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a b s t r a c t

Background: Theories of executive control propose that communication between medial frontal cortex
(MFC) and lateral prefrontal cortex (lPFC) is critical for learning. 6-Hz phase synchronization may be the
mechanism by which neural activity between MFC and lPFC is coordinated into a functional network.
Recent evidence suggests that switching from eyes closed to open may induce a change in brain-state
reflected by enhanced executive control and related functional connectivity.
Objective/Hypothesis: To examine whether causal manipulation of MFC and lPFC can improve learning
according to the brain-state induced by switching from eyes closed to open.
Methods: Within-subjects, sham-controlled, double-blind study of 30 healthy subjects, each receiving 6-
Hz in-phase high definition transcranial alternating-current stimulation (HD-tACS) applied to MFC and
right lPFC prior to performing a time estimation task.
Results: HD-tACS with eyes open improved learning ability relative to sham, whereas HD-tACS with eyes
closed had no significant effect on behavior.
Conclusion: Results suggest a phase-sensitive mechanism in frontal cortex mediates components of
learning performance in a state-dependent manner.

© 2018 Elsevier Inc. All rights reserved.
Introduction

Executive mechanisms determine how well an individual can
react to feedback from the environment and learn. Theories in
neuroscience propose that communication between medial frontal
cortex (MFC) and lateral prefrontal cortex (lPFC) is vital for learning
[1e6]. Theta (~6 Hz) phase synchronization may provide an effec-
tive means by which information is coordinated across spatially
disparate brain regions, such as MFC and lPFC, supporting neural
communication and plasticity [7e11]. Recent evidence suggests
that functional connectivity underlying executive processing may
be altered by the brain-state of an individual [12]. Specifically,
changing from eyes closed to open may induce an alteration in
brain-state reflected by enhanced executive control and related
functional connectivity to prepare an individual for event-related
processing once visual input is present. Here, we target theta
oston University, Boston, MA
mechanisms of frontal cortex with 6-Hz alternating current and
determine whether changes in brain-state can modulate the
effectiveness of causally manipulating human learning with
noninvasive electrical stimulation.

Methods

Subjects and procedures

Thirty-two neurologically normal subjects (16 female, mean age
24) consented to procedures approved by the Boston University
Institutional Review Board and were paid. Two subjects voluntarily
withdrew before completing the experiment, leaving 30 subjects
whose data were analyzed.

All subjects received active stimulation sessions with eyes open
and eyes closed, and a sham session across three different days,
separated by at least 48 h to avoid ordering confounds related to
repeated brain stimulation [13]. High definition transcranial
alternating-current stimulation (HD-tACS; MxN 9-channel HD-tES,
Soterix, New York, NY) was applied simultaneously over MFC and
right lPFC with a 0� relative phase difference for 20min using a 6-
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Hz bipolar sinusoidal alternating current with 1-mA intensity, peak
to peak (Fig. 1A). We have recently shown the effectiveness of this
novel HD-tACS montage in manipulating adaptive behavior [14],
however, it is unknown what role, if any, brain-state may play in
modulating the stimulation-induced effects on learning.

Various controls were instituted consistent with the authors'
previous work [15e21]. All subjects received sham stimulation
lasting 30 s, ramping up and down at the beginning and end of the
20-min period to simulate the tingling sensation often experienced
by subjects during active stimulation. Second, a double-blind
method was used where a second experimenter set the mode
(e.g., active or sham) on the stimulator, and otherwise did not
interact with the subject or experimenter who performed data
collection. Third, the order of the sham and active tACS was
counterbalanced across subjects. The absence of order effects was
confirmed using ANOVAs on the behavioral measures (described
below) using the between-subjects factor of stimulation order. No
Fig. 1. Methods, Design, and Results. A, The right lateralized 8-channel in-phase high defin
model shown on 3D reconstructions of the cortical surface. The yellow (positive) and blue
medial frontal cortex (MFC) and right lateral prefrontal cortex (lPFC) target regions. B, The
Performance measures of absolute error magnitude, response variability, and adjustment ef
eyes closed (red), 6-Hz eyes open (blue), and 10-Hz eyes open (green) active conditions, and
the mean.
significant effects (Fs(5, 20)< 0.770, ps> 0.468) or interactions (2-
way, Fs(10, 40)< 0.794, ps> 0.486; 3-way, Fs(30, 120)< 0.960,
ps> 0.439) of stimulation order reached significance.

Immediately after stimulation, subjects performed a modified
time estimation task (Fig. 1B) [22,23], in which they had to learn to
estimate a 1.7 s lapse. Each trial began with central fixation
(0.4� � 0.4�, <0.01 cd/m2, 300e900 ms), followed by a central cue
(square subtending 1� � 1�, 10 cd/m2) indicating a button press was
required with the right thumb after 1.7 s. Visual feedback
(1000ms), presented 600ms after response informed subjects
whether they were “too fast,” “too slow,” or “correct.” Initially, a
correct response was one± 200ms around target time
(1500e1900ms). However, after a correct response this time win-
dow shrunk by± 20ms, or increased by± 20ms if the responsewas
incorrect, which ensured a similar number of trials across feedback
conditions.
ition transcranial alternating-current stimulation (HD-tACS) montage and current-flow
(negative) circles in the montage reflect the polarity of electrical current applied over
sequence of events on feedback and nonfeedback trials in the time estimation task. C,
ficiency across blocks of feedback (gray) and nonfeedback (white) trials after the 6-Hz
the sham (black) condition in the same subjects. Error bars show ±1 standard error of
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To examine learning, we included blocks of trials without valid
feedback, in which the word “OK” was presented for 1000ms. The
task contained blocks of 80 trials with valid feedback and blocks of
20 trials without valid feedback. Performance on nonfeedback trials
allowed us to examine the maintenance of the internal represen-
tation of the time interval learned during the preceding valid
feedback trials.
Data analysis and statistics

Error magnitude was measured as the mean of the absolute
difference between the subjects' estimations and the target time
interval. Response variability was measured as the standard devi-
ation of the error (i.e., the difference between subjects' estimation
and the target) in each block. Both metrics are critical indices of
learning performance [24]. Further, we used adjustment efficiency
to examine how efficiently the subjects adjusted their estimations
based on feedback. Adjustment efficiency was calculated using the
following equation:

Adjustment Efficiency ¼
X eði� 1Þ � eðiÞ

eði� 1Þ ¼
X De

eði� 1Þ

where e is the absolute error in the current (i) or preceding (i e 1)
trials. Adjustment efficiency provides information on how well the
adjustments were made, on average, across stimulation conditions
during the feedback and nonfeedback blocks, and was computed
for each trial and averaged for each block.

We used separate repeated measures ANOVAs with within-
subjects factors of feedback (valid vs. invalid), time (block 1 vs.
block 2 vs. block 3 vs. block 4), and stimulation (eyes open vs. eyes
closed vs. sham) for each dependent measure (i.e., error magnitude,
response variability, and adjustment efficiency). We adjusted p-
values using the Greenhouse-Geisser epsilon correction for non-
sphericity when the sphericity assumption was violated [25].
Results

The brain-state induced by opening versus closing eyes deter-
mined whether learning was modulated by the multi-focal HD-
tACS to frontal cortex. This was supported by the critical stimula-
tion x feedback x time interactions on error magnitude (F(6,
174)¼ 3.208, P¼ 0.017), response variability (F(6, 174)¼ 2.780,
P¼ 0.030), and adjustment efficiency (F(6, 174)¼ 3.040, P¼ 0.020).
Parsing these interactions revealed that the eyes-open condition
was driving the effects (error magnitude, F(3, 87)¼ 4.157, P¼ 0.011;
response variability, F(3, 87)¼ 3.229, P¼ 0.032; adjustment effi-
ciency, F(3, 87)¼ 3.059, P¼ 0.038), whereas when the same subjects
received stimulation with eyes closed no changes in learning were
observed relative to sham (error magnitude, F(3, 87)¼ 0.072,
P¼ 0.922; response variability, F(3, 87)¼ 0.088, P¼ 0.926; adjust-
ment efficiency, F(3, 87)¼ 0.393, P¼ 0.707).

To assess the frequency specificity of the effects, we invited back
all subjects to participate in an additional eyes-open condition in
whichMFC-right-lPFC was targeted with 10-Hz alternating current.
Of the twenty-two subjects who returned, we found no significant
impact of 10-Hz stimulation on error magnitude (F(3, 63)¼ 0.150,
P¼ 0.843), response variability (F(3, 63)¼ 0.164, P¼ 0.857), or
adjustment efficiency (F(3, 63)¼ 0.545, P¼ 0.606), suggesting that
the functional connectivity in frontal cortex underlying learning
and adaptive behavior may be established along particular fre-
quency channels of neural communication, such as those in the
theta range (4e8Hz), but not others in the alpha range (9e13Hz).
Discussion

We propose that stimulationwith eyes open induced behavioral
improvements by preferentially synchronizing active neuronal
networks in frontal cortex in an activity-selective fashion. That is,
the stimulation may have capitalized on the active theta synchro-
nization underlying the heightened executive processes induced by
the eyes-open condition, leading to a facilitation of neuroplastic
changes in theta functional connectivity between MFC and lPFC
important for flexible behavior. The results are consistent with
theories of executive function [1e6] and oscillatory neural
communication [7e11], highlight the importance of subject-
defined parameters such as brain-state in determining the behav-
ioral impact of neuromodulation protocols targeting frontal cortex,
and contribute to the advancement of tACS as a potential clinical
tool for improving cognition in patient populations.
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