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ABSTRACT: We investigated the effects of transcranial alternating stimulation (tACS) in patients with insomnia. Nine patients with chronic insom-
nia underwent two in-laboratory polysomnography, 2 weeks apart, and were randomized to receive tACS either during the first or second study. The
stimulation was applied simultaneously and bilaterally at F3/M1 and F4/M2 electrodes (0.75 mA, 0.75 Hz, 5-minute). Sleep onset latency and wake
after sleep onset dropped on the stimulation night but they did not reach statistical significance; however, there were significant improvements in
spontaneous and total arousals, sleep quality, quality of life, recall memory, sleep duration, sleep efficiency, and daytime sleepiness.

RESUME : La stimulation transcrinienne par courant alternatif comme traitement de I'insomnie. Nous avons étudié les effets de la stimu-
lation transcranienne par courant alternatif (ou « tACS » en anglais) chez des patients souffrant d'insomnie. Ainsi, 9 patients souffrant d’'insomnie
chronique ont subi, & deux semaines d’intervalle, deux tests du sommeil (ou polysomnographies) en laboratoire et ont ensuite fait 'objet d’'une
randomisation pour bénéficier de la tACS soit dans le cadre d’'une premiére étude soit dans le cadre d’une seconde. La stimulation a été appliquée
simultanément et bilatéralement aux électrodes F3/M1 et F4/M2 (0,75 mA, 0,75 Hz, 5 minutes). La latence 4 'endormissement de méme que le
réveil aprés lendormissement ont diminué pendant la nuit de stimulation mais n’ont pas atteint un seuil significatif sur le plan statistique. On a
cependant noté des améliorations significatives des éveils spontanés et totaux, de la qualité du sommeil, de la qualité de vie, de la mémoire de
rappel, de la durée du sommeil, de l'efficacité du sommeil et de la somnolence diurne.
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Insomnia is the most common sleep disorder presenting as either
difficulty falling asleep, maintaining sleep, or waking up early with
inability to go back to sleep.! Insomnia affects 10-30% of the pop-
ulation. Insomnia and sleep deprivation are linked to a range of
systemic medical conditions including dementia, depression,
cardiovascular disease, and malignancy.’

Currently, medications are the mainstay of insomnia treatment,
along with cognitive behavioral therapy for insomnia (CBT-I).
Medications include unregulated supplements, antihistamines,
off-label use of benzodiazepines, serotonin reuptake inhibitors
(SSRIs), tricyclic antidepressants, and a few medications approved

by the Food and Drug Administration (FDA). Further, hypnotics
that have been approved for long-term use by the FDA are limited
to two benzodiazepine agonists eszopiclone and slow-release zol-
pidem; selective melatonin receptor agonist, ramelteon; selective
histamine H; antagonist doxepin hydrochloride at low dose; and
dual orexin (hypocretin) receptor antagonist, suvorexant. There
is increasing tendency to limit long-term use of hypnotics either
for the risk of tolerance development or other side effects.?
Brain stimulation has become an established treatment for
multiple neurological disorders; however, its potential therapeutic
effects in sleep medicine have not been fully explored. Seno et al.
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Figure 1: Diagram showing the sequence of clinic visits and
timing of the two sleep studies.

5 min tACS (separated by
/ 1-min break)

Figure 2: Stimulation paradigm. For consistency, the posi-
tive (anodal) electrodes were placed at F3 and F4 positions

5-min tACS upon arousal

referenced to the negative (cathodal) electrode in the mas-
toids, bilaterally. Transcranial alternating current stimulation
(tACS) started upon lights out as 5-minute sessions and in
case the patient had not entered sleep, as checked during
a 1-minute window, another 5-minute stimulation session
would be applied; this cycle would be repeated until a sleep
stage was observed on the EEG. The same paradigm would be
applied again in case of an arousal lasting longer than 1 min.
PSG recording at the end of a 5-minute stimulation session
resulting in N2 sleep is shown. During the stimulation, the
PSG signal recording is obscured by the stimulus artifact
(30 s trace).

Lights out

reported the effectiveness of rectangular pulses (1-3 V, 0.5 ms) for
187 s at gradually decreasing frequencies from 14 to 0 Hz.* In
rodent models, low-intensity slow oscillating fields of 1 Hz fre-
quency have been shown to induce similar 1 Hz delta slow cortical
responses.” Marshall et al. applied slow oscillating potentials at
0.75 Hz to healthy volunteers to show the effect of sleep on hippo-
campus-dependent declarative memory consolidation as well as
sustaining the naturally occurring delta slow waves during non-
rapid eye movement sleep.’ Similarly, acoustic stimulation has
been reported to augment slow-wave activity in both young and
older adults and improve sleep-dependent memory consolidation.”

The purpose of this pilot prospective randomized single-blind
crossover study was to investigate if augmenting theta-delta slow
brain activity with low-intensity, low-frequency transcranial
stimulation can induce and sustain N1-N3 sleep. Thirty adult
patients with chronic insomnia who had failed multiple medica-
tions were evaluated.! Those with pregnancy, severe mood disor-
der, history of alcoholism and drug abuse, sleep apnea, and
cardiopulmonary diseases were excluded. A total of nine patients,
eight female, and one male (age 50 + 10, mean 50.2) with chronic
insomnia disorder (duration 4-13 years, mean 7.8 +3.4) com-
pleted the study and were included in the final analysis
(Supplementary consort chart). The patients were not given
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instructions regarding sleep hygiene or CBT-I until the end of
the study. A battery of standardized questionnaires was completed
at the first visit and again at the end of the study 6 weeks later. Any
hypnotics and SSRIs that had been prescribed merely for insomnia
were tapered off over the initial 2 weeks so that by the time of their
first polysomnograms (PSG), 14 d after the first visit, the patients
were off medication and remained so for the following 6 weeks. All
patients had two in-laboratory PSG, 2 weeks apart, during one of
which they received tACS and the other night used as control
(sham). The order of stimulation night vs sham was randomized;
therefore, some patients were stimulated during their first PSG and
others during their second PSG. The first PSG was done two weeks
after the first clinic visit and the second study, two weeks after the
first one. Sleep diaries were reviewed biweekly. All patients had a
second/last clinic visit two weeks after the second PSG during
which the above test battery was repeated (Figure 1). Informed
consent was obtained from all patients. Ethical approval was
granted by the institutional review board.

Sleep data acquisition and manual scoring were done according
to the American Academy of Sleep Medicine guidelines. Sleep
onset latency (SOL), wake after sleep onset (WASQO), arousal index,
sleep efficiency, apnea/hypopnea index were recorded for analysis.
Transcranial stimulation, adopted from Marshall et al.%, was
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Table 1: In-laboratory polysomnogram findings: stimulation vs sham
Sham tACS Difference
N=9 N=9 Difference (Adjusted for Sequence and Period)
Measurements Mean (SD) Mean (SD) Mean (SE) 95% Cl (p-val)
SOL (min.) 39.9 (56.3) 22.2 (25.8) —17.8 (20.6) —17.4 (—44.4 t0 9.6) (0.21)
WASO (min.) 89.1 (81.9) 77.2 (53.2) —11.8 (32.6) —17.0 (—60.9 to 26.9) (0.45)
% Sleep Efficiency 75.8 (19.5) 81.5 (10.6) 7 (7.4) 6.6 (—4.6 to 17.7) (0.25)
Resp. Arousal Index 8 (4.4) 9 (4.3) —0.9 (2.0) —0.8 (—2.0 to 0.4) (0.19)
Spon. Arousal Index 6 (3.0) 1(2.6) —1.5(1.3) —1.6 (—3.2 to —0.1) (0.04) *
Total Arousal index 16.3 (4.4) 14.0 (3.5) —2.4 (1.9) —2.4 (—4.4 to —0.4) (0.02) *
% N1 4 (4.1) 4 (3.5) —2.0 (1.8) —2.2 (=5.1 to 0.8) (0.15)
% N2 67.9 (7.6) 66.7 (7.2) —1.1 (3.5) —0.9 (=4.3 to 2.5) (0.60)
% N3 7 (5.7) 0 (4.7) —0.7 (2.5) —0.9 (—3.-6 to 1.7) (0.49)
% REM 17.1 (7.8) 20.8 (5.0) 7(3.1) 3.9 (-0.6 to 8.4) (0.09)
N2 Latency (min.) 52.8 (62.5) 26.4 (26.1) —26.3 (22.6) —25.1(—54.6-4.4) (0.10
N3 Latency (min.) 39.9 (30.6) 87.7 (84.4) 47.8 (29.9) 45.6 (—5.9 to 97.1) (0.08)
REM Latency (min.) 104.3 (48.0) 106.9 (57.2) .7 (24.9) —1.9 (—29.1-25.3) (0.89)
% Average 02 sat. 95.7 (1.9) 96.1 (1.5) 4 (0.8) 0.45 (—0.5 to 1.4) (0.37)
Average AHI 8 (4.4) 9 (4.2) —0.9 (2.0) —0.8 (—2.1 to 0.4) (0.18)
PLMI 8 (2.4) 4(1.3) —0.4 (0.9) —0.4 (-1.1 to 0.2) (0.20)
ESS 0 (5.5) 9 (5.2) 1.1 (2.5) 1.2 (0.2 to 2.1) (0.02) *

Entries are based on the mixed model and t-test results provided in the Stata Output for Lab data.
*Statistically significant difference. SOL = sleep onset latency; WASO = wake after sleep onset; min. = minute; Resp. = respiratory; Spon. = spontaneous; N1-3 = stages N1-3 sleep; REM = rapid
eye movement (sleep); 02 sat. = oxygen saturation; AHI = apnea/hypopnea index; PLMI = periodic limb movement index; ESS = Epworth sleepiness scale.

applied as oscillatory sine wave currents delivered via the low noise
“1X1 tES” device (Soterix Medical, New York, USA) at peak cur-
rent intensity of 0.75 mA cm™ and 0.75 Hz frequency providing a
subthreshold charge density; therefore, the patients remained blind
to the stimulation vs. sham. A 2X2 splitter and long cables were
used for the remote triggering option. During both studies, two
pairs of high-definition Ag-AgCl stimulation ring electrodes were
placed bilaterally at F3 and F4 (frontal) and M1 and M2 (mastoid)
positions to include major sleep-related structures in the current
path. The electrodes were attached using regular Ten20 conductive
paste and were kept in place via a special 4 mm thick plastic holder
made by the manufacturer, and by wrapping; the patients did not
report any focal pressure or discomfort related to the electrodes,
and stimulation did not result in any skin lesions.

On stimulation nights, after lights out the subjects were stimu-
lated for 5 min followed by a 1-minute pause to determine if the
subject had entered sleep in which case no further stimulation
would be applied. Given the stimulation artifact, those periods
were scored as awake. If the patient remained awake for more than
one minute after stimulation, another 5-minute stimulation would
be applied, and this cycle would be repeated until sleep was
achieved. In case of an arousal longer than 1 min, the above stimu-
lation paradigm would be applied again. All stimulations were
applied remotely and manually by the principal investigator
(GKM). The patients did not feel the stimulation and remained
blind to the intervention. During the sham studies, the same elec-
trodes were placed, and the patients were hooked up to the tACS
device but no stimulation was applied (Figure 2).

Each subject received a total of 10.2 + 5.7 trials of stimulation of
which 4.6 + 2.4 (%45) induced sleep. The mean number of stimuli
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Table 2: Standardized sleep-related questionnaires

Baseline Post-tACS p-val
Variables Mean (SD)  Mean (SD)  t-test (sign rank test)
HAM-A 13.8(9.0)  10.3 (8.5) 0.09 (0.12)
Beck 11.6 (9.9) 3 (7.3) 0.32 (0.23)
PSQI 14.4 (2.9) 2 (4.3) 0.001 (0.008) *
Sleep duration (hour) 5.6 (0.8) 3(1.2) 0.04 (0.07) *
SOL (min) 62 (40) 37 (31) 0.005 (0.02) *
WASO (min) 85.7 (63.6)  44.7 (22.1) 0.05 (0.008) *
Sleep Efficiency (%) 69.8 (10.3) 82.2 (7.4) 0.005 (0.02) *
ISI 17.9 (4.0) 16.9 (6.5) 0.62 (0.91)

* Statistically significant difference. HAM-A = Hamilton anxiety rating scale; Beck = Beck’s
Depression Inventory; PSQI = Pittsburg sleep quality index; SOL = sleep onset latency;
WASO = wake after sleep onset; ISI = Insomnia Severity Index.

needed to induce the initial sleep period was 3.1 + 3.6. Sleep onset
latency dropped from 39.9 +56.3 min during sham study to
22.2£25.8 min during the stimulation night, whether given on
the first or second night, as well as improvements in sleep efficiency
and WASO, but these differences did not reach statistical signifi-
cance. However, there were significant drops in spontaneous
arousals (8.6+3 vs 7.1+26, p=0.04) and total arousals
(163+44 vs 14%3.5 p=0.02) (Table 1) (Supplementary
Figure 1A-B). Given the small sample size and multiple outcome
measures, the effect sizes were calculated for significant differences
(Supplementary Table 1 with effect size). There were also signifi-
cant improvements in multiple measures of long-term effects of
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stimulation as measured by the questionnaires and sleep diary.
These included improvements in sleep quality (Pittsburg sleep
quality index (PSQI) 14.4 +2.9 vs 8.2 + 4.3, p = 0.001), sleep dura-
tion (5.6 + 0.8 vs 6.3+ 1.2h, p=0.04), SOL (62 + 40 vs 37 + 31 min,
p=0.005), WASO (85.7 + 63.6 vs 44.7 £ 22.1 min, p = 0.05), sleep
efficiency (69.8 £ 10.3 vs 82.2 = 7.4%, p=0.005), and Epworth
sleepiness scale (7.6 + 5.7 vs 6.7 = 5.6, p=0.09). There were no
significant changes in measures of depression and anxiety
(Table 2) (Supplementary Figure 1C).

The quality of life (QOL) based on the SF-36 score showed sig-
nificant improvements in multiple domains and the overall QOL
(p=0.02) (Supplementary Table 2, Figure 1D). The memory test
showed significant improvement in recall after the second PSG
(p=0.04) (Supplementary Table 3; Figure 1E).

Transcranial current and auditory stimulations have been
shown to increase the amplitude of slow oscillations, hence deep-
ening sleep rather than improving sleep onset latency.” Unlike
those studies, we did not time-lock stimulation to the slow waves
but instead started it during wakefulness. Therefore, the absence of
significant effects on sleep initiation might suggest principal
differences in mechanism of action of stimulation on different
stages of sleep along with differences in mechanisms of sleep ini-
tiation vs slow sleep initiation/maintenance. Spontaneous sleep is
initiated by cyclical dominance of the GABAergic ventrolateral
preoptic area in the anterior hypothalamus over the wake-promot-
ing monoaminergic nuclei of the brainstem. Therefore, stimulation
of this structure, that was placed in the path of the current, might
have contributed to the sleep-inducing effect of tACS. Further, we
chose the site of stimulation based on the notion that including
other critical structures, that is, thalamus, prefrontal cortex, and
upper brain stem, in the path of current is critical to affect sleep
generating networks, as reported previously. Among the possible
mechanisms by which tACS may affect sleep is frequency-specific
entrainment, that is, phase alignment of endogenous brain oscilla-
tions to the oscillating tACS currents.® Therefore, further experi-
ments to optimize the stimulation paradigm are warranted.
D’Atri et al. successfully induced sleepiness using bilateral tACS
at 5 Hz but the subjects were all healthy volunteers.® More recently,
Wang et al. tried tACS in patients with insomnia as 40-minute
stimulation sessions at much higher intensity and frequency for
20 d. The PSQI at week 8 showed a significant decrease along with
improvements in several subjective sleep-related parameters. This
study did not use overnight stimulation or PSG monitoring and
was limited to subjective data acquisition.’

The main findings of our study include reduced arousal,
improved sleep maintenance, more pronounced delayed effects,
and absence of any immediate side effects of overnight application
of transcranial electrical stimulation. Our stimulation paradigm
did not show an immediate effect on SOL and WASO which
may be attributed to a variety of factors including stimulation
intensity and location as well as the small sample size. We avoided
higher intensities to keep the patients blind to stimulation vs sham.
It is conceivable that a higher charge density would have stronger
therapeutic effects. The inter-subject variability in the number of
stimuli to induce sleep may be attributed to inherent neurophysi-
ological differences or severity of insomnia. Also, rebound insom-
nia might have affected the results since we tapered off hypnotics
and SSRIs that had been prescribed for insomnia treatment. Given
the small sample size of this pilot study, there was no significant
association between outcome and the baseline medications. To
our knowledge, this study is the first attempt at using overnight
alternating current under PSG monitoring to acquire both
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objective and subjective measures in patients with chronic insom-
nia. We used tACS instead of tDCS to apply oscillatory currents
similar to the naturally occurring delta slow waves generated in
non-rapid eye movement sleep.

While insomnia is more common in females, it may not explain
the significant predominance of females in our patient population
which is a limitation of this pilot study. Another shortcoming
might be the fact that we did not determine individual patients’
sensory thresholds to maximize the charge density according to
each subject’s threshold. Further limitation is that outcomes from
small cohorts cannot be generalized. Given the limitations of cur-
rently available treatments for insomnia in particular long-term
use of hypnotics'?, it is pertinent to further investigate optimized
tACS stimulation parameters.

Supplementary Material. To view supplementary material for this article,
please visit https://doi.org/10.1017/cjn.2022.33
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