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Abstract
Objective—Mal de debarquement syndrome (MdDS) is a chronic disorder of imbalance
characterized by a feeling of rocking and swaying. The disorder starts after prolonged exposure to
passive motion such as from a boat or plane. All medical treatment is palliative and symptoms that
persist beyond six months show low likelihood of remission. This pilot study explored the
feasibility and tolerability of repetitive transcranial magnetic stimulation (rTMS) as potential
treatment for MdDS.

Patients/Intervention—Ten subjects (8 women) with persistent MdDS lasting from 10 to 91
months were given one session each of four counterbalanced protocols: left 10Hz (high
frequency), left 1Hz (low frequency), right 10Hz, and right 1Hz rTMS over the dorsolateral
prefrontal cortex (DLPFC).

Main Outcome Measure—Reduction of rocking sensation reported on a visual analogue scale.

Results—1) Right-handers improved most with 10Hz stimulation over the left DLPFC while
left-handers improved most with 10Hz stimulation over the right DLPFC; 2) Low frequency
DLPFC stimulation was associated with symptom worsening in some subjects; 3) Duration of
symptoms was negatively correlated with treatment response; 4) rTMS was well-tolerated in
MdDS subjects, showing similar rates of headache (10 of 40 sessions) as for other studies; 5)
Fatigue occurred after six sessions usually with low frequency stimulation.

Conclusion—rTMS was well-tolerated in subjects with MdDS with promising short-term
symptom improvement. Future studies of rTMS in MdDS may consider sequential days of
stimulation, longer post-rTMS observation periods, formal measurement of post-TMS fatigue, and
randomization with a sham condition.
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INTRODUCTION
The feeling of rocking dizziness that occurs after one disembarks from a boat or plane is a
common phenomenon that normally ceases within two days of returning to land (1).
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However, in some people, a sensation that they are still rocking on the boat persists for
months or years. This disorder, termed mal de debarquement syndrome (MdDS) is
unexplained by structural brain or inner ear pathology (2). Despite causing significant
disability, therapy for persistent MdDS remains limited (3).

The stereotypical triggers that cause MdDS suggest that it is a disorder of maladaptive
neuroplasticity that might be responsive to external neuromodulation. Repetitive transcranial
magnetic stimulation (rTMS) is a method of neuromodulation in which a local magnetic
field is applied over the scalp in order to induce an electrical current in the cortical structures
underlying the coil. Low frequency rTMS (<=1Hz) induces local inhibition whereas high
frequency rTMS (>=5Hz) induces local excitation (4). However, remote effects of rTMS can
occur because of network connectivity and inter-hemispheric inhibition (5).

This pilot study investigated the following: 1] feasibility; 2] tolerability; 3] side effects; and
4] possible therapeutic effects of rTMS in MdDS. Four counterbalanced rTMS protocols
were tested using dorsolateral prefrontal cortex (DLPFC) as an empiric target. DLPFC was
chosen because our recent functional imaging data showed that patients with MdDS have
relative hypermetabolism in the left entorhinal cortex and amygdala with relative
hypometabolism in prefrontal cortex, including the area of the left DLPFC compared to
controls (6). Spatial information received by the posterior parietal lobes projects to the
DLPFC, making it an important area for cognitive control over spatial information
processing, particularly in spatial working memory (7; 8). This role of the DLPFC is
relevant to MdDS patients who, along with rocking dizziness, experience poor attention and
significant intolerance to visual motion (9). We hypothesized that high frequency left
DLPFC rTMS could temporarily reduce the symptoms of rocking, potentially mediated by
its functional connectivity with the entorhinal cortex and posterior parietal lobe (10, 11).
Right-sided low frequency stimulation may also be effective by reducing inter-hemispheric
inhibition of the left DLPFC. Internal controls used were low frequency stimulation of the
left DLPFC and high frequency stimulation of the right DLPFC.

METHODS
Subject Selection

Patients with a history of persistent MdDS meeting the following criteria were recruited
through a University Neurology clinic: 1) A chronic perception of rocking dizziness that
started after disembarking from sea, air, or land based travel; 2) Symptoms lasted at least six
months; 3) Normal peripheral inner ear function testing with ENG/VNG and audiograms 4)
Normal structural imaging with brain MRI; 5) No other cause for symptoms after evaluation
by a neurologist.

rTMS safety assessments were performed to exclude any subject who had a high risk of
seizures. Study procedures were completed according to Declaration of Helsinki guidelines
and were approved by the Institutional Review Board of the University. Subjects signed
written informed consent and completed the Edinburgh Handedness Inventory (12).

MRI
Subjects underwent high resolution structural MRI scans used for neuronavigation during
rTMS sessions.

rTMS
rTMS was performed with the Magstim Rapid2 stimulator with a figure-of-eight coil using
the Brainsight® frameless stereotaxy system for neuronavigation. Motor thresholds (MT)
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were determined before each session and were defined as the percent intensity output of the
stimulator that generated a 50µV motor evoked response in the first dorsal interossei in five
out of 10 trials. The DLPFC was localized by a point 5.5cm anterior to the motor hotspot
along the parasagittal plane with placement confirmed by neuronavigation (Figure 1).

For low-frequency stimulation, 110% of MT was used for 1800 continuous pulses at 1Hz
(30minutes). For high-frequency stimulation, 100% MT was used for 1800 pulses
(22.5minutes) delivered as 4 second trains at 10Hz (40 pulses) with a 26 second inter-train
interval for a total of 45 trains. Each subject underwent the four rTMS conditions (left 10Hz,
left 1Hz, right 10Hz, right 1Hz) with two to seven days between each session. Subjects were
randomly assigned to start with either the right or left hemisphere.

Symptom reporting
Subjects reported the intensity of their rocking sensation on a 0–100 visual analogue scale
(VAS) immediately before and during a 60-minute post-rTMS observation period. On this
scale, the 0 end refers to no rocking sensation. The subjects were encouraged to report all
other effects, but the scale was to be used only for the intensity of rocking.

RESULTS
Eight women and two men, ages 27–59, participated in the study. Triggers, symptom
duration, and handedness are reported in Table 1.

Change in rocking perception
Figure 2 shows the percent change in VAS at 5-minutes, 30-minutes, and 60-minutes after
rTMS for each condition. In right-handed subjects, left 10Hz stimulation was the most
effective in reducing the rocking sensation followed by right 1Hz stimulation. Left 1Hz
stimulation was particularly associated with worsened symptoms. In the three left-handed
subjects, right 10Hz stimulation was the most effective (Table 2). Two long-term events
were seen. Subject #6 reported no rocking sensation for 2.5 days after left 10Hz stimulation
and Subject #8 (left-handed) reported reduction in visual motion intolerance and oscillopsia
for 3 weeks after right 10Hz stimulation.

Figure 3 shows the negative relationship (R2=−0.5509) between the duration of illness and
the percent change in VAS at 60-minutes post-rTMS. Sixty-minutes was chosen because any
improvement noted was sustained at 60-minutes in all subjects and seven subjects showed
the maximum improvement at this time point.

Side effects
Headache occurred in 10 of 40 sessions; it was usually mild and located only at the site of
stimulation. Severe headache lasting three or more days occurred in one subject after 10Hz
stimulation and in another after 1Hz stimulation. The first subject had a history of migraine
with aura; the second already had ongoing neck pain. There were six reports of post-rTMS
fatigue, three that occurred after right 1Hz, one after left 1Hz, and two after right 10Hz
stimulation. Three subjects reported feeling more energetic after left10Hz stimulation lasting
from 20-minutes to the rest of the day and three reported improved mood lasting from 60-
minutes to the rest of the day. Negative cognitive effects occurred with right hemisphere
stimulation in some right-handed subjects, but with left hemisphere stimulation in left-
handers. Three subjects reported a change in the direction of the motion, even if the rocking
did not change in intensity. No subjects reported hearing loss or tinnitus. There were no
seizures. Other than the two long headaches, all negative side effects resolved within one
day.
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DISCUSSION
Treatment options need to be explored for MdDS, which remains incurable if symptoms do
not remit in a short period (9). This pilot study revealed some important considerations for
future clinical trials using rTMS in MdDS. rTMS was overall very well-tolerated in subjects
with MdDS with stimulation site discomfort being within the range of what is generally
reported for rTMS sessions (13). The two subjects who developed severe headache had
particular risk factors, which should be considered in future screening. Fatigue was common
enough to warrant formal assessment in future studies.

Subjects who had longer duration of symptoms generally had less symptom reduction with
rTMS, a phenomenon that has been observed in other disorders (14) (15). However,
sequential days of rTMS treatment may still be potentially beneficial for these subjects.

Finally, the effect of even one session of rTMS may last longer than the typical effects seen
with motor excitability changes, which is generally about 15–20 minutes (4). This suggests
that rTMS does not simply suppress the perception of rocking but may be introducing a
periodic stimulus that is desynchronizing an abnormal rhythm that gradually dampens with
time.

This pilot study had no formal sham condition but used physiologically counterbalanced
stimuli as internal controls. Although high frequency left DLPFC stimulation gave the most
positive effects and inhibiting DLPFC with low frequency stimulation gave the worst
effects, there was variability in responses. The suppression of rocking perception did not
clearly follow the trend of side effects. As DLPFC is a highly interconnected area, different
networks connected with the DLPFC may be differentially affected by rTMS in some
patients, thus affecting motion perception, fatigue, mood, and visual motion intolerance to
variable degrees. For example, in some subjects, DLPFC stimulation may have affected
connectivity to the posterior-parietal network more than the cortico-limbic network.

Although we did not expect handedness to be relevant to MdDS physiology a priori, the
pattern was consistent within the small number of subjects. The effect of handedness was
previously seen in perfusion studies after vestibular caloric irrigation, showing that the non-
dominant hemisphere activates the greatest with ipsilateral caloric stimulation (16).

Future trials should include a formal sham condition and include multiple days of treatment
and possibly assess functional connectivity as a marker of treatment response. These pilot
data show that rTMS may be a viable treatment option for MdDS, an otherwise incurable
disorder, and would thus warrant further studies.
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Figure 1. Neuronavigation using Brainsight®
Frameless stereotaxy neuronavigation used to verify position of TMS coil over the
dorsolateral prefrontal cortex shown in transverse (A), coronal (B), and sagittal (C) planes.
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Figure 2. Change in VAS for four rTMS conditions
Percentage change in visual analogue scale (0–100) from baseline at 5-minutes, 30-minutes,
and 60-minutes post for A) High frequency left hemisphere (10Hz); B) Low frequency left
hemisphere; C) High frequency right hemisphere (10Hz); and D) Low frequency right
hemisphere (1Hz). Numbers from 1 to 10 on the x-axis represent subjects from Table 1.
Negative deflections represent a decrease in rocking; positive deflections, an increase in
rocking.
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Figure 3. Correlation between treatment effect at 60-minutes and duration of illness
Correlation between duration of MdDS symptoms and the maximum treatment response at
60-minutes. Blue points represent the score at 60-minutes. The red points represent the three
instances when the maximum change was not at 60-minutes. The regression line only
includes data at 60-minutes. If maximum percentage change using all time points is used,
then R2=−0.5529.
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