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A B S T R A C T

Transcranial alternating current stimulation (tACS) modulates endogenous neural oscillations in healthy human
participants by the application of a low-amplitude electrical current with a periodic stimulation waveform. Yet, it
is unclear if tACS can modulate and restore neural oscillations that are reduced in patients with psychiatric ill-
nesses such as schizophrenia. Here, we asked if tACS modulates network oscillations in schizophrenia. We per-
formed a randomized, double-blind, sham-controlled clinical trial to contrast tACS with transcranial direct current
stimulation (tDCS) and sham stimulation in 22 schizophrenia patients with auditory hallucinations. We used high-
density electroencephalography to investigate if a five-day, twice-daily 10Hz-tACS protocol enhances alpha os-
cillations and modulates network dynamics that are reduced in schizophrenia. We found that 10Hz-tACS
enhanced alpha oscillations and modulated functional connectivity in the alpha frequency band. In addition,
10Hz-tACS enhanced the 40Hz auditory steady-state response (ASSR), which is reduced in patients with
schizophrenia. Importantly, clinical improvement of auditory hallucinations correlated with enhancement of
alpha oscillations and the 40Hz-ASSR. Together, our findings suggest that tACS has potential as a network-level
approach to modulate reduced neural oscillations related to clinical symptoms in patients with schizophrenia.
1. Introduction

Neural oscillations are a fundamental mechanism that organizes the
temporal relationship of activity patterns in large-scale brain networks.
Several psychiatric disorders have been associated with impairment of
neural oscillations (Uhlhaas and Singer, 2012). In particular, patients
with schizophrenia exhibit reduced neural oscillations involved in sen-
sory and cognitive processing (Uhlhaas and Singer, 2010). Therefore,
strategies to target and modulate reduced neural oscillations may serve
both as a tool to investigate the causal relationship between oscillation
abnormalities and symptom manifestations and, ultimately, to thera-
peutic intervention to treat patients by restoring physiological oscillation
dynamics. Transcranial alternating current stimulation (tACS) is a
non-invasive brain stimulation modality that applies oscillating electrical
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currents to the brain via scalp electrodes. A single session of tACS en-
hances posterior alpha oscillations (8–12Hz) in healthy humans (Hel-
frich et al., 2014; Vossen et al., 2015; Zaehle et al., 2010) and its effects
outlast stimulation for about an hour (Kasten et al., 2016; Neuling et al.,
2013). Yet, it has remained unknown if tACS, and in particular repeated
application of tACS, can alter or modulate cortical networks in disorders
associated with dysfunction of neural oscillations such as schizophrenia.

Auditory hallucinations are a major symptom of schizophrenia and
are considered the consequence of aberrant hyperactivity in the left
temporo-parietal junction (TPJ) (Silbersweig et al., 1995, 1994, 1993)
and hypoactivity in the left dorsolateral prefrontal cortex (DLPFC)
(Lawrie et al., 2002; Sanfilipo et al., 2000). Further support for this model
is provided by findings of reduced functional connections between these
two brain regions (Garrity et al., 2007; Lynall et al., 2010;
, United States.
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Meyer-Lindenberg et al., 2001, 2005). In addition, patients with
schizophrenia exhibit altered neural oscillations (Ford et al., 2007; Uhl-
haas et al., 2008; Uhlhaas and Singer, 2010). In particular, reduced alpha
oscillations are directly associated with symptoms of schizophrenia
(Merrin and Floyd, 1992; Omori et al., 1995) and clinical improvement
by antipsychotic medication such as clozapine is positively correlated
with enhancement of alpha oscillations (Jin et al., 1995a; 1995b). In
addition, resting-state alpha oscillations, which refer to fundamental
network dynamics in the brain, are reduced in patients with schizo-
phrenia (Hong et al., 2008; Miyauchi et al., 1990; Omori et al., 1995;
Sponheim et al., 2000, 1997, 1994). Importantly, one study found
reduced functional connectivity in resting-state between the frontal and
temporal lobes (Hinkley et al., 2011). Motivated by these findings, we
hypothesized that applying 10Hz-tACS to the left frontal and temporal
lobes of patients with schizophrenia may modulate reduced alpha os-
cillations and functional connections between the two regions. To stim-
ulate these two brain regions by in-phase tACS, we applied a
three-electrode montage, which is a modified version of a previously
used electrode montage for transcranial direct current stimulation (tDCS)
studies for the treatment of auditory hallucinations in schizophrenia
(Brunelin et al., 2012; Fr€ohlich et al., 2016).

The aim of this study was to target and modulate reduced neural
oscillations in patients with schizophrenia by five days of 10Hz-tACS
(with tDCS and sham stimulation conditions as controls). Specifically,
we investigated target engagement of network oscillations by tACS with
high-density electroencephalography (EEG) during two tasks (resting-
state and auditory tasks). Clinical results for this study were recently
reported elsewhere (Mellin et al., 2018). To our knowledge, we present
the first target engagement study of repeated tACS application in
schizophrenia.

2. Methods

2.1. Participants

This study was performed at the University of North Carolina at
Chapel Hill (UNC–CH) (ClinicalTrials.gov, NCT02360228) and was
approved by the Biomedical Institutional Review Board of UNC-CH.
Participants were recruited from local clinics and academic medical
centers. All participants met DSM-IV criteria for schizophrenia or schiz-
oaffective disorder. Participants experienced at least three auditory hal-
lucinations per week and were clinically stable as demonstrated by no
hospitalizations for the past 3 months and stable antipsychotic medica-
tion dosing during participation (Table S1). Brief demographics and
clinical assessments are tabulated (Table S2). Detailed information
including inclusion/exclusion criteria and clinical analyses are described
in a separate paper (Mellin et al., 2018). Data from 22 participants were
analyzed.

2.2. Study design

This study was a randomized, double-blind, and sham-controlled
clinical trial, with three stimulation conditions (10Hz-tACS, tDCS, and
sham). Each participant was randomly assigned with equal probability to
one of the three conditions. To achieve integrity of the double blinding, a
researcher not involved in the study developed 5-digit random numbers
and assigned the numbers to the participants. Each participant was
randomized to one of the three stimulation conditions (e.g. 1: sham, 2:
tACS, 3: tDCS) with the 5-digit numbers. One of the co-authors in the
study wrote MATLAB scripts to deliver and control stimulation wave-
forms with the three stimulation conditions. This author was blinded to
the 5-digit numbers and excluded from all stimulation sessions. The other
two co-authors (study coordinators) performed all stimulation sessions
with the 5-digit numbers for each participant. Further, the display on the
stimulators was covered during stimulation to conceal information about
the stimulation provided by the stimulators. All researchers were
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unaware of the condition assignments until all participants had
completed the study. The auditory hallucination severity was measured
by the auditory hallucination rating scale (AHRS) (Haddock et al., 1999).
The AHRS was administered before the 1st stimulation on day 1 (base-
line), after the 10th stimulation on day 5, and at the 1-week and 1-month
follow-up study visits. A detailed description of the clinical data and
analyses is provided in a separate paper (Mellin et al., 2018). EEG data
were collected at the same time points with the exception of the
recording on day 5, which was performed before stimulation to avoid
contamination by potential instantaneous effects of stimulation on brain
network dynamics. On day 5, EEG and the AHRS were not administered
simultaneously but were spaced by the last stimulation session. We do
not expect any large changes of the AHRS scores within less than an hour
since the AHRS queries symptoms for a time window of several days. The
sample size was determined by the amount of funding available for the
grant that supported this work. The study was performed between June
2015 and February 2017.

2.3. Brain stimulation

We developed a custom-built interface in MATLAB and controlled
two Neuroconn DC Plus stimulators (Neuroconn Ltd., Ilmenau, Germany)
using “remote-mode” to ensure double-blind administration of stimula-
tion. Our setup saved the applied stimulation waveform, which was
validated offline by a lab member not otherwise involved in this study.
The electrode montage was identical for all three stimulation conditions
to ensure blinding of the research personnel to each stimulation condi-
tion. We applied three rubber electrodes to the scalp with Ten20
conductive paste (Bio-Medical Instruments, Clinton Township, MI). Each
stimulator had two output connectors for electrode cables. One of the two
outputs of each stimulator was connected together to form a common
return path for the stimulation current through a 5 � 7cm electrode
placed on Cz (center of the scalp). The other output of each stimulator
was connected to a 5 � 5cm electrode placed between F3 and Fp1
(DLPFC) and between T3 and P3 (TPJ), respectively. For 10Hz-tACS,
each 5 � 5cm electrode delivered an in-phase sinusoidal waveform
with 1 mA amplitude. Both amplitude and phase of the stimulation
waveforms were verified with an oscilloscope. For tDCS, the electrode
between F3 and Fp1 delivered þ2 mA amplitude current and the other
electrode between T3 and P3 delivered -2 mA amplitude current. Stim-
ulation montage and modeling of electric field distribution were calcu-
lated by the tES LAB 1.0 software (Neurophet Inc., Seoul, South Korea) as
depicted in Fig. 1. We used these simulations of the electric field to
determine the “stimulated” scalp locations for subsequent analysis of the
EEG signal. Sham stimulation delivered 10 s of ramp-up, followed by 20 s
of 10Hz-tACS, followed by 10 s of ramp-down for a total of 40 s. All
participants completed twice-daily stimulation sessions for five consec-
utive days. Each stimulation session was 20min long with a 3-h break
between the two stimulation sessions. This structuring into two sessions
per day was adopted from earlier work on tDCS for the treatment of
auditory hallucinations (Brunelin et al., 2012). During stimulation, all
participants were seated comfortably and watched a video of tropical fish
(Undersea Productions, Queensland, Australia) to minimize the percep-
tion of phosphenes induced by stimulation. Participants were asked to
watch the video and keep their eyes open.

2.4. EEG tasks

EEG data were recorded using a 128-channel Geodesic EEG system
(EGI Inc., Eugene, OR) at a sampling rate of 1 kHz. Channel Cz and one
channel between Cz and Pz were used as the reference and as the ground,
respectively. All instructions and experimental tasks were implemented
in Presentation (Neurobehavioral Systems, Inc., Berkeley, CA). Two
experimental tasks were used. First, resting-state EEG data with eyes-
open and eyes-closed were recorded for 8min. Participants were
instructed by a computer voice to fixate on a crosshair and open or close
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Fig. 1. Stimulation montage, waveforms, and electric field distribution. (A) Stimulation montage and waveforms for 10Hz-tACS and tDCS. Electrode E1 and E2 deliver
in-phase waveforms (1mA sine-wave) for 10Hz-tACS. For tDCS, electrode E1 and E2 deliver 2mA (anode) and -2 mA (cathode) direct current, respectively. Electrode
E3 was used as a return electrode for tACS. (B) Electric field distribution of inward/outward electric field (left) and normalized electric field (right) at the peak of the
tACS waveform (C) Inward/outward electric field (left) and normalized electric field (right) for tDCS.
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their eyes while staying relaxed. Eyes-closed and eyes-open conditions
were alternated every 2min and starting condition was randomized
across the participants. We only present eyes-open data here since
stimulation was applied in that state and we wanted to avoid confounds
caused by the change in alpha oscillation strength due to eye closing.
Second, the response to auditory click-trains was recorded. The auditory
stimuli were delivered binaurally through air-conducting earphone tubes
ER⋅3C (Etymotic Research Inc., Elk Grove Village, IL) at sound pressure
level (SPL) of 90 dB. Participants fixated on a crosshair on a computer
monitor while listening to 500ms long click-trains at rates of 10Hz,
20Hz, 30Hz, 40Hz and 80Hz. This task was 15min in length, separated
into five 3-min blocks. Subsequent click-trains were separated by a jit-
tered interval between 450ms and 550ms of silence. The order of the
click-train frequencies was pseudo-random and balanced within each 3-
min block, for a total of 200 click-trains per block and a grand total of
1000 click-trains. Synchronization between the auditory stimulus pre-
sentation and EEG acquisition was achieved by splitting the stereo output
of the sound card into two separate mono outputs. One channel was used
for the actual auditory stimuli while the other channel was recorded
together with data.
2.5. EEG analysis and statistical testing

Offline processing was performed by EEGLAB (Delorme and Makeig,
2004), FieldTrip (Oostenveld et al., 2010), and custom-built scripts in
MATLAB. First, all data were downsampled to 250Hz with anti-aliasing
filtering (0.9π rad/sample cutoff and 0.2π rad/sample transition band-
width) and band-pass filtered from 1 to 50Hz for the resting-state data,
from 1 to 100Hz with 60Hz notch filter for the click-trains data. Second,
the data were preprocessed by an artifact subspace reconstruction algo-
rithm (Mullen et al., 2013) to identify high-variance data epochs and
reconstruct missing data. Briefly, the algorithm first finds a minute of
data that represents clean EEG signals that serve as a baseline. Then,
principle component analysis is applied to the whole data set with a
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sliding window to find the subspaces in which there is activity that is
more than five standard deviations away from the baseline EEG. Once the
function has identified the outlier subspaces, it treats them as missing
data and reconstructs their content using a mixing matrix that is calcu-
lated on the clean data. Third, bad channels that were found in the
previous step were interpolated and common average referencing was
performed. After then, infomax independent component analysis (ICA)
(Jung et al., 2000) was performed to remove eye blinking, eye move-
ment, muscle activity, and heartbeat artefact. All ICA components were
visually inspected and noise components were manually selected for
rejection. These initial pre-processing steps were carried out on the full
EEG dataset before unblinding the study.

For the resting-state EEG, data were epoched into 2-s windows. Each
epoch was visually inspected in the temporal domain and bad epochs that
contained abnormal signal spikes or very pronounced fluctuations (larger
than 100μV) due to head movement for all three conditions were
removed (2.61 � 1.1 of 120 trials). We found no significant difference of
the rejected epochs between the three conditions (one-way ANOVA,
F2,19¼ 0.65, p¼ 0.53). Power spectral density (PSD) was computed by
Welch's method with a 2-sec window and a 12.5% overlap resulting in a
PSD with 0.5Hz frequency bins. Individual alpha frequency (IAF), which
we defined as the frequency of the peak power in the occipital alpha band
(8–12Hz) in the eye-closed condition, was selected for each participant.
The power of alpha oscillations was determined by averaging of the PSD
around the IAF (IAF� 1Hz � IAF � IAFþ 1HzÞ and the alpha oscilla-
tions were spatially normalized by the average of all channels to remove
the inter-subject variability of alpha oscillations (Ahn et al., 2016, 2014).
Thirty-eight channels outside of the scalp were excluded and the
remaining 90 channels corresponding to scalp locations were used for
topographical representation.

For statistical analysis, custom-built scripts in R (R Foundation for
Statistical Computing, Vienna, Austria) were used. We adopted a linear
mixed model analysis with fixed factors of “session” (baseline, day 5, 1-
week, and 1-month) and “condition” (10Hz-tACS, tDCS, and sham), with
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random factor “participant” to account for repeat measures within par-
ticipants. We used the power of the alpha oscillations averaged across
channels (41 channels, Fig. S3) in the stimulated regions (left hemi-
sphere) as a dependent variable since we hypothesized that the left
hemisphere was modulated by tACS or tDCS based on the electric field
modeling (Fig. 1). Kenward-Roger approximations were used to obtain p-
values and perform F-tests for each factor and their interaction. Post-hoc
statistical tests were performed using student's t-test across participants
at each channel and it was corrected by false discovery rate (FDR)
(Benjamini and Hochberg, 1995) from the entire scalp channels. Changes
of alpha oscillations over sessions were quantified with a modulation
index, ðAlphapost � AlphabaseÞ=ðAlphapost þ AlphabaseÞ where Alphapost and
Alphabase are alpha oscillations post-stimulation (day 5, 1-week, and
1-month) and at baseline (day 1 of stimulation), respectively.

To compute functional connectivity in terms of phase synchronization
in the resting-state EEG data, we adopted a debiased weighted phase lag
index (WPLI) to minimize the effects of volume conduction and noise
originating from other scalp locations (Vinck et al., 2011). This method is
also debiased in terms of sample size. We computed WPLI as

Φ ¼ jEfjℑfXgjsignðℑfXgÞgj
EfjℑfXgjg (1)

HereℑfXg denotes the imaginary component of the cross-spectrum. Ef�g
is the expected value operator and sgnðℑfXgÞ indicates the sign of ℑfXg.
jℑfXgj is the magnitude. Phase synchronization was computed with
0.5Hz frequency resolution for frequencies from 1 to 50Hz for all channel
pairs on the scalp. For statistical testing in functional connectivity, we
used the circular block bootstrapping (Politis and Romano, 1992) to
preserve temporal dependencies in the time series. Block-length for each
calculation was determined by a block-length algorithm (Politis and
White, 2004). Each trial was resampled using the circular block boot-
strapping with defined block-length. After constructing this surrogate
data in this way 1000 times, only statistically significant WPLI values
were extracted (p< 0.05). Global functional connectivity was obtained
by averaging of all WPLI values for all scalp channels at each frequency
(0.5Hz bin). The peak frequency was obtained by selecting a dominant
peak in the frequency domain.

In the auditory task, EEG data were epoched from �0.1 to 0.5 s,
resulting in 200 trials of click-trains for each frequency (10, 20, 30, 40
and 80Hz). Each epoch was visually inspected in time-domain and noisy
epochs (8.8� 1.7 of 200 trials) for all three conditions were removed.We
found no significant difference of the rejected epochs between the three
conditions (one-way ANOVA, F2,19¼ 1.15, p¼ 0.33). Time-frequency
analysis was performed using Morlet wavelet transform (7 cycles). Am-
plitudes and phase information were obtained and inter-trial phase
coherence (ITPC) of auditory steady-state response (ASSR) was
computed using the phase information across trials as

ITPCðc; f; tÞ ¼
�����
1
n

Xn

e¼1

Xeðc; f ; tÞ
jXeðc; f ; tÞj

�����; (2)

where Xeðc; f ; tÞ is the spectral estimate of epoch e at channel c, frequency
f , and time t (n¼total number of epochs). We followed the same statis-
tical approach with the resting-state EEG data and set averaged ITPC over
significant activation regions by the auditory click-trains as a dependent
variable. The topographical distribution of ITPC was computed by
averaging from 0 to 0.5 s (stimulus duration) at each click-trains fre-
quency. Post-hoc tests were performed using student's t-test across
participant at each EEG channel.

3. Results

3.1. 10Hz-tACS enhances alpha oscillations

We first investigated if the five-day course of 10Hz-tACS modulated
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alpha oscillations by comparing the change in alpha oscillation power
across the three study conditions (10Hz-tACS, tDCS, and sham). Using a
mixed linear model, we found a significant interaction (session*condi-
tion) for the spatially-normalized alpha power averaged over the stim-
ulated regions (F6,57¼ 3.49, p¼ 0.005) but no main effect for session
(F3,63¼ 1.59, p¼ 0.24) or condition (F2,19¼ 2.48, p¼ 0.11). Specifically,
we found a significant interaction on day 5 (F2,19¼ 7.72, p¼ 0.003) but
no main effect for condition (F2,19¼ 0.18, p¼ 0.83) and session
(F1,21¼ 2.59, p¼ 0.12). To investigate the changes of alpha power as a
function of the stimulation condition on day 5, we next calculated the
changes in spatially-normalized alpha power at each channel from
baseline (day 1 of stimulation). For the 10Hz-tACS condition, we
observed a significant increase of alpha power in the left temporal region
on day 5 of stimulation (Fig. 2A, black dots indicate p< 0.05 with FDR
correction). Power spectra on the left temporal region around individual
alpha frequency are presented along with the topographies for all ses-
sions. We further found a consistent increase of alpha power for the two
follow-up sessions at 1-week and 1-month (Fig. 2A, second and third
topographies), albeit statistical significance was not reached (no inter-
action effect, F2,19¼ 1.22, p¼ 0.31 at 1-week and F2,19¼ 1.21, p¼ 0.32
at 1-month). In contrast, we observed only minor changes of alpha power
in the tDCS condition (Fig. 2B, no significant changes). In the sham
condition, likewise, we found only minor changes of alpha power
(Fig. 2C, no significant changes). These results indicate that 10Hz-tACS
successfully enhanced alpha power in the left temporal region, close to
the location of the stimulation electrodes. This enhancement remained
visible for the two follow-up sessions but failed to reach statistical sig-
nificance in the 10Hz-tACS condition.

3.2. 10Hz-tACS modulates functional connectivity

Reduced functional connectivity is one of the prominent network
deficits in patients with schizophrenia (Lawrie et al., 2002; Vercammen
et al., 2010). To examine modulation of functional connectivity deter-
mined from scalp-level EEG signals, we calculated WPLI between EEG
channel pairs. Global functional connectivity averaged over the entire set
of scalp channel pairs was calculated to minimize spurious findings of
local functional connectivity. We determined global functional connec-
tivity (1–50Hz) as a function of frequency with a 0.5Hz resolution
(Fig. 3A, significant WPLI for all participants and sessions) and we found
that the peak of the global functional connectivity strength was shifted to
10Hz only for 10Hz-tACS but not tDCS or sham stimulation (Fig. 3B, lines
correspond to individual participants). This shift in the frequency of the
functional connectivity was maintained for some participants at the
1-week follow-up, however, the peak frequency returned to the baseline
frequency (from before stimulation) at the 1-month follow up for all
participants. In contrast, the peak frequency of the global functional
connectivity did not yield consistent changes over sessions in the tDCS
and sham conditions (Fig. 3B, middle and bottom panels). The peak shift
of global functional connectivity to 10Hz indicates that functional con-
nections at 10Hz were enhanced by 10Hz-tACS and this finding implies
that 10Hz-tACS successfully modulated network dynamics by enhancing
phase synchronization in a frequency-specific way.

3.3. 10Hz-tACS enhances auditory steady-state responses

Deficits in auditory processing are commonly found in patients with
schizophrenia who experience auditory hallucinations. Here, we inves-
tigated how our multi-session protocol of tACS changed the auditory
response by measuring ITPC of the ASSR elicited by auditory click-trains.
We examined ITPC for five different frequencies of auditory click-trains
(10, 20, 30, 40, and 80Hz). In agreement with previous studies that
found a preferential response to 40Hz click trains due to resonance in the
human auditory system (Joliot et al., 1994), we found a consistent ASSR
for 40Hz click-trains in central scalp locations (Fig. S1, baseline
40Hz-ASSR, no significant difference between the conditions). We also



Fig. 2. Participant-averaged topographical distributions of changes in alpha power from baseline and power spectra in the left temporal region for all sessions. In-
dividual alpha frequency was used (IAF�1Hz) for plotting topographies. Black dots in topography represent significant EEG channels from baseline (p< 0.05 with
FDR correction).
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Fig. 3. Global functional connectivity by weighted phase lag index (WPLI). Statistically significant WPLI values with surrogates calculated by the circular boot-
strapping (n¼ 1000, p< 0.05) were obtained over all channels on the scalp. (A) Traces of global functional connectivity from 1 to 50Hz with a 0.5Hz resolution for all
participants and sessions. Each row and column indicate condition and individual participant, respectively. Four different colored lines represent sessions. (B) In-
dividual peak frequencies are presented. Each row indicates stimulation condition. Lines represent individual participants.
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examined ASSR for auditory stimulation at 10, 20, 30, and 80Hz. For
10Hz and 80Hz, no auditory response was found. Both 20Hz and 30Hz
did show some degree of ASSR, which was not modulated by stimulation
(Fig. S2). To examine if this ASSR changed as a function of session and
condition, we used a linear mixed model with the ITPC of the response to
40Hz auditory stimulation as a dependent variable (averaged over time
for the stimulus presentation duration (0–500ms) and averaged over
channels in the central region, Fig. S3). We found a significant interaction
131
between session and condition (F6,57¼ 4.20, p¼ 0.001) but no main ef-
fect for session (F3,63¼ 1.89, p¼ 0.14) and condition (F2,19¼ 1.58,
p¼ 0.23). Specifically, we found a significant interaction on day 5 (F2,
19¼ 6.77, p¼ 0.006) but no main effect for condition (F2,19¼ 0.39,
p¼ 0.68) and session (F1,21¼ 0.91, p¼ 0.35). To determine which stim-
ulation condition mediated this interaction, we first calculated the
topographical distributions of changes in the ASSR from baseline for each
session and condition. We found that the 40Hz-ASSR was enhanced only
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in the 10Hz-tACS condition (central region, Fig. 4A, top rows, black dots
indicate significant channels, p< 0.05 with FDR correction). The
enhancement gradually diminished over session and did not reach sig-
nificance at the two follow-up sessions (no interaction effect, F2,
19¼ 0.85, p¼ 0.44 at 1-week and F2,19¼ 0.98, p¼ 0.39 at 1-month,
p> 0.05 for all channels). In contrast, topographical distributions for the
tDCS and sham conditions did not yield an increased 40Hz-ASSR. In both
cases, we observed slightly decreased 40Hz-ASSR that did not reach
significance (Fig. 4A, middle and bottom rows). We then examined the
time-course of the 40Hz-ASSR for the channels that exhibited a signifi-
cant enhancement of the 40Hz-ASSR on day 5 in the tACS condition. The
40Hz-ASSR averaged across these channels was enhanced for the entire
stimulus presentation duration (0–500ms) on day 5 of stimulation
(Fig. 4B, top row, significance map shown in Fig. S4). In contrast, we did
not observe changes in the 40Hz-ASSR around 40Hz for the same set of
channels in the tDCS and sham conditions (Fig. 4B, middle and bottom
rows). These results show that 10Hz-tACS selectively enhanced the
40Hz-ASSR and thus suggest that enhancement of alpha oscillation
power and functional connectivity contributes to a renormalization of
auditory processing in patients with schizophrenia.
3.4. Enhanced alpha oscillations and 40Hz-ASSR are positively correlated

We found 10Hz-tACS significantly enhanced alpha oscillations and
40Hz-ASSR on day 5 compared to baseline. To investigate the relation-
ship these two measures, we computed correlations across participants.
Changes in alpha oscillations and 40Hz-ASSR were obtained by aver-
aging over the significant channels (Fig. 2A) and averaged ITPC of 40Hz-
ASSR across stimulus duration of auditory click-trains (0–500ms) for the
significant channels (Fig. 4A). We found a significant positive correlation
on day 5 (r¼ 0.4684, p< 0.01) and at the 1-week follow-up (r¼ 0.3857,
p< 0.05) (Fig. 5) for the complete participant pool (n¼ 22). The signif-
icance wore off at 1-month follow-up visit (r¼ 0.3364, p> 0.05).
Fig. 4. Participant-averaged changes in 40Hz-ASSR. (A) Topographical distributions
Small black dots represent significant EEG channels (p< 0.05 with FDR correction). E
(B) Time-frequency map of the 40Hz-ASSR changes from baseline (channel-averaged
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Although we pooled all participants to obtain the correlations due to
relatively small sample size per group, we observed that all participants
in tACS group have increased alpha oscillations and 40Hz-ASSR on day 5
compared to baseline. This finding indicates that 10Hz-tACS selectively
enhanced alpha oscillations and 40Hz-ASSR and the relationship be-
tween the two is correlated.
3.5. AHRS and EEG are correlated

Given our findings that 10Hz-tACS significantly enhanced both alpha
oscillation power and functional connectivity and the 40Hz-ASSR, we
next examined the relationship between these changes in network dy-
namics and clinical improvement. From our study of the clinical results
(Mellin et al., 2018), we found the highest effect size in the tACS con-
dition at day 5 for AHRS (Fig. S5). Specifically, we asked how much the
enhancement was correlated with changes in auditory hallucination
symptoms measured by the AHRS. We calculated the Spearman's rho
between AHRS scores and alpha oscillation power from all participants at
each EEG channel on the scalp. We chose AHRS and EEG from day 1 of
stimulation as a baseline and calculated changes from this baseline
(AHRS: difference in raw score; alpha oscillations: modulation index).
We found areas of significant, strong negative and positive correlation
coefficients in the left temporo-parietal/frontal and in the central region
in the tACS condition on day 5, respectively (Fig. 6A: Topographical
correlation map with significant channels (p< 0.05) with FDR correc-
tion). Negative correlation coefficients indicate that the decrease of
auditory hallucination symptoms was associated with an increase in
alpha oscillation power. Scatter plots for the negative and positive cor-
relations in the topographies are presented (Fig. S6). For both the 1-week
and 1-month follow-up sessions, we observed weaker correlations that
did not reach statistical significance (Fig. S7). These results suggest that
changes of alpha oscillation power and auditory hallucinations are
correlated in specific regions in the brain. Importantly, this relationship
at 40Hz (0–500ms) from baseline across each session and stimulation condition.
ach row and column indicate the stimulation condition and session, respectively.
over significant EEG channels in the central region).



Fig. 5. Enhanced alpha oscillations and 40Hz auditory steady-state response (ASSR) are correlated for the complete participant pool (n¼ 22). Each dot indicates the
participant and it is classified by different color scales. Alpha oscillations and 40Hz-ASSRs were obtained by averaged alpha oscillations across significant channels and
averaged inter-trial phase coherence across stimulus time (0–500ms) and significant channels, respectively.

Fig. 6. Topographical distributions of correla-
tions between EEG measures and auditory hallu-
cination rating scale (AHRS). (A) Topographical
correlation maps between changes in AHRS and
alpha oscillation power for each stimulation
condition on day 5 using the Spearman's rho.
Small black dots indicate significant EEG chan-
nels (p< 0.05 with FDR correction). (B) Topo-
graphical correlation maps between changes in
AHRS and the 40Hz-ASSR. Small black dots
indicate significant EEG channels (p< 0.05 with
FDR correction).
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was strongest at the location of the stimulation electrodes. Second, we
investigated the relationship between changes in AHRS and the
40Hz-ASSR. We calculated the Spearman's rho between changes in the
AHRS and the 40Hz-ASSR across all participants (Fig. 6B). We found
significant negative correlations over the central region (p< 0.05 with
FDR correction) in the tACS condition on day 5 of stimulation. A scatter
plot for the negative correlations is presented (Fig. S6). Thus, the
reduction in auditory hallucination symptoms was accompanied by an
increase in the 40Hz-ASSR over the central region, which is activated
region of the 40Hz-ASSR. No significant correlations were obtained for
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the follow-up sessions (Fig. S8). These results suggest that the enhance-
ment of the 40Hz-ASSR by 10Hz-tACS may represent a network-marker
of symptom improvement.

4. Discussion

Recently, tACS was shown to successfully modulate endogenous
alpha oscillations in healthy human participants (Helfrich et al., 2014;
Kasten et al., 2016; Neuling et al., 2013; Vossen et al., 2015; Zaehle et al.,
2010). However, the effect of tACS on reduced neural oscillations in
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patients with psychiatric disorders was unknown. To address this ques-
tion, we performed a randomized, double-blind, sham-controlled clinical
trial that compared 10Hz-tACS to tDCS and sham stimulation in patients
with schizophrenia experiencing persistent auditory hallucinations. We
applied 10Hz-tACS to target reduced alpha oscillations and determine
target engagement in terms of modulation of cortical oscillations
measured by high-density EEG. In agreement with our hypothesis, we
found that 10Hz-tACS enhanced alpha oscillations and modulated func-
tional connectivity. In addition, 10Hz-tACS enhanced the 40Hz-ASSR,
which is reduced in schizophrenia and associated with auditory pro-
cessing deficits. The enhanced alpha oscillations and 40Hz-ASSR were
correlated with reduction of auditory hallucinations for specific brain
regions. Thus, our findings demonstrate that 10Hz-tACS successfully
targets reduced neural oscillations but also has the potential to investi-
gate abnormal neural oscillations by tACS in patients with schizophrenia.

While schizophrenia is often conceptualized as a network disorder,
the cortical oscillations that have received the most attention tend to be
in the higher frequencies such as gamma oscillations (Rutter et al., 2009;
Spencer et al., 2003). We chose to target alpha oscillations instead since
(1) previous studies reported reduced alpha oscillations in patients with
schizophrenia compared to healthy participants (Hong et al., 2008;
Miyauchi et al., 1990; Omori et al., 1995; Sponheim et al., 2000, 1997,
1994) and (2) we hypothesized that auditory hallucinations are the
consequence of reduced functional connectivity in the
fronto-parietal-temporal network (Hinkley et al., 2011). To our knowl-
edge, the study presented here is the first study to examine a tACS
paradigm for a psychiatric indication. Our stimulation protocol
comprised 10 stimulation sessions with a total stimulation duration of
200min. Previous investigations of target engagement of alpha oscilla-
tions by tACS have been limited to healthy control participants that
received a single dose of tACS with typically lower stimulation ampli-
tudes than what we used. Several but not all studies showed that such a
stimulation session could enhance alpha oscillations during and imme-
diately after stimulation (Helfrich et al., 2014; Kasten et al., 2016;
Neuling et al., 2013; Vossen et al., 2015; Zaehle et al., 2010). No previous
study has investigated longer-lasting effects on the time-scale of weeks as
in our study. Although grand-averaged outlasting effects after one week
did not reach significance, some participants with more persistent clin-
ical improvement demonstrated outlasting effects on neural oscillations
up to the final 1-month follow-up after 10Hz-tACS (Fig. S9). In addition,
individual alpha frequency at baseline may be an indicator of
inter-participant variability to outlasting effects but we could not find
any relationship between individual alpha frequency and outcome
measures (alpha power, ASSR, and AHRS).

Steady-state evoked potentials are a fundamental neural response to a
temporally modulated stimulus in frequency and phase. ASSR has been
widely investigated in patients with schizophrenia and consistent deficits
specifically for the 40Hz-ASSR have been found in previous studies
(Brenner et al., 2009; Krishnan et al., 2009; Kwon et al., 1999; Light et al.,
2006; Spencer et al., 2008). Along with the 40Hz-ASSR, in this study, we
also applied 10Hz, which is frequency-matched with 10Hz-tACS and
harmonic frequencies; 20, 30, and 80Hz since no previous study has
looked at modulation of ASSR at different frequencies by tACS. However,
no clear ASSR was found for these other frequencies (data not shown).
Strikingly, we found that 10Hz-tACS not only enhanced the 40Hz-ASSR
but also is correlated with the reduction of AHRS scores. Thus, our re-
sults suggest that the 40Hz-ASSR could be a network marker to quantify
the treatment response to 10Hz-tACS. Furthermore, this finding points to
a fundamental, organizing role of alpha oscillations, which, when
enhanced by stimulation, enable improvement of other, impaired
network dynamics in other frequency bands.

This study has several limitations. First, the number of participants
per condition was small and clinical improvement did not reach statis-
tical significance (Mellin et al., 2018). However, effect size for change in
AHRS is the greatest in the tACS condition (Mellin et al., 2018).
Furthermore, the focus of the study was to identify target engagement for
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auditory hallucinations. In other words, changes in brain network dy-
namics in response to tACS appear to be a helpful tool to track the
therapeutic effect of stimulation. A follow-up study with a larger sample
size will provide the basis to address this question. Second, mean
participant age differed between the conditions (p¼ 0.01, Table S2). We
assessed Brief Assessment of Cognition in Schizophrenia (BACS) and
found no significant differences (p¼ 0.10) in BACS scores at baseline
between the groups. Although there is no known mechanism of how age
might affect the response to brain stimulation in patients with schizo-
phrenia, this will need to be addressed in future studies. Third, we did not
collect EEG data during stimulation due to pronounced stimulation
artifact. Although several previous studies investigated mathematical
methods to remove these artifacts using principle component analysis
(Helfrich et al., 2014) or a beamformer algorithm (Neuling et al., 2015),
successful and complete removal of stimulation artifacts without distor-
tion of the signals of interest remains to be demonstrated (Neuling et al.,
2017; Noury and Siegel, 2017). Lastly, we examined global functional
connectivity on the scalp channel pairs. This choice was motivated by our
hypothesis that 10Hz-tACS not only enhances reduced alpha oscillations
but also modulates disrupted network connections between brain re-
gions. For this reason, we calculated functional connectivity across fre-
quency and found the strongest connections are shifted to 10Hz in the
tACS condition. We adopted global functional connectivity by averaging
all scalp channels to minimize spurious local functional connectivity
(Nolte et al., 2004; Stam et al., 2007; Vinck et al., 2011) since the activity
of a single source in the brain is measureable in many EEG channels and
one EEG channel likely represents averaged activity from multiple brain
sources. In addition, different EEG channel locations across participants
could hinder to obtain consistent local connectivity. Use of MRI and
individually digitized EEG locations for each participant in an ongoing
study will provide precise functional connectivity by source
reconstruction.

In summary, we report successful target engagement of alpha oscil-
lations by tACS in psychiatric patients. We successfully enhanced and
modulated the neural oscillations. Further, the enhancement was corre-
lated with reduction of symptoms measured by AHRS. These findings
suggest that modulating and restoring reduced neural oscillations play a
key role in reducing auditory hallucinations in patients with schizo-
phrenia. Potentially, such targeted stimulation with tACS has therapeutic
benefit for other psychiatric disorders associated with reduced neuronal
oscillations such as major depressive disorder and autism spectrum
disorder.
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