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Objective: We hypothesize offset theta-tACS (transcranial alternating current stimulation) improves
emotion regulation (ER) and psychopathology more than transcranial direct current stimulation (tDCS)
in participants with internalizing psychopathologies (IPs).
Methods: This pilot study utilized a double-blind, pseudo-counterbalanced, sham-controlled design with
participants with IPs. Participants were assigned to receive tDCS or tACS, underwent four stimulation ses-
sions (two sham), and completed an emotion regulation task (ERT) during or after stimulation.
Participants completed the Beck Depression Inventory before/after the study, the Spielberger State and
Trait Anxiety Index after each ERT, and rated their arousal, valence, and perceived reappraisal ability dur-
ing the ERT.
Results: Participants receiving either stimulation type showed a reduction in anxiety, depression, and
valence and arousal ratings. We additionally discovered an effect demonstrating those who received
sham stimulation first displayed little-to-no change in any score across the study, but tACS participants
who received verum stimulation first showed significant improvements in each metric.
Conclusions: Improving ER capabilities via theta tACS has the potential to yield beneficial clinical effects.
Significance: This study adds validity to the use of non-invasive neuromodulatory methods, especially
tACS, to alleviate IPs. Additional research is needed to better understand the effects of sham stimulation.
Careful consideration of sham incorporation should be made in future studies.

� 2022 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Internalizing psychopathologies (IPs) including depression and
anxiety affect nearly 30% of the United States population
(Kessler, 2012; Konnopka et al., 2009). These psychopathologies
are characterized by disturbances in emotion regulation (ER)
(Aldao et al., 2016; Bar-Haim et al., 2007; Price et al., 2011), the
processes by which individuals modify their emotions to achieve
goals in response to contextual demands (Aldao et al., 2016;
Berking et al., 2013), such that these individuals have difficulty
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identifying and tolerating negative emotions and effectively mod-
ifying to adapt to their situation (Campbell-Sills et al., 2006;
Honkalampi et al., 2001; Kassel et al., 2007). In a ‘‘real world” set-
ting, ER is involved in situations such as trying to get through a
workday after the loss of a loved one or trying to maintain compo-
sure after receiving an email from your boss asking you to come to
their office to discuss an issue. Relevant to our current study are ER
paradigms that utilize a cognitive approach (i.e., ‘reappraisal’)
when viewing negative images to reduce the negative affect that
would otherwise occur when simply viewing the negative image
(Etkin et al., 2015; Fitzgerald et al., 2016; Hajcak and
Nieuwenhuis, 2006; Kinney et al., 2019).

Transcranial direct current stimulation (tDCS) has been a dom-
inant form of transcranial electrical stimulation (tES) over the last
several decades. tDCS acts by applying a constant electrical stimu-
lation to the brain to either raise or lower the resting membrane
potentials of the neurons lying below the electrode, in effect mak-
ing themmore or less likely to fire, respectively. This technique has
been utilized in the context of ER previously, targeting the dlPFC
(Conson et al., 2015; Feeser et al., 2014; Peña-Gómez et al., 2011)
and/or the medial prefrontal cortex (Abend et al., 2019) – both
key regions in emotion regulation – in healthy populations. Results
from these studies indicate that the use of tDCS to target ER-
related regions has the potential to modulate and facilitate the reg-
ulation and processing of negative emotions.

Over the last decade and a half, another type of tES has been
gaining popularity due to a shift in the field towards focusing on
intrinsic neural rhythms. Transcranial alternating current stimula-
tion (tACS) is a non-invasive stimulation technique that applies a
frequency-specific sinusoidal current to the scalp. Though the
underlying neuronal mechanisms are not yet fully understood,
tACS is thought to entrain endogenous brain rhythms by altering
underlying membrane potentials (Chan and Nicholson, 1986) and
has been shown to affect both frequency (Helfrich et al., 2014)
and synchrony (Polanía et al., 2012). On-set tACS – stimulation
delivered at each electrode with a zero-degree phase difference –
has been shown to enhance synchrony at the stimulation fre-
quency, whereas off-set tACS – stimulation delivered with a 180-
degree phase difference between electrodes – has been shown to
decrease underlying synchrony at the stimulation frequency
(Polanía et al., 2012). Specifically, results from Polanía (Polanía
et al., 2012), Strüber (Strüber et al., 2014), and Tseng and col-
leagues (Tseng et al., 2018) indicates that offset tACS induces oppo-
sitional effects on the stimulated frequency band as well as on the
relevant synchrony-related constructs. tACS has previously been
used in research settings to modulate higher order functions such
as working memory and executive processing via the dlPFC and the
left parietal region (Jaušovec and Jaušovec, 2014), fluid intelligence
via the left parietal region (Pahor and Jaušovec, 2014), and risk tak-
ing behavior via the dlPFC (Sela et al., 2012). To the best of our
knowledge, however, tACS has not yet been utilized to target ER
and has only been used minimally to study IPs. Because the theta
band in particular has been shown to have higher baseline levels
of global theta synchrony in a subset of IP individuals (Xing
et al., 2017) and is aberrant during emotion regulation in these
same individuals (Xing et al., 2019), we expect that disrupting
theta synchrony in an offset manner would improve ER capability.

The goal of our study is to utilize these forms of tES to improve
participants’ ER ability, and we believe this will lead to an improve-
ment in clinical symptoms of anxiety and depression. This pilot
study provides a preliminary side-by-side analysis of the two stim-
ulation methods in the context of emotion regulation in individuals
with IPs., Though tDCS has previously been demonstrated to effec-
tively improve ER, we hypothesize that offset tACS will also yield
improvements in participants’ratings of negative affect, anxiety
scores, and depression scores.
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2. Materials and methods

2.1. Participants

Thirty-three volunteers with depression and/or anxiety were
recruited from a clinical population (Table 1). Inclusion required
a psychiatric evaluation by a board-certified psychiatrist, a score
greater than 23 on the Depression Anxiety Stress Scale (DASS-
21), ability and willingness to give written consent, and no major
active neurologic or medical problems determined by the Cumula-
tive Illness Rating Scale. Participants were excluded if they exhib-
ited active suicidal ideation at any point in the protocol
determined by the psychiatrist, past or current substance depen-
dence, or pregnancy at the time of study. The study protocol was
approved by the Institutional Review Board of the University of Illi-
nois at Chicago and participants were monetarily compensated for
their time.
2.2. Transcranial stimulation

All transcranial stimulation was conducted with the XCITE
device (Pulvinar Neuro, LLC, Chapel Hill, NC). tDCS and tACS stim-
ulation parameters were chosen and implemented based on previ-
ous tES studies with emotion-related tasks (Feeser et al., 2014;
Polanía et al., 2012; Sanchez et al., 2016). For tDCS stimulation, a
32-channel EEG cap was placed on participants’ heads and a mark
for the anode was made at the F3 location to approximate the left
dlPFC and a mark for the cathode was made at location Fp2 using a
china marker. The EEG cap was then removed. Gel was applied to
the stimulation electrodes and placed on the scalp at the markings.
tDCS sham stimulation consisted of a 30 second ramp-up to
1.5 mA, then cessation of stimulation. Verum stimulation was
administered at 2.0 mA.

We chose to use theta-tACS in an offset manner due to previous
work noting increased theta synchrony in a subset of individuals
with IPs at baseline (Xing et al., 2017) as well as an additional
study indicating an aberrant theta band in these individuals during
an emotion regulation task (ERT); (Xing et al., 2019). tACS elec-
trode sites varied by participant, determined by a baseline EEG
recording. The baseline recording was immediately analyzed and
the electrodes between which theta synchrony was the highest
was determined using a weighted phase lag index analysis with
MATLAB toolbox Fieldtrip (See Fig. 1; Donders Centre for Cognitive
Neuroimaging, Nijmegen, Netherlands). Marks were made through
the electrode cap using a china marker, caps were removed, and
stimulation electrodes were placed following the same procedure
as tDCS. After putting the EEG caps on over the tACS electrodes,
gel was reapplied using a blunted tip syringe for each electrode.
Verum stimulation was delivered at 6 Hz with a 180-degree phase
difference between electrodes. For sham condition, stimulation
was turned off following a 30 second ramp-up period.
2.3. Emotion regulation task

Participants completed several iterations of a validated ERT
(Fitzgerald et al., 2016; Kinney et al., 2019), previously used while
studying the theta band during emotion regulation (Xing et al.,
2019). Each iteration consisted of 6 blocks of 20 novel stimuli pre-
sented in pseudorandomized order, during which participants
were instructed to look at neutral images (‘look’), maintain nega-
tive affect while viewing negative images (‘maintain’), or reap-
praise negative images to reduce negative affect (‘reappraise’).
Each iteration of the ERT included each instruction twice, once
for blocks including images of only faces and once for blocks
including only images of scenes. For this study, only data from



Table 1
Participant Demographics. Averages +/� one standard deviation for transcranial alternating current stimulation (tACS) and transcranial direct current stimulation (tDCS)
participants for the Depression Anxiety Stress Scale (DASS) metrics and age. Categorical demographics were coded and analyses were conducted on the coded variables. Two tACS
participants did not disclose their demographic information.

tACS tDCS t p SE

N 16 17
DASS Depression 22.0 +/� 9.2 23.8 +/�9.3 0.548 0.587 3.219
DASS Anxiety 21.1 +/� 8.2 23.2 +/� 10.7 0.617 0.542 3.325
DASS Total 34.6 +/� 9.6 37.3 +/�10.5 0.779 0.442 3.509
Age 30.0 +/� 12.1 years 34.4 +/� 12.0 years 1.016 0.318 4.344
Sex n n 0.202 0.842 0.125
Female 12 15
Male 2 2

Education n n 0.07 0.945 0.422
Less than high
school or GED

0 1

High School or
GED

5 2

Associates 1 4
Bachelor’s 4 8
Masters 4 2

Ethnicity n n 0.202 0.842 0.125
Hispanic/Latino 2 2
Not Hispanic/
Latino

12 15

Race n n 0.363 0.719 0.238
American Indian 1 0
Asian 1 1
Black or African
American

4 4

White 8 11
Other 0 1

Fig. 1. Transcranial Alternating Current Stimulation Electrode Pairings. Transcranial alternating current stimulation (tACS) electrodes were placed at the two locations
between which baseline theta synchrony was recorded to be the highest. Each number on the figure represents the number of participants with that specific electrode pairing.
Any electrodes not displayed above were not utilized for tACS administration.
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stimuli blocks of scenes were analyzed. Images were from the
International Affective Picture System (Lang et al., 1997) and were
not repeated. Each image remained on screen for 8 seconds. Fol-
lowing each block of stimuli, participants were asked to rate on a
1–5 Likert scale how emotionally aroused they felt (‘arousal rate’;
1 = not at all aroused, 5 = very aroused), how negatively they felt
(‘valence rate’; 1 = not at all negative, 5 = very negative), as well
as how well they believed they were able to reappraise following
each ‘reappraise’ block (‘reappraisal rate’; 1 = low belief in reap-
64
praisal ability, 5 = high belief in reappraisal ability). Ratings ques-
tions remained on the screen until answered by the participant.
2.4. Procedure

Participants came to the lab for an initial interview and screen-
ing with a board-certified psychiatrist who administered a psychi-
atric evaluation, the DASS-21 questionnaire, a demographics form,
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and the cumulative illness rating scale to assess general health and
to determine eligibility.

Participants returned to the lab within two weeks of the initial
interview andwere randomly assigned to receive either tACS or tDCS.
tDCS participants had stimulation electrodes placed and then all par-
ticipants were fitted with a 32-electrode cap and sat at rest for an 8-
minute baseline period. tACS participants had their caps removed fol-
lowing their baseline recording, baseline data analyzed for theta syn-
chrony, and then stimulating electrodes and EEG caps were placed
according to the above protocol (for details regarding EEG recording
and preprocessing, see Supplementary Information). Electrodes and
EEG caps were worn for the duration of the procedure. Participants
then received their first session of stimulationwhile completing their
first ERT (approximately 20 minutes), followed by an 8-minute rest
without stimulation. They then received their second stimulation ses-
sionduring their secondERT, followedby anadditional 8-minute rest.
Participants thenreceived20minutesof stimulationwhile restingand
then performed their third ERT without stimulation, followed by an
additional 20 minutes of stimulation during rest and then their final
ERT iteration (Fig. 2). Sham/Verum stimulations were pseudo-
counterbalanced, such that some participants completed sham-
verum-verum-sham and others ordered verum-sham-sham-verum
for their sessions. Following each rest + ERT pair, participants com-
pleted the Spielberger State and Trait Anxiety Index (STAI) focusing
on state-based items as well as a TCS safety questionnaire to assess
any potential discomfort from stimulation. Participants completed
the Beck Depression Inventory (BDI) before their baseline recording
and after completion of the final ERT.

2.5. Statistical analysis

All analyses were performed using the Statistical Package for
the Social Sciences Statistics (SPSS) (Version 27.0), were two-
tailed, with an alpha level of 0.05. Independent samples t-tests
indicated that participants randomized to receive tACS or tDCS
did not differ based on age, sex, level of education, ethnicity, race,
DASS-21 depression scores, DASS-21 anxiety scores, or DASS-21
total scores (Table 1).

BDI and STAI were chosen to detect state changes throughout
the study. BDI analyses were paired samples t-tests comparing
scores from the beginning of the study to scores following neuro-
modulation. STAI analyses included repeated measures ANOVAs
with five conditions (baseline, sham, verum, after sham, after
verum) as well as t-tests to compare baseline scores to final scores.
For valence ratings and arousal ratings, analyses were 4 conditions
(sham, verum, after sham, after verum) by 3 tasks (look, maintain,
reappraise) repeated measures ANOVAs followed by t-tests to
compare initial ‘reappraise’ scores with final ‘reappraise’ scores.
Reappraisal scores – how well participants felt they were able to
reappraise during ‘reappraise’ stimuli blocks – were analyzed using
a repeated measures ANOVA with 4 conditions (sham, verum, after
sham, after verum). Finally, correlational analyses were conducted
to compare changes seen in clinical scores with changes seen in
‘reappraise’ valence and arousal ratings.

Due to the small sample size of this pilot study, the study design
was not powered to be able to detect differences between the tACS
and tDCS conditions and thusly no analyses were conducted to
include current type as a between-subjects variable.
3. Results

3.1. Beck Depression Inventory

Participants who received tACS showed a significant reduction

in depression scores from the beginning of the study (x
�
= 25.188)
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to immediately following the study (x
�
= 22.9) (F(1,15) = 5.360,

p = .035, g2p = .263). tDCS participants showed a slight decrease

as well, but did not quite reach significance (x
�
pre = 25.235, x

�

post = 23.412, F(1,16) = 4.102, p = .060, g2p = .204) (Fig. 3A). By strat-
ifying the data by the order of stimulation, however, we uncovered
separate trends. tACS participants who received verum (n = 8)
stimulation for their first session showed an average decrease in
depression scores of 4.825 points (F(1,7) = 21.862, p = .002,
g2p = .757). In contrast, tACS participants who received sham first

(n = 8) showed no change in their BDI scores (x
�
pre = 25.25,

x
�
post = 25.5, F(1,7) = .048, p = .833, g2p = .007). A similar pattern
was seen in the tDCS participants; those receiving verum stimula-
tion first (n = 10) showed a significant decrease in BDI from the

start to the end of the study (x
�
pre = 26.2, x

�
post = 23.6, F

(1,9) = 6.183, p = .035, g2p = .407) while no significant change

was seen in those receiving sham first (n = 7; x
�
pre = 23.857,

x
�
post = 23.143, F(1,6) = .199, p = .671, g2p = .032) (Fig. 3B).

3.2. Spielberger State and Trait Anxiety Index

tACS participants did not show a main effect of stimulation type
on anxiety over their five iterations of STAI (baseline, during sham,
during verum, after sham, and after verum) (F(1,15) = .983,
p = .337, g2p = .062) and demonstrated a nonsignificant decrease

in STAI scores from the start to the end of the study (x
�

pre = 45.000, x
�
post = 40.625, t(15) = 1.179, p = .257, d = 0.295, 95%

CI [�.211, .791]). tDCS participants, however, showed a main effect
of STAI through a general decrease over the course of their STAI
iterations (F(1,16) = 7.128, p = .017, g2p = .308), as well as a signif-
icant decrease in STAI scores from the beginning to the end of the

study (x
�
pre = 51.333, x

�
post = 42.550, t(16) = 2.945, p = .010, d = .714,

95% CI [.170, 1.240]) (Fig. 4A).
The data stratified by stimulation order revealed a more com-

plex pattern. tACS participants who received sham first again
showed no main effect of stimulation type over their iterations (F
(1,7) = .159, p = .702, g2p = .022) and no significant difference from

the beginning to the end of the study (x
�
pre = 42.5, x

�
post = 43.33, t

(7) = �.136, p = .896, d = �.048, 95% CI [�.740, .647]). In contrast,
when tACS participants received verum stimulation first they had a
significant linear main effect of stimulation (F(1,7) = 7.589,
p = .028, g2p = .520) and a significant decrease of nearly 10 points

from the beginning to the end of the study (x
�
pre = 47.5,

x
�
post = 37.917, t(7) = 2.592, p = .036, d = .917, 95% CI [.057,
1.733]). Interestingly, tDCS participants who received sham first
had a significant main effect of stimulation type (F(1,6) = 11.929,
p = .014, g2p = .665) but those who received verum first did not
(F(1,9) = 2.495, p = .149, g2p = .217) (Fig. 4B). Neither group of tDCS
participants (sham or verum first) showed a significant decrease in
STAI pre-to-post study, though both were trending towards signif-

icance (sham first: x
�
pre = 50.952, x

�
post = 42.381, t(6) = 2.233,

p = .067, d = .844, 95% CI [�.056, 1.695]; verum first: x
�
pre = 51.333,

x
�
post = 42.667, t(9) = 1.985, p = .078, d = .628, 95% CI [�.069, 1.296])
(Table 2).

3.3. Valence ratings

All valence ratings were normalized, such that participants’ rat-
ings for neutral stimuli were subtracted from their neutral, main-
tain, and reappraise scores. Following normalization, ‘‘look”
scores for neutral stimuli became zero, maintain scores repre-
sented the difference between maintain scores and neutral scores,
and reappraise is the difference between reappraisal scores and the
neutral condition.
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Fig. 2. Procedure. Participants completed alternating iterations of the emotion regulation task (ERT) and rest. Stimulation was delivered during the first two ERTs and last
two rests. Stimulation order was either sham-verum-verum-sham or verum-sham-sham-verum. ERTs were approximately 20 minutes in length. State Trait Anxiety Index
(STAI) was completed before baseline and following each ERT + rest pair and the Beck Depression Inventory (BDI) was completed before baseline and following the final ERT.

Fig. 3. Beck Depression InventoryScores. Pre and post scores for transcranial alternating current stimulation (tACS) and transcranial direct current stimulation (tDCS)
participants (A) and the stratified results (B). Significant differences from baseline are indicated on graphs. Significances in stratified data (B) were only displayed by verum-
first participants.

Fig. 4. Spielberger State and Trait Anxiety Index Results. Average anxiety scores (STAI) for transcranial alternating current stimulation (tACS) and transcranial direct
current stimulation (tDCS) participants by stimulation type (A) and stratified data for sham-first and verum-first participants ordered by time (B). Significant post-hoc
comparisons to baselines are indicated on graphs. All significances in stratified data (B) were displayed by verum-first participants.
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Both groups showed a significant main effect of stimulation
type (tACS: F(1,15) = 8.457, p = .011, g2p = .361; tDCS: F
(1,16) = 4.561, p = .049, g2p = .222) such that they displayed a gen-
eral decrease in valence for both maintain and reappraise from the
first half of the study to the second half. Additionally, tACS partic-
ipants showed a significant interaction between stimulation type
and task (F(1,15) = 12.736, p = .003, g2p = .459); reappraise valence
scores decreased more drastically during the second half of the
study than did the maintain valence scores. This pattern was not
seen in the tDCS participants (Fig. 5A).
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When stratified by stimulation order, both tACS groups had sig-
nificant main effects of stimulation type, though those receiving
sham first showed a linear main effect (F(1,7) = 6.875, p = .034,
g2p = .496) and those who received verum first had a quadratic
main effect (F(1,7) = 5.898, p = .046, g2p = .457) such that both
groups displayed a general decrease in valence scores following
their first session of stimulation. Of the tDCS participants, only
those who received verum first showed a main effect of stimula-
tion type (F(1,9) = 7.149, p = .025, g2p = .443) such that valence
scores decreased following their first session of stimulation. None



Table 2
Pre and Post Scores. Results from t-tests comparing transcranial alternating current stimulation (tACS) and transcranial direct current stimulation (tDCS) average post scores to
average pre scores for Beck Depression Inventory (BD), State and Trait Anxiety Index (STAI), ‘Reappraise’ Valence Ratings, and ‘Reappraise’ Arousal ratings.

tACS tDCS

Total Sham-First Verum-First Total Sham-First Verum-First

BDI Pre 25.188 25.250 25.130 25.235 23.857 26.200
Post 22.900 25.500 20.250 23.412 23.142 23.600
p-value .035* .833 .002* .060 .671 .035*

STAI Pre 45.000 42.500 47.500 51.333 50.952 51.333
Post 40.625 43.330 37.917 42.550 42.381 42.667
p-value .257 .896 .036* .010* .067 .078

Reappraise Valence First 2.440 2.500 2.380 1.290 1.000 1.500
Last 1.060 1.250 0.880 0.820 1.140 0.600
p-value < .001* .060 .009* .239 .853 .041*

Reappraise Arousal First 1.190 0.750 1.630 0.710 0.710 0.700
Last 0.380 0.130 0.630 0.240 �0.140 0.500
p-value .018* .305 .007* .134 .200 .509

Fig. 5. Valence and Arousal Scores. Valence ratings (A and C) and arousal ratings (B and D) for transcranial alternating current stimulation (tACS) and transcranial direct
current stimulation (tDCS) participants by stimulation type (A and B) and stratified by stimulation order and ordered by time (C and D). Significant post-hoc comparisons of
‘reappraise’ ratings to their baseline are displayed on graphs.

J. McAleer, L. Stewart, R. Shepard et al. Clinical Neurophysiology 145 (2023) 62–70
of the four groups had a significant interaction between stimula-
tion type and task (Fig. 5C).

From the first to the final ERT iteration, tACS participants dis-
played a significant difference in the valence ratings following

‘reappraise’ stimulus blocks (x
�
first = 2.44, x

�
last = 1.06, t

(15) = 4.044, p = .001, d = 1.011, 95% CI [.393, 1.607]), whereas

the difference in tDCS participants was not significant (x
�
first = 1.29,

x
�
last = 0.82, t(16) = 1.224, p = .239, d = .297, 95% CI [�.194, .779]).

Verum-first tACS participants drove this decrease (x
�
first = 2.38,

x
�
last = 0.88, t(7) = 3.550, p = .009, d = 1.255, 95% CI [.286, 2.178]),
though sham-first tACS participants trended towards significance

(x
�
first = 2.50, x

�
last = 1.25, t(7) = 2.236, p = .060, d = .791, 95% CI
67
[�.033, 1.573]). A significant decrease in ‘reappraise’ valence scores

was also seen in tDCS verum-first participants (x
�
first = 1.50, x

�

last = 0.60, t(9) = 2.377, p = .041, d = .752, 95% CI [.028, 1.444]),

but sham-first tDCS participants showed no change (x
�
first = 1.00,

x
�
last = 1.14, t(6) = �.194, p = .853, d = �.073, 95% CI [�.812,
.672]) (Table 2).
3.4. Arousal ratings

Arousal ratings were normalized similarly to valence ratings,
such that ratings for neutral stimuli were subtracted from main-
tain and reappraise ratings.
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Neither tACS nor tDCS groups showed large changes in arousal
ratings across stimulation types (Fig. 5B). This remained consistent
even after data was stratified (Fig. 5D). tACS participants did, how-
ever, display a significant interaction between stimulation type
and task (F(1,15) = 4.804, p = .045, g2p = .243) due to the gap
between maintain and reappraise growing over the course of the
study. This interaction was again driven by the verum-first tACS
participants. These participants also had a significant interaction
between task and stimulation type (F(1,7) = 6.236, p = .041,
g2p = .471), but sham-first tACS participants displayed no differ-
ence between maintain and reappraise arousal scores. These same
patterns were not seen in the tDCS participants.

tACS participants displayed a significant decrease in their arou-
sal ratings following ‘reappraise’ stimulus blocks from their first to

final ERT iterations (x
�

first = 1.19, x
�
last = .38, t(15) = 2.657, p = .018,

d = .664, 95% CI [.112, 1.199]), though tDCS participants did not

(x
�
first = 0.71, x

�
last = 0.24, t(16) = 1.577, p = .134, d = .382, 95% CI

[�.116, .870]. In the stratified data, only verum-first tACS partici-
pants displayed a significant decrease in their ‘reappraise’ arousal

scores (x
�

first = 1.63, x
�
last = 0.63, t(7) = 3.742, p = .007, d = 1.323,

95% CI [.330, 2.270]). Sham-first tACS participants (x
�
first = 0.75,

x
�
last = 0.13, t(7) = 1.106, p = .305, d = .391, 95% CI [�.343, 1.100]),

sham-first tDCS participants (x
�
first = 0.71, x

�
last = �0.14, t

(6) = 1.441, p = .200, d = .545, 95% CI [�.274, 1.326]), nor verum-

first tDCS participants (x
�
first = 0.70, x

�
last = 0.50, t(9) = .688,

p = .509, d = .218, 95% CI [�.416, .840]) displayed significant trends
(Table 2).

3.5. Reappraisal ratings

tACS participants displayed a significant linear main effect of
stimulation on their rating of reappraisal ability (F(1,15) = 9.509,
p = .008, g2p = .388). Both tACS sub-groups displayed a similar main
effect, though that effect was linear for the sham-first group (F
(1,7) = 9.776, p = .017, g2p = .583) and quadratic for the verum-
first group (F(1,7) = 10.722, p = .014, g2p = .605), such that their
feelings of reappraisal ability increased following their first session
of verum or sham stimulation. Because tDCS participants’ reap-
praisal scores did not differ much across the task, it is unlikely that
the effect seen in the tACS participants is due solely to a change
over time.

3.6. Correlations

Before comparing changes in clinical scores with changes in
‘reappraise’ valence and arousal, BDI, STAI, ‘reappraise’ valence,
and ‘reappraise’ arousal scores were transformed into percentages
of change (delta score) within their respective scales. Among tACS
participants, changes in BDI and STAI scores from the start to finish
of the study (delta scores) correlated most at the trend level, with
changes in valence ratings when participants were asked to reap-
praise (BDI: r(15) = .491, p = .053; STAI: r(15) = .452, p = .079). Nei-
ther BDI nor STAI delta scores correlated with changes in
‘reappraise’ arousal ratings (p > .1). tACS participants’ normalized
‘maintain’ scores in the ERT following verum stimulation also cor-
related with their global theta synchrony at that time (r(13) = .579,
p = .038). tDCS participants’ STAI or BDI delta scores did not corre-
late with arousal or valence delta scores for ‘reappraise’ (p > .1).

In the stratified data, sham-first participants receiving either
tACS or tDCS displayed no significant correlations between BDI or
STAI with valence or arousal ratings (p > .1). Verum-first tACS par-
ticipants, however, again demonstrated a trend between STAI delta
scores and ‘reappraise’ valence delta scores (r(7) = .629, p = .095).
All other correlations were not significant (p > .1).
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4. Discussion

The results of this pilot study support the hypothesis that tES
targeting ER has a beneficial effect on internalizing symptoms. Par-
ticipants displayed improvements in ER, indicated by the lower
‘reappraise’ valence and arousal scores at the end of the study com-
pared to the beginning, as well as improvements in clinical scores
for depression and anxiety. Though correlations between clinical
and regulatory scores were not significant, the trends seen are a
promising indicator that there may be a link between the two. Fur-
ther, in line with our hypotheses, participants who received tACS
stimulation in particular showed significant improvements. Lastly,
we found the intriguing lack-of-effect when participants received
sham stimulation before verum stimulation, most notably in tACS
participants.

The results from the analyses of pre-post/first-last changes in
clinical scores as well as ‘reappraise’ valence and arousal ratings
indicate that improvements in ER capability may be beneficial to
internalizing psychopathology symptoms. Emotion regulation has
been gaining increasing attention as a target within the transdiag-
nostic approach to studying and treating IPs and growing evidence
indicates that treatments that provide ER training have merit in
alleviating symptoms (Aldao et al., 2016; Barlow et al., 2016;
Ehrenreich-May and Bilek, 2012; Goldman et al., 2006; Grosse
Holtforth et al., 2019). In fact, a study by Berking and colleagues
(Berking et al., 2013) found that patients who receive cognitive
behavioral therapy with ER training achieved a 14% higher remis-
sion rate than participants who received therapy without ER train-
ing. The results of our study add weight to the argument that
targeting ER may improve depression and anxiety symptoms.

Of further interest, using theta-targeting offset tACS appears to
have had a stronger effect on ER, anxiety, and depression than
dlPFC-targeting tDCS indicated by a greater number of significant
changes. tDCS has been utilized more commonly in previous stud-
ies of ER (Conson et al., 2015; Feeser et al., 2014; Peña-Gómez
et al., 2011) and depression (Berlim et al., 2013; Nitsche et al.,
2009), but our results indicate that tACS, particularly offset tACS,
is an under-researched methodology of tES for IPs. Here, tACS
may be a superior form of tES because it can target specific fre-
quency irregularities and modulate the EEG rhythms theorized to
be involved in emotion dysregulation. tACS provides researchers
with the ability to target irregularities within specific frequency
bands (Helfrich et al., 2014) as opposed to having a general increas-
ing or decreasing effect on underlying neuronal activity as with
tDCS (Nitsche et al., 2009). These preliminary findings indicate that
a frequency-specific approach to targeting ER and internalizing
symptomology may achieve more dramatic benefits than a general
increase in underlying neuronal activity.

Perhaps the most intriguing result from this study is the lack of
effect when participants received sham first, particularly for anxi-
ety and depression scores. Sham stimulation is designed to act as a
placebo control, providing only enough stimulation to give partic-
ipants the initial tingling sensation at the start of administration.
The lack of effects when participants receive sham first begs the
question, though, if sham stimulation is having an unintentional
and unanticipated neurobiological effect. There has been limited
mentioning of sham effects in the literature, but Kortuem et al.
(Kortuem et al., 2019) and Splittgerber (Splittgerber et al., 2020)
noted differences in participants’ responses to sham stimulation,
such that they classified participants as ‘‘responders” and ‘‘non-
responders” to sham and found that sham ‘‘responders” did not
respond to verum stimulation. Though their stimulation parame-
ters differ slightly from the current study, it is possible that this
sham effect is occurring for similar reasons. One hypothesized
mechanism of these sham effects can be explained by the
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Bienenstock-Cooper-Munro theory (Bienenstock et al., 1982)
which posits that high levels of prior activity favor long-term
depression and, subsequently, the 30 seconds of ramped up stimu-
lation, our sham procedure, actually blocks the long-term potenti-
ation which may occur from later verum stimulation. Another
possible explanation, however, is that even though participants
and researchers were blinded to stimulation condition, partici-
pants were 36% accurate in guessing sham stimulation and 76%
accurate in guessing verum stimulation, and therefore sham may
not have acted as a true placebo as intended. This potential sham
effect calls into question the current standards for tES suggested
by the National Institute of Mental Health (Bikson et al., 2018)
which support counterbalanced tES study designs with sham
inclusion. Such designs may be masking potential effects of stimu-
lation and blunting others, which should be considered in future
research.

Though the current study had several strengths including the
double-blind design and a side-by-side analysis of stimulation
methods, there were several limitations. First, without the inclu-
sion of a baseline run of the emotion regulation task, it is impos-
sible to determine overall improvement in ER capabilities,
especially due to the pseudo-counterbalanced nature of the
study design. Some participants’ initial run of the task was dur-
ing verum stimulation and others’ was during sham, eliminating
a true baseline for comparison. Second, because the two stimu-
lation techniques had unique targets and effects, it is difficult
to determine whether tACS outperformed tDCS or if instead
theta was a better target than the dlPFC. Third, because all four
sessions of stimulation were administered in one day, we sus-
pect there were carry-over effects as outlined in the current lit-
erature (Heise et al., 2019; Klink et al., 2020; Mansouri et al.,
2019; Splittgerber et al., 2020), meaning that the after-sham
ERT was also after a previous verum stimulation. Additionally,
because of the pseudo-counterbalanced design, and considering
the discovered sham effects, there may have been a confounding,
blunting effect from the sham stimulations on the verum-
stimulation metrics. Fourth, though the study was double-
blind, participants’ stimulation guess accuracies differed greatly
from the 50% accuracy that would have been achieved due to
simply guessing. Finally, the small sample sizes in this pilot
study make it nearly impossible to draw strong conclusions.
The effect sizes coupled with significant preliminary results,
however, are promising and justify further exploration in future
studies.

Despite these limitations, our results indicate that targeting EEG
rhythms involved in ER may have beneficial effects on symptoms
of depression and anxiety. Our results further indicate that offset
theta-targeting tACS may be a promising intervention for future
research and treatment of IPs. Lastly, the field of neuromodulation
may need to re-evaluate how to incorporate sham stimulation as
an effective placebo condition. Additional research is needed to
validate the efficacy of theta-targeting offset tACS as an interven-
tion for IPs, to understand the effect of current sham protocols
on underlying neural activity, and to extend our understanding
of the relationship between theta and ER in IPs by looking beyond
theta coherence to theta dynamics through time–frequency and
thought chart analyses (Xing et al., 2019).
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