased BX
errors as a function of active stimulation compared with sham, is
consistent with this interpretation. This result demonstrates that
PFC-targeted tDCS can increase gamma power related to
proactive cognitive control engagement in schizophrenia.
Our results are consistent with the results of Hoy et al. [29], who

found evidence that PFC-targeted stimulation may increase
activity in the gamma band and improve performance on the N-
back task. In that study, behavioral performance and gamma band
activity measured 40min after 2 mA PFC-targeted stimulation was
significantly increased when compared with 0 min after stimula-
tion [29]. Although not compared directly to sham stimulation,
this finding provided valuable initial evidence of tDCS-induced
gamma band effects in schizophrenia during a task known to

Fig. 3 Time-frequency results at the Left Frontal electrode cluster for Active, Sham and Active>Sham stimulation, time-locked to the
cues, and extending through the delay period (2000–3000ms), for all cues combined. The black boxes indicate delay period gamma band
activity (30–80 Hz from 2000 to 3000ms post cue onset).
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engage the PFC. The current results are also consistent with our
previous work in healthy adults, in which we also observed greater
gamma band power during the delay period on this task for active
PFC-targeted tDCS compared with sham stimulation [10]. In that
study, we additionally observed greater gamma band activity in
the delay period following B cues compared with A cues in
healthy adults [10]. A similar pattern has been reported in healthy
adults using a different proactive cognitive control task, in which
increased gamma power was found during the delay period
following cues indicating that a relatively difficult probe was
coming next than following cues indicating that a relatively easy
probe was coming next [11, 12]. This association between intact
proactive cognitive control and greater delay period gamma
power for B cues compared with A cues informed our initial
predictions in the current study. Specifically, we hypothesized that
this pattern might be found for active stimulation compared with
sham, although it is important to note that these studies also
found that participants with schizophrenia did not show this
pattern of gamma activity compared with healthy adults [11, 12].
The current results are therefore consistent with the previously
reported pattern in patients. While our results indicate that single-
session tDCS to PFC yielded increased proactive cognitive control
engagement and overall greater delay period gamma power
compared with sham, it is possible that it was not sufficient to
produce the gamma power effect for the more challenging B cue
trials compared with A cue trials. It is also possible that the
relatively small number of B cue trials in this study limited our
ability to capture this contrast. This would be an important
question to address in future studies.
The results of the current study have both translational and

theoretical implications. Executive control deficits are a core
feature of cognitive impairment in the disorder with significant
impact on real-world functioning [1–3], and the current results
provide initial evidence to motivate future studies of tDCS as a
potential means of enhancing proactive cognitive control in
schizophrenia. While it is premature to conclude that tDCS is a
viable means of improving proactive cognitive control in
schizophrenia, the current results suggest that it may be possible
to enhance behavioral and EEG markers of proactive cognitive
control in schizophrenia, in the context of a single-session
experiment. It will be important for future work to replicate and
extend these results to address questions such as the duration and
generalizability of the effects of stimulation.
In addition, the current results provide new evidence for the

hypothesized role of the PFC and gamma activity in supporting
proactive cognitive control. The PFC is part of a distributed frontal-
parietal cognitive control system, and is thought to be critical for
proactive cognitive control processes such as goal maintenance,
referring to the maintenance and representation of task-relevant
goals and rules over time [5, 30–32]. Proactive cognitive control
and specifically goal maintenance have been consistently shown
to be impaired in schizophrenia, and this impairment has been
linked to dysfunction of the PFC [18, 32]. These findings have
informed the interpretation of EEG studies of schizophrenia that
have demonstrated deficits in proactive cognitive control and
linked them to disrupted neural oscillations in the gamma band
[11, 12, 33, 34]. In the current study, we used tDCS to directly
manipulate neural activity in the PFC, which yielded causal
evidence connecting PFC-modulated gamma band activity to
proactive cognitive control.
Gamma band activity is a high-frequency signal strongly linked

to the BOLD response measured by fMRI [35, 36]. Based on these
findings and on observations of gamma band activity with
intracranial recordings, gamma activity is thought to be a marker
of local cortical activity, rather than a marker of long-distance
neural communication across cortical regions, as lower frequency
oscillations in the theta band (4–7 Hz) are thought to be [37].
Neural oscillations in the gamma band are hypothesized to be

essential to neural computation [38], and while gamma has been
primarily studied in relation to perceptual processing, changes in
gamma activity have been reported in response to increased
cognitive demands in a range of domains, including working
memory and cognitive control [11, 12, 39–41]. The current results
demonstrate that gamma band effects related to proactive
cognitive control in schizophrenia are sensitive to PFC-
targeted tDCS.
Although the tDCS-mediated gamma power enhancement was

maximal at frontal sites, we cannot firmly conclude that this activity
was generated by the dorsolateral PFC, given the limited spatial
precision afforded by scalp EEG. Although this scalp topography is
compatible with a dorsolateral PFC generator, which would also fit
with available neuroimaging evidence from fMRI implicating the
dorsolateral PFC in proactive control [e.g., 5, 33], scalp-recorded
EEG does not allow us to draw such a specific spatial inference, or
to rule out the contribution of other regions to the signal recorded
at the scalp. Instead, we can conclude from these results that PFC-
targeted stimulation led to an increase in gamma band power
associated with proactive control, whether or not the gamma was
directly or exclusively generated by the dorsolateral PFC.
The mechanisms of action underlying tDCS are not fully

understood. The available data suggest that tDCS likely does not
directly influence neural firing rates, at least at the currents
typically used in studies of human cognition (~1–2mA) [42–44].
Instead, current strengths at these levels modulate electric fields
in cortex [e.g. 45, 46]. The relatively weak modulation of cortical
electric fields by tDCS may influence cognition through
changes in membrane potentials, the probability and timing of
neural firing, or neural plasticity mechanisms such as long-term
potentiation [44]. Consistent with this idea, we found evidence of
tDCS-induced changes in both behavior and scalp-recorded EEG
on a proactive cognitive control task completed within an hour of
stimulation.
Furthermore, we found that run order had a robust impact on

the pattern of results. Specifically, the effects of active prefrontal
stimulation on gamma band activity during the delay period of
our proactive cognitive control task were most robust when
participants received sham stimulation prior to active stimulation,
as opposed to when active stimulation was administered first. This
outcome was surprising, as most tDCS studies assume short-lived
effects from single-session stimulation, in some cases even
conducting multiple tDCS protocol conditions in the same day.
Indeed, very few studies have included a direct test of Run Order
in their analyses [25–28], and it is possible that similar results
might have present, but undetected in some previous studies. In
the current study, sessions were separated by at least 2 days, and
yet receiving active stimulation in the first session appears to have
had a significant impact on the effects observed in session two. As
the design was counterbalanced, such that Run Order was
randomly assigned, this result cannot be attributed to a practice
effect in which practice in the sham stimulation session led to
benefits in the active stimulation session. Instead, it appears that
when the active stimulation was administered first, it had some
significant impact on performance during the next (sham) session.
In addition, the significant role of the covariate Number of Days
indicated that this effect was most robust when sessions were
closer together.
We can think of two possible mechanisms for this carryover

effect. First, despite what might be expected given typical study
design, it is possible that active stimulation affected gamma
activity related to proactive control two or more days later,
essentially conferring a lingering enhancement of proactive
control on the subsequent session. This would be consistent with
a relatively long-duration mechanism for tDCS, such as the idea
that tDCS has the potential to induce neuroplastic changes in
brain activity. It is also possible that completing the task for the
first time in the active stimulation condition enhanced the benefit
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participants obtained from practicing the task more than
completing the task for the first time in the sham condition.
While we cannot adjudicate between these two possibilities with
the current data (and they are not mutually exclusive), we favor
the latter explanation, as it does not require that the effects of
active stimulation linger per se, but instead suggests that part of
the impact of a single-session of active stimulation was to
enhance the typical effect of practice. These results suggest that it
may be important in future work to increase the number of days
between sessions, to minimize the effect of run order. Ultimately,
determining the duration of such tDCS-induced effects will be an
important goal for future studies.

LIMITATIONS
One limitation of the current study is that, while the results provide
evidence for the enhancement of proactive control following active
stimulation of the PFC in participants with schizophrenia, we did not
include a healthy control group for comparison. A similar study
conducted by our group using the same paradigm in healthy young
adults offers a useful comparison [10], as noted in the discussion, but
we acknowledge that the lack of a healthy control group in the
current design limits the ability to make a direct comparison. An
additional limitation of the current study is that we did not examine
the possible impact of medication on the tDCS effects. Finally, in this
study we compared PFC-targeted active stimulation to sham
stimulation, which limits our ability to rule out the possibility that
the effects were due to arousal or another generic mechanism, or
that active stimulation targeting another brain region would yield a
similar effect when compared with sham. This would require the
inclusion of an additional tDCS condition (active control condition);
such a study is currently underway.

CONCLUSIONS
In this study, we observed significant enhancement of both
behavioral and neural oscillatory markers of proactive cognitive
control in individuals with schizophrenia after a single session of
PFC-targeted tDCS, compared with sham stimulation. These
results were consistent with our hypothesis that proactive
cognitive control processes, specifically goal maintenance, are
supported by PFC-mediated neural oscillations in the gamma
frequency band. Furthermore, our data demonstrate that gamma
activity associated with goal maintenance in schizophrenia can be
enhanced with a single session of noninvasive neurostimulation.
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