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Transcranial Alternating Current Stimulation
Reduces Network Hypersynchrony and
Persistent Vertigo
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Flavio Fröhlich, PhD3,4,7,8,9,10; Yoon-Hee Cha, MD6,11

ABSTRACT

Objectives: Persistent oscillating vertigo that occurs after entrainment to periodic motion is known as Mal de
Débarquement Syndrome (MdDS). Down-modulation of this oscillating vertigo is associated with reduction in long-
range resting-state functional connectivity between fronto-parieto-occipital regions. In order to determine the associa-
tion between this oscillating vertigo and hypersynchrony as measured by the auditory steady-state response (ASSR), we
investigated the differences in ASSR between individuals with MdDS and healthy controls as well as the change in
ASSR in individuals with MdDS before and after treatment with transcranial alternating current stimulation (tACS).

Materials and Methods: Individuals with treatment refractory MdDS lasting at least six months received single administra-
tions of fronto-parieto-occipital tACS in an “n-of-1” double-blind randomized design: alpha-frequency in-phase, alpha-
frequency antiphase, and gamma frequency antiphase control. The treatment protocol that led to the most acute reduction in
symptoms and improved balance was administered for 10–12 sessions given over three days (each session 20-min at 2–4 mA).

Results: Twenty-four individuals with MdDS participated (mean age 53.0 ± 11.8 years [range: 22–66 years, median: 57.0 years];
mean duration of illness 38.6 ± 53.4 months [range: 6–240 months, median: 18.0 months]). Individuals with MdDS had ele-
vated ASSR compared to healthy controls at baseline (t11 = 5.95, p < 0.001). There was a significant decrease in the 40 Hz-ASSR
response between responders compared to nonresponders to tACS (t-test, t15 = −2.26, p = 0.04). Both in-phase and anti-phase
alpha tACS lead to symptom improvement but only antiphase alpha-tACS led to a significant decrease of 40 Hz-ASSR (t-test,
t12 = −9.6, p < 0.001).

Conclusions: Our findings suggest that tACS has the potential to reduce network-level hypersynchrony and pathologi-
cal susceptibility to entrainment by sensory input. To the best of our knowledge, this is the first successful demon-
stration of desynchronization by noninvasive brain stimulation leading to reduced vertigo. Other disease states
associated with pathological functional coupling of neuronal networks may similarly benefit from this novel
approach.

Keywords: Auditory steady-state response, Mal de Débarquement Syndrome, persistent oscillating vertigo, transcranial alter-
nating current stimulation
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INTRODUCTION

Oscillating stimuli are abundant in our environment from both
natural and human-made sources. Sound, motion, light, and elec-
trical signals have the potential to interact with the nervous sys-
tem through entrainment even when they are not consciously
perceived (1).
In particular, exposure to wave motion during water-based

travel has been known for centuries to cause postmotion oscillat-
ing vertigo, often lasting for months or years (2). This postmotion
vertigo usually feels as if one were still on the moving vessel
despite being on stable ground. When brief, the phenomenon is
well recognized by the term, “landsickness” (3). When persistent,
this form of oscillating vertigo is known as Mal de Débarquement
Syndrome (MdDS), or “sickness of disembarkation,” (2,4). Neuro-
imaging studies in MdDS show that it may be a human model of
entrainment to motion that leads to prolonged changes in ner-
vous system function (5,6).
MdDS usually occurs after exposure to low amplitude oscillating

motion, such as from water, air, or land-based travel (7). The
resulting oscillating vertigo, described as “rocking,” “bobbing,” or
“swaying,” only improves with re-exposure to passive motion
such as driving in a car or getting back on the initial triggering
stimulus (2,4).
The entorhinal cortex has been proposed as an important sub-

strate in the maintenance of persistent MdDS since it is
entrainable with periodic stimulation, is functionally connected to
a large swath of neocortex, and plays a critical role in updating
the hippocampus on environmental features relevant for naviga-
tion (8,9). Hypermetabolism of the left entorhinal cortex and
altered resting-state functional connectivity between the entorhi-
nal cortex and neocortical areas have been reported in individuals
with MdDS (5,6,10). Symptom reduction with repetitive trans-
cranial magnetic stimulation (rTMS) over dorsolateral prefrontal
cortex correlates with reduction in functional connectivity
between the entorhinal cortex and the posterior parietal sensory
association area including the default mode network as well as
between front-parieto-occipital networks that may be involved in
spatial attention processing (6,10,11).
Individuals with MdDS can experience many symptoms beyond

just vertigo, however including headache, visual motion intoler-
ance, fatigue, cognitive slowing, and tinnitus (12). This may be
partially explained by the widespread connectivity of the entorhi-
nal cortex with prefrontal and sensory association areas (13,14).
The relatively innocuous motion stimuli that trigger MdDS may
thus affect widespread brain regions with effects that are measur-
able in a cross-modal way.
We tested the hypothesis of whether hypersynchrony as mea-

sured by the auditory steady-state response (ASSR) in individuals
with MdDS correlates with symptom status. The ASSR measures
the neural response in the auditory cortex to periodic sound stim-
uli and represents a measure of stimulus-driven synchronization
in cortical networks. ASSR at 40 Hz has been shown to be a
potential biomarker for complex cognitive processing, sleep state,

and disorders such as bipolar disorder and schizophrenia, and
may be thus be used as a general marker of brain synchrony
rather than specifically related to the auditory system (15-19).
In order to determine how ASSR relates to symptom state in

MdDS, we compared a group of individuals with MdDS to age-
matched healthy controls and determined the relationship
between ASSR change and modification of the oscillating vertigo
perception with transcranial alternating current stimulation (tACS).
We applied three different tACS conditions in order to provide
physiologically counter-balanced stimulations (antiphase alpha
tACS, in-phase alpha tACS, and antiphase gamma tACS). These
stimulations were given in randomized order between partici-
pants in a double-blind manner with a protocol designed to
directly test whether antiphase stimulation at the alpha frequency
(vs. gamma) is the critical paradigm to drive symptom related nor-
malization in hypersynchrony. We hypothesized that antiphase
alpha-tACS would be the most effective in decreasing auditory
hyperexcitability in individuals with MdDS consistent with past
studies that showed decreased synchrony in the high-alpha band
correlating with MdDS symptom improvement (10). Our findings
suggest that MdDS is a multinetwork disorder driven by periodic
motion input in which reduction of hypersynchrony with alpha
tACS may be a therapeutic option.

MATERIALS AND METHODS
Study Design
This study was performed at the Laureate Institute for Brain

Research in Tulsa, OK. Study procedures were completed
according to Declaration of Helsinki guidelines and approved by
Western IRB (www.wirb.com). Participants provided written
informed consent and were recruited under ClinicalTrials.gov
study (NCT02540616). This study used tACS as a research inter-
vention and was completed between July 2017 and June 2019.
Inclusion criteria were as follows: 1) persistent oscillating vertigo
that started within 48-hours after disembarking from sea, air, or
land based moving vessel; 2) symptom duration of at least six
months; and 3) no other cause for symptoms after evaluation by
a neurologist or otolaryngologist with appropriate testing to rule
out other causes of symptoms. Exclusion criteria were as follows:
1) an unstable medical or psychiatric condition such as a history
of bipolar disorder or psychosis; 2) pregnant or planning to
become pregnant during study participation; 3) contraindications
to receiving tACS in this blinded study included skin disorders
(including sunburns on the head) or prior experience with tACS;
and 4) an inability to complete all study related testing. All partici-
pants remained on their baseline medications with no change in
dose for eight weeks prior to data collection.

EEG Recoding and Auditory Task
Electroencephalography (EEG) data were obtained at baseline

and after all tACS sessions were completed. EEG was recorded
with 128 channels (Brain Products GmbH, Gilching, Germany) at a
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sampling rate of 5 kHz. The center 23 electrodes were used for
ASSR calculation (Supporting Information Fig. S1). An auditory-
click train task was implemented in Presentation (Neurobehavioral
Systems, Inc., Berkeley, CA) to obtain the ASSR. The auditory stim-
uli 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 500 msec long click-
trains at rates of 10, 20, 30, and 40 Hz. Subsequent click-trains
were separated by a jittered interval between 450 msec and
550 msec of silence. The order of the click-train frequencies was
pseudo-random and balanced, for a total of 100 click-trains for
each frequency and a grand total of 400 click-trains. Synchroniza-
tion between the auditory stimulus presentation and EEG acquisi-
tion 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
with the EEG data. Offline processing was performed in EEGLAB
with custom-built scripts in MATLAB R2019a as follows: 1) the
data were band-pass filtered from 1 to 50 Hz and down-sampled
to 500 Hz; 2) the data were preprocessed by an artifact subspace
reconstruction algorithm to identify high-variance data epochs
and reconstruct missing data; 3) bad channels that were found in
the previous step were interpolated and common average
referencing was performed; 4) infomax independent component
analysis (ICA) (20) was performed to remove eye blinks, eye move-
ment, muscle activity, and heartbeat artifact; 5) ICA components
were visually inspected and noise components were manually
selected for rejection. The selection for ICA components were ver-
ified by the ICLabel classification (21); and 6) the preprocessed
data were epoched from −0.2 to 0.6 sec, resulting in 100 trials of
click-trains for each frequency (10, 20, 30, and 40 Hz). Time-
frequency analysis was performed using Morlet wavelet transform
(seven cycles). Amplitudes and phase information were obtained

and intertrial phase coherence (ITPC) of ASSR was computed
using the phase information across trials as:

ITPC c, f, tð Þ= 1
n

Xn

e= 1

Xe c, f , tð Þ
Xe c, f , tð Þj j

�����

�����,

where Xe(c, f, t) is the spectral estimate of epoch e at channel c,
frequency f, and time t (n = total number of epochs). In this
report, we only present ITPC of ASSR in response to 40 Hz audi-
tory click trains.

Transcranial Alternating Current Stimulation
We used the XCSITE 100 stimulator (Pulvinar Neuro LLC,

Durham, NC) and applied three different tACS conditions:
antiphase alpha-tACS and two counter-balanced conditions (in-

3

Figure 1. Stimulation montage, waveforms, and electric field distribution. (a) Stimulation montage and waveforms for antiphase alpha-tACS, in-phase alpha-tACS,
and antiphase 40 Hz-tACS. Electrodes E1 and E2 deliver antiphase waveforms (1 mA zero-to-peak sine-wave) at alpha and 40 Hz frequency. For in-phase alpha-
tACS, electrodes E1 and E2 deliver in-phase waveforms (2 mA zero-to-peak sine-wave) and electrode E3 on the left upper arm were used as a return electrode.
(b) Electric field distribution of inward/outward electric field for antiphase tACS (top) and in-phase tACS (bottom) at the peak of the tACS waveform. [Color figure
can be viewed at wileyonlinelibrary.com]

Figure 2. Correlation between symptom rating and ASSR at baseline (day 1). Scat-
ter plot of symptom rating scores and baseline ASSR across all participants for each
group (antiphase alpha-tACS: N = 13, in-phase alpha-tACS: N = 4, antiphase 40 Hz-
tACS: N = 3). [Color figure can be viewed at wileyonlinelibrary.com]
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phase alpha-tACS and anti-phase gamma [40 Hz] tACS). For
antiphase alpha-tACS, we applied two electrodes (10 × 10 cm) on
the frontal and parieto-occipital regions (Fig. 1a) at 10 Hz, at the indi-
vidual alpha frequency (IAF), or slightly above the IAF by rounding
up to the nearest 0.5 Hz (IAF+) based on stimulation capabilities at
the time (the current device capabilities now allow stimulation con-
trol within 0.1 Hz). For the antiphase 40 Hz-tACS control, the elec-
trode configuration was the same as the antiphase alpha-tACS
configuration. The return electrode was placed on the left upper
arm for the in-phase condition (Fig. 1a). A split electrode was used
to divide the current going to the head so that current was delivered
evenly between the frontal and parieto-occipital electrodes
(Supporting Information Fig. S2). The stimulations were given for
20 min at 1 mA zero-to-peak intensity for anti-phase and 2 mA zero-
to-peak for in-phase stimulation conditions including 30-sec of
ramp-up and ramp-down periods. Twelve individuals were stimu-
lated at 10 Hz, six at their IAF, and six at IAF+ (0.1–0.4 Hz above IAF).
These different frequencies were investigated to determine whether
the IAF could be an important variable in treatment outcome. Elec-
tric field distributions at the peak of the stimulated waveforms were
calculated for antiphase (Fig. 1b, top) and in-phase (Fig. 1b, bottom)
tACS conditions, respectively (tES Lab 2.0, Neurophet Inc., Seoul,
South Korea) using a T1-weighted MRI template from the human
connectome project. The MRI data were segmented by eight tissues
(cerebrum gray matter, cerebrum white matter, cerebellar gray mat-
ter, cerebellar white matter, ventricles, CSF, skull, and skin) and each
tissue was assigned isotropic conductivity values. We used the finite

element method with tetrahedron volume meshes. The number of
tetrahedron mesh was about 4.3 million and the quasi-static Max-
well’s equation was used.
The participants were given one session each of these three

conditions in randomized order. Three conditions can be per-
muted into six different orders (1-2-3, 3-2-1, 2-3-1, etc.). Each
order of stimulation was given to four participants culminating in
a study group of 24 participants. The stimulation order for any
individual participant was determined at the start of the study
(July 2017) by a research coordinator who was not involved in the
data analysis. The Principal Investigator of the study and the data
analyst were unaware of which stimulation protocol each partici-
pant received until the study was unblinded at study completion
(June 2019).
During the stimulation sessions, the participants were seated in

a back supported chair and were facing a window. Stimulation
sessions were performed with eyes closed but enough sunlight
penetrated the eyelids that the phosphenes induced by the stim-
ulations reduced the differences in phosphene perception across
the three conditions. An active control (gamma frequency) was
used explicitly in order to control for phosphene perception but
at a frequency too high for entrainment. Participants were
assessed for change in intensity of the oscillating vertigo for
60-min after each session before proceeding to the next condi-
tion. They chose the condition that most significantly reduced
their symptoms or did not make their symptoms worse. Only
treatment conditions that improved or did not worsen symptom

4

Table 1. Participant Identification, Protocol Choice, Alpha Stimulation Category, Change in Symptoms, and Change in ASSR.

Subject ID Protocol Group assignment Baseline VAS VAS change Baseline ASSR ASSR change

P01 Antiphase 10 65 −20 0.195705 −0.14957
P02 Antiphase 10 60 −10 0.23212 −0.13212
P03 Antiphase 10 25 −20 0.010437 −0.12201
P04 Antiphase 10 60 −30 0.188099 −0.1881
P05 Antiphase 10 75 −5 0.387894 −0.08789
P06 Antiphase 10 64 −4 0.114569 −0.11457
P07 Antiphase IAF+ 50 −10 0.143137 −0.10314
P08 Antiphase IAF+ 50 −25 0.063531 −0.15635
P09 Antiphase IAF 50 −15 0.203097 −0.1031
P10 Antiphase IAF 60 −5 0.308926 −0.10893
P11 Antiphase IAF+ 60 −25 0.122317 −0.12232
P12 Antiphase IAF 25 7.5 0.043786 −0.01044
P13 Antiphase IAF 32 4 0.08037 −0.08037
Mean 52.0 −12.1 0.161076 −0.113762
s.d. 15.7 11.6 0.107437 0.042633
P14 In-phase 10 65 −20 0.145705 −0.04448
P15 In-phase IAF+ 55 −45 0.08212 0.005635
P16 In-phase IAF+ 50 −20 0.103137 0.030967
P17 In-phase IAF 55 −10 0.133137 0.051881
DM1* In-phase 10 45 −5 na na
DM2* In-phase 10 80 −30 na na
DM3* In-phase IAF 30 5 na na
Mean 54.3 −17.9 0.116025 0.011001
s.d. 15.7 16.5 0.028806 0.041540
P18 40 Hz 10 45 −10 0.152007 0.025705
P19 40 Hz 10 65 −5 0.25705 0.081879
P20 40 Hz 10 70 0 0.287894 0.070893
DM4* 40 Hz IAF+ 65 10 na na
Mean 61.3 −1.3 0.232317 0.059492
s.d. 11.1 8.5 0.071240 0.029772

*DM = Data missing for ASSR.
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severity were repeated the next day. If the participant was not
sure about the best condition, two conditions could be repeated
the following day but in the reverse order in which they were
administered on the test day. Therefore, some participants
received two-fewer “stacked” treatment sessions than others.
Each participant thus received 10–12 sessions of 20-min of tACS
over three days, with all sessions given in the mornings and a
60-min rest period in between sessions.
Participants rated symptoms on a 100-point visual analog scale

(VAS) of symptom severity in which 0 reflected no oscillating ver-
tigo and 100 reflected symptoms so severe that standing was not
possible. On this 100-point VAS, a decrease of ≥10 was consid-
ered to be a response and a decrease of <10 was considered to
be a nonresponse, consistent with prior studies showing that this
is the difference that participants found to be meaningful (22,23).

RESULTS
Participant Characteristics
Twenty-four individuals with MdDS (23 women, one man) were

recruited. Mean age at the time of the study was 53.0 ± 11.8 years
(range: 22–66 years, median: 57.0 years); mean duration of
illness = 38.6 ± 53.4 months (range: 6–240 months, median:

18.0 months). Triggers included water-based travel (e.g., boat or
cruise) in 15, air-travel in 9, and land-based travel in 1. One individ-
ual had overlapping triggers and was counted in both the water
and air groups. Of the 24 participants, 13 chose antiphase alpha-
tACS, 7 chose in-phase alpha-tACS, and 4 chose antiphase
40 Hz-tACS. Complete sets of pretreatment and posttreatment
EEG data were available for 13 antiphase alpha-tACS, 4 in-phase
alpha-tACS, and 3 anti-phase 40 Hz-tACS because some data were
lost due to either poor EEG quality or auditory equipment malfunc-
tion. Six healthy women were recruited as control participants.
Mean age was 45.3 ± 6.7 years (range 36–54 years, median:
45.5 years). Unpaired t-test with MdDS group, p = 0.140.

ASSR Calculation
To identify how auditory responses differed in participants with

MdDS and healthy controls, we computed intertrial phase coher-
ence (ITPC) as a measure of ASSR in response to 40 Hz auditory
click-trains (40 Hz-ASSR). We observed a positive correlation
between baseline symptom severity and the 40-Hz ASSR (r = 0.75,
p = 0.0013, N = 20) (Fig. 2) (Table 1). Concurrently, we found that
participants with MdDS showed elevated 40 Hz-ASSR compared
to the healthy controls (Fig. 3a; Welch’s t-test, t11 = 5.95,
p < 0.001).

5

Figure 3. ASSR in participants with MdDS and healthy controls, treatment response, and treatment allocation by response to tACS. (a) A comparison of 40 Hz-
ASSR in participants with MdDS and healthy participants at baseline. Intertrial phase coherence (ITPC) was used to quantify 40 Hz-ASSR. (b) ITPC of 40 Hz-ASSR in
responders and nonresponders after 10–12 sessions of tACS. (c–e) ITPC pretreatment and posttreatment (after 10–12 sessions of tACS) in the antiphase alpha-tACS
(c), in-phase alpha-tACS (d), and antiphase 40 Hz-tACS (e) groups, respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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Of the three groups, 8 of 13 in the antiphase alpha (data avail-
able for 13), four of seven in the in-phase alpha (data available for
four), and one of four in the 40-Hz control (data available for
three) were considered to be responders when using a criterion
of ten points or more decrease in symptom severity on the VAS.
We found a significant difference in changes of the 40 Hz-ASSR
response between responders and non-responders across all
groups (Fig. 3b; Welch’s t-test, t15 = −2.26, p = 0.04). In the sub-
group analysis, we found that only the antiphase alpha-tACS

group showed a significant difference of 40 Hz-ASSR post-
treatment compared to pretreatment (Fig. 3c, Welch’s t-test, t12 =
−9.6, p < 0.001). The counter-balanced tACS conditions did not
show such a significant difference (Fig. 3d, in-phase alpha-tACS,
p > 0.05, Fig. 3e, antiphase 40 Hz-tACS, p > 0.05). These calcula-
tions were repeated for the 10 Hz stimulation frequency, but
there were no activations (Supporting Information Fig. S3).
To investigate the relationship between changes in symptom

rating scores and changes in 40 Hz-ASSR on an individual level,
we computed the Pearson correlation coefficient between ASSR
and symptom rating and found a significant positive correlation
for the anti-phase alpha-tACS group but not for the other groups
Fig. 4 (antiphase alpha-tACS: r = 0.86, p = 0.00019, N = 13; in-
phase alpha-tACS: r = 0.29, p = 0.71, N = 4; antiphase 40 Hz-tACS:
r = 0.76, p = 0.45, N = 3) (Table 1).

6

Figure 4. Correlation between symptom rating change and ASSR change.
Scatter plot of changes in symptom rating scores and changes in ITPC across
all participants for each group (antiphase alpha-tACS: N = 13, in-phase alpha-
tACS: N = 4, antiphase 40 Hz-tACS: N = 3). Colored lines indicate a least-
squares fit line to the scatter plot for each group. The zero reference is
highlighted by dotted lines. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 5. Change of the phase locking value between frontal and parieto-occipital regions in the alpha-frequency band for (a) antiphase alpha-tACS, (b) in-phase
alpha-tACS, and (c) antiphase 40 Hz-tACS from day 1 to day 5. [Color figure can be viewed at wileyonlinelibrary.com]

Table 2. Change in VAS After tACS Relative to the IAF.

Assigned group N Mean VAS
Change ± s.d.

Group 1 10 Hz 12 −13.25 ± 10.38
Group 2 IAF 6 −2.25 ± 9.131
Group 3 IAF+ 6 −19.17 ± 18.28
Post hoc Tukey HSD
Group 1 to group 2 Q = 2.36, p = 0.2391
Group 2 to group 3 Q = 3.64, p = 0.0450
Group 1 to group 3 Q = 1.27, p = 0.6466

Stimulation relative to IAF N
Group 1 0 Hz 8 −5.44 ± 10.08
Group 2 0.1–1.3 Hz 11 −21.27 ± 11.99
Group 3 >1.3 Hz 5 −2.00 ± 7.58
Post hoc Tukey HSD
Group 1 to group 2 Q = 4.00, p = 0.0263
Group 2 to group 3 Q = 4.86, p = 0.0067
Group 1 to group 3 Q = 0.87, p = 0.8145

www.neuromodulationjournal.com © 2021 International Neuromodulation Society. Neuromodulation 2021; ••: ••–••

AHN ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


Phase Synchrony
In order to determine whether tACS changed the pattern of

synchrony between frontal and parieto-occipital regions, we com-
puted the phase locking value (PLV) as a measure of synchroniza-
tion between these regions in the alpha band. We used ten
frontal and ten parieto-occipital EEG channels during the task
period (0–500 msec) and averaged PLV from each channel-pair.
We found a significant reduction in the PLV values in the
antiphase tACS condition only (p = 0.0145) (Fig. 5).

Response Related to Stimulation Frequency
Twelve individuals were treated with an initial strategy of using

a standard 10 Hz stimulation frequency, six were treated at their
IAF, and six were treated at IAF+. The differences across groups
for VAS change trended toward significance F2,21 = 2.87,
p = 0.0785 with the greatest decrease in VAS occurring in the
group assigned to the IAF+ strategy (Table 2). Post hoc Tukey
HSD test indicated that the only significant difference between
the three groups was between the IAF and IAF+ groups.
Because 10 Hz could fall at, above, or below the participant’s IAF, we

recalculated how participants were treated relative to their IAF regard-
less of the group to which they were initially assigned. In most cases,
10 Hz was above and near the IAF. However, in one case, it was below
and, in one case, it was 2.1 Hz above. Figure 6 shows the distribution of
symptom responses relative to the difference between the stimulated
frequency and the IAF frequency at Oz. The “4” value reflects the par-
ticipants who chose the 40 Hz antiphase protocol. Changes in VAS
responses relative to their IAF are presented in Table 2. The differences
across groups for VAS change were significant F2,21 = 7.90, p < 0.0027
with post hoc Tukey HSD test indicating that the differences were sig-
nificant between the group treated at 0.1–1.3 Hz above the IAF (group
2) and the other two groups.

DISCUSSION

We investigated whether the persistent oscillating vertigo percep-
tion in individuals withMdDS could bemodulatedwith tACS and result

in a change in synchrony as measured by ASSR. We found elevated
ASSR in participants with MdDS compared to healthy controls at base-
line and higher levels of ASSR in individuals with higher symptoms. By
applying fronto-parieto-occipital alpha-tACS to suppress the oscillation
perception, we found that ASSR was also suppressed. The degree to
which the ASSR was suppressed was a function of the response to
treatment; individuals with MdDS who had greater reduction in
motion perception also had greater reduction in ASSR. Themost effec-
tive paradigm to achieve this suppression was anti-phase alpha tACS,
but in-phase tACS could also suppress the vertigo in some individuals.
In some individuals, in-phase stimulation was more effective than
antiphase stimulation though leading to a smaller decrease in the
ASSR response. Given the differences in e-field patterns generated by
in-phase vs. antiphase stimulation and differences in long-range trans-
duction time, in-phase stimulation could theoretically lead to
desynchronization in some individuals.
Our study investigated ASSR changes after several tACS sessions

in individuals with a clinical syndrome, pointing to plastic reorgani-
zation of the underlying brain networks by tACS and a potential
therapeutic role (24). In addition to our study, another group has
recently shown that in-phase alpha-tACS reduces the ASSR, though
this study was performed in healthy controls (25). Despite the differ-
ences in experimental design, two groups have now independently
found successful target engagement of the ASSR by alpha-tACS.
Further applications of ASSR to other clinical syndromes are needed

in order to determine whether ASSR desynchronization is a marker of
treatment by tACS and the degree towhich it correlates with symptom
status. Hypersynchrony has been proposed as a pathological signature
of brain disorders including depression, epilepsy, and Parkinson’s dis-
ease with one hypothesis suggesting that long-range hypersynchrony
limits the expression of intrinsic brain rhythms (26-29). The reduction
of this hypersynchrony through brain stimulation methods may be
able to return regional functioning back to a native state.
In a subanalysis, we found that setting the stimulation fre-

quency at slightly above the IAF was more effective than stimulat-
ing at the IAF. In general, the best responses were observed when
the stimulating frequency was just above the IAF. The mechanism
of the treatment effect could involve entrainment of the latent
rhythm as well as spike-timing related changes in neuronal plas-
ticity, both being influenced by staying within the “Arnold
tongue,” of entrainment frequencies (30-32). A further area of
study would involve titrating the difference between the IAF and
the stimulation settings to optimize the outcome.
This study has some limitations. Due to the rarity of MdDS, the

overall number of participants in the study was limited. Recruit-
ment took two years, comparable to prior noninvasive brain stim-
ulation studies in MdDS (22,23,33). In addition, the number of
participants in the comparison groups was reduced due to data
loss. Most of the relationship between symptom reduction and
ASSR reduction was found in the antiphase alpha-tACS group
since this was the paradigm chosen by most participants. Though
this general trend was noted in all groups, it was only statistically
significant in the antiphase alpha-tACS group due to the higher
number of participants. The healthy control group was small and
somewhat younger than the MdDS group. Although these were
not statistically significant differences, a higher number of partici-
pants in all of the groups might have led to a greater ability to
detect smaller degrees of differences, particularly in the in-phase
alpha-tACS group.
Second, though the montages were the same across stimulation

sessions, the electric field distributions for the antiphase and in-
phase conditions were not equivalent, indicating that the effects of
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Figure 6. Correlation between change in VAS scores and difference in treat-
ment stimulation frequencies relative to the participant’s IAF at Oz. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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stimulation could not simply be attributed to a synchronizing or
desynchronizing effect under the electrodes but could be due to
more global effects induced by antiphase stimulation. Even though
the induced electric field distribution modeling did not indicate how
stimulation modulates synchronization of the brain, more sophisti-
cated simulations in future studies would attempt to create similar
electric field distributions between conditions.
Finally, nonspecific effects from peripheral nerve stimulation are

possible in transcranial electrical stimulation and can confound treat-
ment responses by adding sensory contamination and by acting as
entry points for neuromodulating effects (34). While the 40 Hz con-
trol condition did not yield significant clinical effects, bottom-up
effects from cutaneous nerves that are frequency dependent are
potential concerns with all transcranial stimulation studies (35).

CONCLUSION

The findings from this study indicate that successful reduction of
oscillating vertigo with tACS by driving long-range desynchronization
correlates with a reduction in the ASSR with the strongest correlation
observedwith anti-phase tACS. Because in-phase tACSwasmore effec-
tive in some participants, however, n-of-1 studies could be efficient
methods to understanding how stimulation parameters can be tai-
lored to targeted physiological parameters. Some of these involve opti-
mizing stimulation frequency relative to the IAF. These data show
evidence for symptom severity-related hypersynchrony reversed with
tACS in a disorder initially triggered by entrainment to oscillating
motion. To the best of our knowledge, this is the first demonstration of
how tACS may be used to improve clinical symptoms by reducing
pathological oscillatory coupling in brain networks. While the general-
izability of these data to other brain disorders is unknown, a similar
approachmay be effective in other conditions marked by pathological
functional coupling.
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COMMENT

This is an excellent piece that uses a unique patient population to
answer an important question that will help inform future trans-
cranial alternating current stimulation (tACS) experimental
approaches and treatments.

Noah S. Philip, MD
Providence, RI USA
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