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Abstract

Background

Mal de Débarquement Syndrome (MdDS) is a medically refractory neurotological disorder
characterized by persistent oscillating vertigo that follows a period of entrainment to oscillat-
ing motion such as experienced during sea or air travel. Fronto-occipital hypersynchrony
may correlate with MdDS symptom severity.

Materials and methods

Individuals with treatment refractory MdDS lasting at least 6 months received single admin-
istrations of three fronto-occipital transcranial alternating current stimulation (tACS) proto-
cols in an “n-of-1” double-blind randomized design: alpha frequency anti-phase, alpha-
frequency in-phase, and gamma frequency control. Baseline assessments were made on
Day 1. The treatment protocol that led to the most acute reduction in symptoms during a test
session on Day 2 was administered for 10-12 stacked sessions given on Days 3 through 5
(20-minutes at 2-4mA). Pre to post symptom changes were assessed on Day 1 and Day 5.
Participants who could clearly choose a preferred protocol on Day 2 did better on Day 5 than
those who could not make a short-term determination on Day 2 and either chose a protocol
based on minimized side effects or were randomized to one of the three protocols. In addi-
tion, weekly symptom assessments were made for four baseline and seven post stimulation
points for the Dizziness Handicap Inventory (DHI), MdDS Balance Rating Scale (MBRS),
and Hospital Anxiety and Depression Scale (HADS).

Results

Of 24 participants, 13 chose anti-phase, 7 chose in-phase, and 4 chose control stimulation.
Compared to baseline, 10/24 completers noted > 25% reduction, 5/24 >50% reduction, and
2/24 >75% reduction in oscillating vertigo intensity from Day 1 to Day 5. Stimulating at a fre-
quency slightly higher than the individual alpha frequency (IAF) was better than stimulating
at exactly the IAF, and slightly better than stimulating with a strategy of standardized
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stimulation at 10Hz. A one-way repeated measures ANOVA of weekly DHI, MBRS, and
HADS measurements showed significant reductions immediately after treatment with
improvement increasing through post-treatment week 6.

Conclusion

Fronto-occipital tACS may be effective in reducing the oscillating vertigo of MdDS and serve
as a portable neuromodulation alternative for longer-term treatment. Stimulation frequency
relative to the IAF may be important in determining the optimum treatment protocol [Clinical-
Trials.gov study NCT02540616. https://clinicaltrials.gov/ct2/show/NCT02540616].

Introduction

Mal de débarquement Syndrome (MdDS) is a neurotological disorder resulting from entrain-
ment to oscillating motion, such as occurs during sea or air travel [1,2]. MdDS symptoms
include persistent oscillating vertigo, fatigue, cognitive slowing, visual motion intolerance, and
headaches [3-5]. The vertigo of MdDS is often described as a rocking, bobbing, or swaying
feeling that only nulls with re-exposure to passive motion [6]. Unlike landsickness, which is a
brief period of motion-induced oscillating vertigo that lasts for less than 48-hours and is com-
mon among healthy individuals, MdDS, can persist for months or years; this can lead to signif-
icant morbidity [6-8]. Medications remain palliative and treatment options for MdDS remain
limited, particularly ones that do not require travel or high out-of-pocket costs.

Biological markers for the MdDS brain-state include differences in both long-range cor-
tico-cortical connectivity and neocortical-limbic connectivity [9-11]. In particular, fronto-
occipital connectivity in the alpha frequency correlates with symptom modulation after non-
invasive brain stimulation with repetitive transcranial magnetic stimulation (rTMS) [9,10,12].
Decreasing posterior default mode connectivity with the entorhinal cortex correlates with
reduction in vertigo intensity [13].

In prior studies, reduction in oscillating vertigo after rTMS over the dorsolateral prefrontal
cortex (DLPFC) correlated with increased functional connectivity in the low alpha (8-10Hz)
band but decreased connectivity in the high alpha (10-13Hz), beta (14-30Hz), and gamma
bands (>30Hz) [9,12]. The inflection point at which increasing versus decreasing connectivity
in the alpha band is beneficial was noted on group level analyses; it is not known what that
inflection point is for an individual. It remains to be determined, therefore, whether individual
factors, such as the individual alpha frequency (IAF) should be considered in treatment
designs for MdDS or whether a standard treatment frequency is sufficient. The IAF is the fre-
quency within the alpha band (8-13Hz) that has the strongest power. It varies between individ-
uals but is heritable and stable within an individual [14,15]. Individual alpha frequency
correlates with aging and cognitive demands and may thus be relevant for symptoms that are
affected by these factors [16,17].

We explored whether the connectivity modulations induced indirectly through rTMS
might be directly achievable by entraining fronto-occipital networks with transcranial alternat-
ing current stimulation (tACS) and lead to persistent treatment response after a period of stim-
ulation. tACS is a form of non-invasive brain stimulation in which low levels of current are
applied to the scalp at a frequency that is tuned to entrain underlying latent rhythms [18-20].
This method may be used to increase or decrease functional connectivity or change the power
of specific frequency bands. Individuals with MdDS have hypersynchrony revealed through
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greater 40-Hz power of the auditory steady-state response (ASSR), which decreases as a func-
tion of improved symptoms after fronto-occipital tACS, at least in the short-term [21]. If
improvement in symptoms can last beyond induction treatment, tACS may become a less
expensive and portable alternative to other forms of neuromodulation that require travel to
obtain.

The present study addressed the immediate and six-week clinical outcome of treatment of
MdDS with tACS. The study used an “n-of-1,” design to determine which pattern and fre-
quency of stimulation relative to the participants’ IAF was associated with the greatest reduc-
tion in intensity of oscillating vertigo. By administering two different tACS paradigms that
induced opposite connectivity effects (synchronizing vs desynchronizing) with the addition of
a control condition, we determined whether there was an association between the participant’s
IAF and the most effective treatment paradigm. The design is similar to a prior study using
continuous theta burst stimulation (cTBS) that had employed two real and one control condi-
tion in a similar “n-of-1,” design [22]. In these designs, the participants are given three differ-
ent treatment protocols in a double-blind randomized order and are ultimately treated with
the individually most effective protocol based on short-term responses after each protocol.
Each treatment protocol was labeled as “1”7, “2”, and “3” with the assignments only known to
the research staff administering the sessions but not to the principal investigator or anyone
performing the data analysis. The identity of the individually chosen protocols were unblinded
at the conclusion of the study. Ethically, the study design could not include a true randomiza-
tion to a control arm since MdDS is a travel-induced disorder and all participants travel from
long distances to participate in these studies. It was previously shown that administering true
control (sham) stimulation to individuals with MdDS who travel to participate in clinical trials
was associated with worsened symptoms [23]. This design, in which the participants them-
selves could choose the control condition if it was perceived to be the most effective, avoided
this ethical issue.

Materials and methods
Informed consent

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, which recruits for several
different transcranial electrical current studies. This study used tACS in an off-label manner
and was completed between July 2017 and June 2019 at the Laureate Institute for Brain
Research in Tulsa, OK. in a laboratory setting.

Inclusion and exclusion criteria

Inclusion criteria included: 1. Persistent oscillating vertigo that started within 48-hours after
disembarking from sea, air, or land-based travel, 2. Symptom duration of at least six months,
3. No other cause for symptoms after evaluation by a neurologist or otolaryngologist with
appropriate testing for peripheral inner ear or other central nervous system cause for symp-
toms. Exclusion criteria included: 1. An unstable medical or psychiatric condition, including
bipolar disorder or any cause for psychosis, 2. Pregnant or planning to become pregnant dur-
ing the study, 3. Contraindications to undergoing tACS, EEG, fMRI, including skin disorders
(note, this study included EEG and fMRI but those data are included in separate reports), 4.
An unclear history of the onset of symptoms, 5. An inability to complete all study related test-
ing. Exclusion criteria were determined for participant safety and to minimize fluctuations in
symptoms that were not related to treatment effects. The study recruited a medically refractory
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population that had tried and failed at least one benzodiazepine, a selective serotonin reuptake
inhibitor (SSRI) or a SSRI/selective norepinephrine reuptake inhibitor (SNRI), and physical
therapy. The CONSORT diagram of the recruitment pathway for this study is shown in Fig 1.

Trial design

This was a double-blind “n-of-1,” study. Both the principal investigator and the participants
were blinded to the order of each parameter administered until the conclusion of the study.
The participants underwent consenting procedures, interviews, and baseline EEG and fMRI
studies on Day 1 (Fig 2). On Day 2, the participants received one session each of three stimula-
tion protocols given in randomized order between participants: 1] Anti-phase (desynchroniz-
ing) alpha frequency stimulation, 2] In-phase (synchronizing) alpha frequency stimulation, 3]
Anti-phase gamma frequency (40Hz) control stimulation. The order of stimulation was deter-
mined at the beginning of the study with each stimulation order given sequentially according
to the order of participant entry. One research assistant created the order of stimulation and

Fig 1. CONSORT diagram for recruitment.
https://doi.org/10.1371/journal.pone.0263558.9001

Total screened
n=83
[ |
Enrolled Excluded Other
n=24 n=33 n=26
Drop-outs Non-optimized ~ Subj lost
medical therapy interest/contact
n=0 n=8 n=16
Completed Medical issues Scheduling
- conflicts
n=24 n=17 _—
Symptoms too Remitted on
mild/inconsistent waiting list
n=8 n=1
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Day 1 Day 2 Day 3-4 Day 5

Pre-Tx Randomized order Optimum protocol Optimum protocol
Assessment test sessions 2> tACS x 34 tACS x 34
fMRI-EEG* Optimum protocol selection treatments treatments

per day Post-Tx
Assessment
fMRI-EEG*
In-Phase Alpha-tACS Anti-Phase Alpha-tACS Anti-Phase 40Hz-tACS

SO RVUTATAVATATLTLVLTAVOE

Fig 2. Study procedures Day 1 through Day 5. Baseline clinical and symptom assessments were performed in the morning with fMRI and EEG obtained
in the afternoon of Day 1. Day 2 entailed test sessions of each of three protocols (anti-phase, in-phase, control) given in an unlabeled and randomized
order. Participants elected their individually most effective protocol. Individually chosen optimal treatments were given on the mornings of Days 3 and 4.
Final treatments were given on the morning of Day 5 followed by fMRI and EEG in the afternoon.

https://doi.org/10.1371/journal.pone.0263558.g002

another administered the sessions. Each order of stimulation (six possible orders given three
protocols) was given to four individuals, which resulted in a cohort of 24 participants. Each
stimulation was referred to as “1,” “2,” or “3,” during the trial. Since tACS has never been per-
formed in MdDS previously, a pre-defined sample size to detect effect size could not be deter-
mined. This was a pilot study to assess initial treatment effects and was not powered to detect
differences between treatment protocols.

tACS procedures

tACS was performed with the Pulvinar XCSITE 100 stimulator (https://www.pulvinarneuro.
com) at 2mA for anti-phase alpha and control stimulation and 4mA for in-phase stimulation.
Stimulation was through two 10cmx10cm sponge electrodes with one placed on the forehead
above the eyebrow line and the other placed over the occipital region above the inion (Fig 3).
The sponges housed carbonized rubber electrodes, were wet with commercial normal saline,
and were snapped into custom-fit neoprene headbands so that they were placed over the same
location in every stimulation session. The electrodes were held in place with additional pres-
sure applied through elastic bands. Care was taken to avoid causing wetness of the headbands.

Fig 3. Model of tACS montage used in study. 10x10cm sponges housing carbonized rubber electrodes were placed over the frontal pole above the eyebrows
and above the inion and held down with neoprene straps and headbands. Care was taken to avoid causing wetness of the headbands.

https://doi.org/10.1371/journal.pone.0263558.g003
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The anti-phase alpha and control conditions used two cranial electrodes. For the in-phase con-
dition, the current to the two cranial electrodes was split with a cable splitter. The return elec-
trode was placed on the left upper arm. Each stimulation session lasted 20-minutes.

During the tACS administration, participants were seated in a recliner facing a window in
order to mask out the phosphenes that were generated with the stimulation. Stimulation ses-
sions were performed with eyes closed. After each stimulation session was completed, the par-
ticipants reported the change in the intensity of their oscillating vertigo intensity for
60-minutes on a scale of 0-100 in which 0 represented no vertigo and 100 represented vertigo
so severe that standing was not possible. The stimulation protocol that most optimally lowered
the participant’s symptoms on the VAS and which improved balance was chosen for repetitive
treatment sessions administered on Days 3 to 5 (Fig 2). Balance was assessed with the modified
Balance Error Scoring System (mBESS) using the SWAY Balance® mobile app on an iPod
Touch [22,24]. If there was no clearly beneficial protocol, the participant chose the paradigm
that was best tolerated. No participant had to stop any sessions. However, if they were unsure
of which protocol was best, then two protocols could be repeated on Day 3 in the reverse order
in which they were initially given on Day 2. The participant then selected the best protocol.
Therefore, some participants received 10 back-to-back treatments with the same protocol
while others received 12 back-to-back treatments.

For the initial 12 participants who were enrolled in the study, the alpha-frequency stimula-
tion was given at 10Hz. Stimulation device capabilities of the Pulvinar device increased during
the course of the study, which allowed progressively more precise stimulation frequencies
within 0.1Hz increments. This allowed us to study the difference in outcomes of stimulating at
the IAF (n = 6) and slightly higher than the IAF (n = 6). Since the IAF can be different at differ-
ent electrode positions, the IAF at EEG electrode position Oz was used.

All stimulation sessions were started in the morning between 8am-9am and in general com-
pleted by 1pm. As time allowed, the participants were treated with three to four sessions a day
for three days, culminating in 10-12 sessions per participant. Each 20-minute stacked treat-
ment session was separated by at least a 30-minute break in between sessions. The participants
traveled home the day after the last treatment on Day 5 and were advised of travel precautions.
They were required to avoid any medication changes or travel lasting more than two-hours for
the duration of the reporting period of the study.

Reporting

Symptom reporting for this study was exactly the same as for prior neuromodulation studies on
MdDS [22,25]. Participants completed weekly questionnaires with individualized participant codes
on an encrypted SurveyMonkey(®) weblink. Reports started three weeks before and commenced
six weeks after their on-site visit, which created four sets of pre-stimulation questionnaires, one
immediate treatment questionnaire, and six sets of post stimulation questionnaires (total 11 sets of
data). The questionnaires included the Dizziness Handicap Inventory (DHI) [26] scored from
0-100; the MdDS Balance Rating Scale (MBRS) [22,25] scored from 1-10; and the Hospital Anxi-
ety and Depression Scale (HADS) [27] with each component scored from 0-21. Higher scores rep-
resent worse symptoms on all questionnaires. Participants were compensated at our standard
institutional rates for each study component, which included interviews, tACS sessions, fMRI and
EEG as well as for the online diaries. They were not reimbursed for travel expenses.

Statistical analysis

Data were analyzed with STATA IC version 14.2 (www.stata.com) using VAS scores measured
between Day 1 and Day 5 and percent change in vertigo intensity measured with the Day 1
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Table 1. Demographic data of study participants.

score as the baseline. The median of the four pre-treatment weekly scores for the DHI, MBRS,
and HADS were used as the baseline with the change from this baseline calculated for the
seven post-treatment scores. These difference scores were entered into a one-way repeated-
measures ANOVA analysis. Greenhouse-Geisser correction was made to account for the non-
independence of within subject data. Linear prediction models with 95% confidence intervals
were calculated for the DHI, MBRS, HADS Anxiety, and HADS Depression scores.

Results
Participant characteristics

Twenty-two right-handed and two left-handed tACS naive individuals (23 women, one man)
with MdDS were recruited. Mean age at the time of the study was 53.0+ 11.8 years (range: 22—
66 years, median: 57.0 years) and mean duration of illness = 38.6+53.4 months (range: 6-240
months, median: 18.0 months). Triggers included 15 water travel, nine air travel, and one land
travel (Table 1). There was one participant who could not distinguish between water and air as
her trigger so was counted in both groups.

All twenty-four participants completed 10-12 sessions of tACS given over three days. Upon
unblinding the study, it was determined that eight participants had chosen anti-phase alpha
tACS, six had chosen in-phase alpha tACS, and two had chosen the anti-phase gamma control

Participant Age at Study Handedness Duration of illness in months Trigger Benzodiazepine SSRI Distance (mi)
1 57 R 13 Plane No No 1072
2 65 R 120 Cruise Yes No 220
3 36 R 22 Plane Yes Yes 463
4 60 R 21 Plane Yes No 722
5 60 R 14 Boat No No 691
6 64 R 51 Boat Yes No 1605
7 53 R 8 Boat No Yes 650
8 57 R 55 Flight+Roller Coaster No Yes 1282
9 39 L 41 Cruise No No 1166
10 57 R 240 Boat No Yes 14
11 57 L 11 Cruise No No 1595
12 63 R 8 Cruise No No 106
13 61 R 38 Swaying tower No No 2020
14 66 R 55 Cruise No No 1667
15 29 R 22 Plane No Yes 118
16 53 R 14 Lake swimming No No 1439
17 57 R 16 Plane No No 1216
18 57 R 120 Plane, boating Yes No 746
19 66 R 20 Cruise Yes Yes 1728

20 47 R 9 Cruise No Yes 452
21 57 R 6 Boat No No 640
22 49 R 6 Cruise No No 756
23 41 R 8 Plane+Amusement Park No No 531
24 22 R 8 Plane Yes No 658

Under the SSRI column, participants who were using a mixed SSRI/SNRI are indicated with an *. The distance column indicates the number of miles between the

participant’s place of origin and the study site.

https://doi.org/10.1371/journal.pone.0263558.t001
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as the clearly the best protocol. There were an additional eight participants who had indicated
that there was no difference between the three protocols in terms of vertigo reduction. These
eight were treated with the protocol that was the best tolerated, i.e. that the participant found
least unpleasant. In general, the participants found the in-phase protocol to be the most
unpleasant because of paresthesias induced under the electrode on the arm used in this mon-
tage. Therefore, they chose one of the two anti-phase protocols. This culminated in 13 total
participants being treated with anti-phase alpha, seven with in-phase alpha, and four with anti-
phase gamma control (S1 Fig). The first 12 participants were treated at 10Hz alpha frequency.
The next 12 participants were randomized to be treated at either a frequency 0.1-0.4Hz above
their IAF or exactly at their IAF.

Short-term response

Thirteen of 24 (54%) participants reported >10-points, 9/24 (36%) >20-points, and 3/24
(13%) >30-point reduction in symptom scores on the 0-100 VAS. This corresponded to 10/24
(42%) reporting >25% reduction, 5/24 (21%) reporting >50% reduction and 2/24 (8%) report-
ing >75% reduction in vertigo intensity from Day 1 to Day 5 (Fig 4). A small number of par-
ticipants worsened during the week but no participant worsened by more than 10-points. The
one individual who worsened by 10-points had chosen the gamma frequency control condi-
tion (the other three who had chosen the control condition experienced 0, -5, and -10-points
of symptom change). There was a suggestion that stimulation at exactly IAF was not as effec-
tive as stimulation above the IAF or at 10Hz (Fig 5). Stimulation sessions were well-tolerated
with the main complaints being of paresthesias on the head and arm under the electrodes, the
generation of phosphenes, and fatigue. These effects were expected; no stimulation session had
to be stopped because of discomfort. Individual responses by protocol and strategy are listed
in Table 2. Participants who were able to clearly select a preferred treatment protocol on Day

[ \*) ‘
= |||||||I|I||\I‘\T

| | I a Ll [
L

Absolute Change B Percent Change
0 25 50 -100  -75  -50  -25 0 25 50
1 J L 1 1 1 1- 1 J
;

Fig 4. Total treatment response to tACS. (A) Absolute change and (B) Percent change in symptoms after 10-12 sessions of the tACS paradigm of the
participant’s choice. Scores were calculated based on a 0-100 Visual Analogue Scale in which lower values represent lower symptom severity.

https://doi.org/10.1371/journal.pone.0263558.g004
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Fig 5. Percentage treatment response by stimulation type. Percentage change in symptoms after 1012 sessions of alpha tACS according to type of
stimulation used: (A) higher than IAF, (B) IAF, (C) standard 10Hz, (D) standard 40Hz. These figures combine both anti-phase and in-phase stimulation.

-100

Individual alpha frequency

-100

-75 -50 225 0 25 50
Il 1] |
.2
3
4
5
6
40Hz Control
715 50 -25 0 25 50
1
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4

https://doi.org/10.1371/journal.pone.0263558.9005

2 had higher treatment responses by Day 5 compared to those who could not determine an
optimal protocol (Mean change -32.8+/-30.4 vs -1.3+/-13.2, two-tailed p<0.005).

Post-stimulation response

Repeated measures ANOVA using the four-week pre-treatment median scores for DHI,
MBRS, and HADS as the baseline showed significant decreases in DHI [F(10,23) = 6.24,

p<0.0.001], MBRS [F(10,23) = 3.23, p<0.01], the HADS Anxiety sub-score [F(10,23) = 11.40,
p<0.001], and HADS Depression sub-scores [F(10,23) = 4.04, p<0.005] during the course of

the study. Linear prediction models with 95% confidence intervals showed score changes

decreasing significantly (p<0.05) for six weeks post tACS for all measures (Fig 6).

Discussion

We report results of an “n-of-1” design trial of fronto-occipital tACS for medically refractory

MdDS. Choice of in-phase (synchronizing) alpha and anti-phase (desynchronizing) alpha

stimulation were comparable but anti-phase stimulation was preferred when considering side
effects and comfort. There was a suggestion that stimulation at slightly above the IAF was bet-
ter than stimulation at the IAF. Though the number of participants in each group was small,
these findings indicate that knowledge of the IAF could be helpful in optimizing tACS treat-
ment paradigms for MdDS. Participants who were able to clearly choose a preferred treatment
protocol on the Day 2 testing day had significantly better reduction in symptoms after multiple
sessions than those who could not choose a preferred protocol, suggesting that individual tai-
loring of treatment protocols through an n-of-1 design could have some predictive value of

longer-term treatment response.
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Table 2. Individual treatment response by protocol, frequency relative to IAF, and initial participant choice.

Participant

O (0NN U W N

[ T N T I N e S I e i S e
W IR = S|Y ® ([N | kW~ o

24

Protocol
used

Anti-phase
Anti-phase
Anti-phase
Anti-phase
Anti-phase
Anti-phase
Anti-phase
Anti-phase
Anti-phase
Anti-phase
Anti-phase
Anti-phase
Anti-phase
In-phase
In-phase
In-phase
In-phase
In-phase
In-phase
In-phase
Control
Control
Control

Control

Strategy | IAF at Oz | Stim frequency Stim frequency Day1l | Day5 Day 5-Day 1 Percent VAS | Participant choice

10Hz
10Hz
IAF+
10Hz
IAF+
IAF
IAF+
IAF
10Hz
10Hz
10Hz
IAF
IAF
IAF+
IAF+
10Hz
10Hz
IAF
10Hz
IAF
10Hz
10Hz
10Hz
IAF+

(Hz)
9.6
10.4
8.6
8.7
10.4
10.1
9.6
11.2
8.7
9.3
8.8
8.6
9
8.3
7.8
8.8
10.4
11.4
7.9
11.4
9
8.1
9.7
8.9

(Hz) relative to IAF VAS VAS VAS change change on Day 2
10 0.4 25 5 -20 -80 2
10 -0.4 30 10 -20 -67 2
9 0.4 50 25 -25 -50 2
10 1.3 60 30 -30 -50 2

10.5 0.1 60 35 -25 -42 2

10.1 0 50 35 -15 -30 2
10 0.4 50 40 -10 -20 2

11.2 0 60 55 -5 -8 None
10 1.3 75 70 -5 -7 None
10 0.7 64 60 -4 -6 None
10 1.2 80 80 0 0 None
8.6 0 32 36 4 13 2
9 0 25 32.5 7.5 30 None
8.5 0.2 55 10 -45 -82 1
8 0.2 50 30 -20 -40 1
10 1.2 80 50 -30 -38 1
10 -0.4 65 45 -20 -31 1

11.4 0 55 45 -10 -18 1
10 2.1 45 40 -5 -11 None

11.4 0 30 35 5 17 1
40 >30 45 35 -10 -22 3
40 >30 65 60 -5 -8 None
40 >30 70 70 0 0 None
40 >30 65 75 10 15 3

Note: Participant number on Table 2 does not correlate with the number on Table 1. Data in Table 2 are organized according to treatment protocol and then by

magnitude of treatment response. Choice 1 = in-phase, 2 = anti-phase, 3 = control.

https://doi.org/10.1371/journal.pone.0263558.t1002

We used fronto-occipital stimulation in this study because EEG based functional connectiv-
ity measurements have shown that long-range fronto-occipital connectivity changes as a func-
tion of symptom modulation of the oscillating vertigo experienced in MdDS [9,12,13]. In our
prior work, increase in functional connectivity in the low alpha band (8-10Hz) correlated with
symptom improvement after rTMS over prefrontal cortex [9,12]. This would predict that in-
phase stimulation, which increases functional connectivity, should be more effective at lower
stimulation frequencies. However, decreasing functional connectivity at higher frequencies
(high alpha band and higher), was also associated with symptom improvement. Where the
transition point is in each individual was not clearly related to the choice of in-phase versus
anti-phase stimulation in this study though stimulation at a frequency higher than the IAF
seemed to be more beneficial. Therefore, in any individual, therapies may need to be tailored
to individual responses with the IAF as a marker.

In comparison to the response to cTBS over occipital cortex and cerebellum, the acute
improvements to tACS were not as dramatic [22] (S2 Fig). However, the long-term effects
were comparable to ¢cTBS and somewhat better than prefrontal rTMS [25] (S3 Fig). Though
the effect on any individual was not predictable, the group-level rebound worsening of symp-
toms after travel home that was observed after both the cTBS and prefrontal rTMS paradigms
was not observed in this study [22,25].
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Fig 6. Longitudinal tACS effects on DHI, MBRS, and HAD scores. Linear prediction model of repeated measures ANOVA with 95% confidence intervals
presented for four baseline measurements, post TMS week, and six weeks post treatment for the DHI, MBRS, and the HADS Anxiety and Depression
components. Pre = pre TMS scores, Pst = post TMS scores.

https://doi.org/10.1371/journal.pone.0263558.9006

The comparable long-term efficacy of tACS to cTBS would suggest that tACS could be a
less expensive, portable, and more accessible treatment method that may be available over a
longer period of time than transcranial magnetic stimulation using either standard methods or
with high frequency methods such as theta burst stimulation. Optimization of treatment
parameters remains a formidable challenge, however as there are many factors that may influ-
ence both short-term and long-term durability of the treatment. These factors include the IAF,
which brain region’s IAF to target, treatment focality, number of stimulation sessions, latent
conditions of stimulation, and concurrent medications. Optimal treatment dosing and timing
is unknown. In the setting of this clinical trial, we used a fairly aggressive treatment strategy of
stacking tACS sessions to avoid wearing off or rebound effects. However, real-time functional
connectivity feedback is needed to know when to dose the next treatment session for sustained
effects without overdosing.

Since motion triggers abound in the environment, there is likely not a permanent cure for
MdDS. Re-exposure to prolonged passive motion can re-trigger MdDS symptoms or interfere
with the consolidation phase of treatment. However, more effective methods for symptom
mitigation and access to earlier treatment can be developed. There should be recognition that
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one therapy cannot address all symptoms nor be optimized for all individuals. As in the study
of cTBS over the occipital cortex or cerebellum in which each site worked better for different
individuals, the anti-phase alpha vs in-phase alpha stimulation worked better for different
individuals in this study.

We are aware that in some patient presentations in the clinical setting, there may be symp-
tom overlap between MdDS, Persistent Postural Perceptual Dizziness (PPPD), vestibular
migraine, and motion sickness [28-30]. In order to be very clear about the diagnosis of MdDS,
we enrolled fewer than 30% of the potential participants that we screened in order to obtain a
homogeneous group of individuals with MdDS. The individuals in the current study had
clear-cut diagnoses of MdDS in which their symptoms were triggered by motion exposure and
were temporarily relieved with re-exposure to motion. An unclear trigger for their symptoms
was an exclusionary criterion for the study. Symptoms that are worsened by motion rather
than relieved by motion are more typical for PPPD, vestibular migraine, and motion sickness.
Although a history of migraine was not an exclusionary criterion for entry into the study, the
individuals in our studies are advised in the consenting process that brain stimulation can
potentially worsen headache. Individuals with bothersome headaches generally decline enroll-
ment or wait until their headaches are better controlled before participating.

Limitations

A universal limitation in working with individuals with rare disorders, particularly one in which
travel itself worsens the participants’ symptoms, is sample size. MdDS is much less common
than vestibular migraine or Meniere’s disease but remains a relevant clinical disorder because of
the intractability of symptoms and lack of effective treatment options [6,31-33]. In order to
increase statistical power, we used an ‘n-of-1’" design and determined symptom change relative
to the patient’s own baseline [34]. The design itself included a control condition and two real
stimulation conditions that would theoretically produce opposite physiological effects. Though
in two cases, the participants chose the control condition, neither of those individuals nor the
additional two participants who were allocated to the control condition noted any significant
reduction in symptoms with repeated stimulation. We felt that it was not ethically allowable to
give the participants a known true sham condition since a prior study showed that MdDS symp-
toms were exacerbated after sham rTMS treatment if participants with MdDS travelled home
after the intervention [23]. The ethical position in this study was to allow the participants to
choose the treatment for themselves with the possibility that they could choose the control con-
dition. We note that the control condition was still active stimulation, simply not a protocol that
we expected to drive the functional connectivity effects that we hypothesized were important.

Finally, a post-study elevation in symptoms after travel home is a persistent issue with neu-
romodulation studies on MdDS. We do advise our participants to take certain travel precau-
tions prior to and during travel. However, the accumulation of study and travel-related fatigue
as well as the exposure to motion during travel can lead to exacerbation of symptoms once the
participant travels home. We did not see a significant worsening of symptoms at the first post-
treatment week on a group level, but this could be an issue on an individual level. Due to par-
ticipant fatigue, we limited data acquisition to 6-weeks post stimulation because any beneficial
effect from the treatment should be observable within that time-period and longer observa-
tions could be contaminated by additional motion triggers.

Conclusions

This study explored the potential for fronto-occipital tACS to modulate the oscillating vertigo
of MdDS showing that alpha frequency stimulation is preferable to gamma frequency
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stimulation and that anti-phase stimulation is generally preferable to in-phase stimulation. In
any individual, one may be better than the other, however. The IAF is likely an important fac-
tor in determining treatment parameters and should be explored further. Participants who
were able to choose a preferred treatment protocol on a test day had higher treatment
responses than those who noted no immediate effect. This suggests that a randomized n-of-1
test session of different protocols may be predictive of responses to multiple treatments. Since
MdDS symptoms are chronic, are worsened by environmental stimuli, and can be re-triggered
by subsequent motion, longer-term treatment is likely required for additive and sustained
effects. Therefore, portable treatments such as tACS are worthy of further investigation.
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