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ABSTRACT

Background: Arousal and sleep represent basic domains of behavior, and alterations are of high clinical
importance.
Objective/hypothesis: The aim of this study was to further elucidate the neurobiology of insomnia dis-
order (ID) and the potential for new treatment developments, based on the modulation of cortical ac-
tivity through the non-invasive brain stimulation technique transcranial direct current stimulation
(tDCS). Specifically, we tested the hypotheses that bi-frontal anodal tDCS shortens and cathodal tDCS
prolongs total sleep time in patients with ID, compared to sham stimulation. Furthermore, we tested for
differences in indices of arousal between ID patients and healthy controls and explored their potential
impact on tDCS effects.
Methods: Nineteen ID patients underwent a within-subject repeated-measures sleep laboratory study
with adaptation, baseline and three experimental nights. Bifrontal anodal, cathodal and sham tDCS was
delivered in a counterbalanced order immediately prior to sleep. Wake EEG was recorded prior to and
after tDCS as well as on the following morning. Subsequently, we compared patients with ID to a healthy
control group from an earlier dataset.
Results: Against our hypothesis, we did not observe any tDCS effects on sleep continuity or sleep ar-
chitecture in patients with ID. Further analyses of nights without stimulation demonstrated significantly
increased levels of arousal in ID patients compared to healthy controls, as indexed by subjective reports,
reduced total sleep time, increased wake after sleep onset and increased high frequency EEG power
during wakefulness and NREM sleep. Of note, indices of increased arousal predicted the lack of effect of
tDCS in ID patients.
Conclusions: Our study characterizes for the first time differential effects of tDCS on sleep in patients
with ID and healthy controls, presumably related to persistent hyperarousal in ID. These findings suggest
that adapted tDCS protocols need to be developed to modulate arousal and sleep dependent on baseline
arousal levels.

© 2019 Elsevier Inc. All rights reserved.
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Introduction

Insomnia disorder (ID) is a prevalent health problem leading to
reduced quality of life [1], adverse health outcomes [2—4] and a
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relevant economic burden [5]. Current first-line treatments include
cognitive behavior therapy and, for short-term treatment, phar-
macotherapy [6—8]. Still, only about half of the patients achieve
long-term remission, indicating the need for additional research
[9]. The current study was designed to further elucidate the
neurobiology of ID and the potential for novel treatments based on
the modulation of cortical activity through the non-invasive brain
stimulation technique transcranial direct current stimulation
(tDCS).

Recent concepts of the pathophysiology of ID highlight the
importance of persistent (24 h) hyperarousal, as indexed by psy-
chological, endocrine, immunological, electrophysiological and
neuroimaging studies (for overview [9,10]). Particularly, patients
with ID demonstrate elevated cortical arousal during non rapid eye
movement (NREM) sleep, as indicated by increased electroen-
cephalographic (EEG) power in high frequency bands [11] and a
lack of decline in glucose metabolism in thalamo-cortical arousal
systems from waking to NREM sleep in comparison to controls
[12,13]. More specifically, alterations in ID include widespread
wake EEG signatures of hyperarousal, including in the prefrontal
cortex [14], in which deactivation is critically important for reduced
consciousness and persistent sleep [15]. However, it remains un-
clear whether cortical hyperarousal in ID represents a pathophys-
iological mechanism and potential treatment target or a mere
epiphenomenon of subcortical activity changes.

Standard models of sleep-wake regulation delineate an
ascending reticular activating system (ARAS), that originates in the
brain stem and activates the thalamus and cortex via bottom-up
pathways during wakefulness [16,17]. Current pharmacological
treatments for clinical conditions of disturbed arousal or sleep
modify relevant neurotransmitter systems of the ARAS with some
success, but limited efficiency and relevant adverse effects [6].

Other neuroanatomical [ 18] and neurophysiological [ 19] studies in
animals have described descending cortico-thalamic pathways that
are critically important for synchronized cortico-thalamo-cortical
slow oscillations as a prerequisite for decreased arousal and sleep
[20]. These top-down pathways complement bottom-up pathways of
sleep-wake regulation and might represent a treatment target for
non-invasive brain stimulation techniques in humans [21].

The brain stimulation technique transcranial direct current
stimulation (tDCS) provides the opportunity to non-invasively
modulate cortical excitability and, following the described top-
down perspective, to target cortico-thalamic pathways of sleep-
wake regulation, with anodal tDCS leading to increased and cath-
odal tDCS leading to decreased cortical excitability [22,23]. We
recently demonstrated that repetitive bilateral anodal tDCS to the
prefrontal cortex prior to sleep significantly increases cortical
arousal during wakefulness (high frequency EEG power) and de-
creases total sleep time (TST) compared to cathodal and sham
stimulation in healthy humans [24]. In the same study, cathodal
stimulation appeared to decrease cortical arousal during wakeful-
ness (high frequency EEG power), but did not prolong TST, poten-
tially due to ceiling effects in healthy controls [24].

The current study translated this line of research to patients
with ID and aimed to provide proof-of-concept that local cortical
activity changes through tDCS can modulate arousal and sleep in ID.
Specifically, we tested the hypotheses that bi-frontal anodal tDCS
shortens and cathodal tDCS prolongs TST in patients with ID,
compared to sham stimulation. Furthermore, we tested for differ-
ences in indices of arousal between ID patients and healthy controls
from our earlier dataset [24] and explored their potential impact on
tDCS effects. The rationale behind this analysis is that further
elucidating differential tDCS effects on indices of arousal and sleep
in patients and controls might inform about distinct mechanisms of
sleep-wake regulation and guide future treatment developments.

Material and methods
Participants

Nineteen patients with ID according to DSM-5 criteria [25] (13
females, 6 males, age 43.8 + 15.1 years, age range 20—60 years)
participated in the study. Patients were diagnosed according to
ICD-10 criteria, based on subjective sleep disturbances, by an
experienced psychiatrist and sleep practitioner and recruited at the
sleep laboratory of the University Medical Center Freiburg. Other
mental, physical or sleep disorders were excluded based on a
clinical examination, routine blood test, structured psychiatric
interview [26], and polysomnography (apnea-hypopnea-index >5/
h and periodic limb movements with arousal index >5/h excluded).
All patients were right handed and non-smokers. They did not
consume caffeine, alcohol or CNS-active medication two weeks
prior to and during the study, and were eligible for tDCS according
to standard safety criteria [27]. The data set of ID patients was
compared to an earlier data set of 19 healthy controls with the same
eligibility criteria besides the diagnosis of ID [24]. The study was
conducted in accordance with the Declaration of Helsinki, approved
by the Ethics Committee of the University Medical Center Freiburg
(271/12), and registered in the German Register for Clinical Studies
(www.germanctr.de, DRKS00004299). All patients provided writ-
ten informed consent prior to participation.

Study design

The current study design in ID patients followed the study
design in healthy participants reported earlier [24]. All participants
maintained a regular sleep-wake schedule two weeks prior to and
during the study as monitored by sleep diaries [28] and actigraphy
(Actiwatches®, Cambridge Neurotechnology). Subjective ratings for
depressive symptoms (Beck Depression Inventory, BDI [29]), stress
(Perceived Stress Questionnaire, PSQ-20 [30]), sleep quality (Pitts-
burgh Sleep Quality Index, PSQI [31]) and daytime sleepiness
(Epworth Sleepiness Scale, ESS [32]) were assessed at baseline.

All participants underwent a within-subject, repeated-measures
protocol across five nights in the sleep laboratory (Fig. 1). After an
adaptation and baseline night, three experimental nights with
polysomnographic monitoring were recorded from 11:00 p.m. to
7:00 a.m. Prior to the experimental nights, tDCS was administered
between 10:00 p.m. and 10:46 p.m. according to the experimental
protocol in a counterbalanced order (anodal, cathodal or sham
stimulation) with one week interval to prevent carry-over effects.
Resting state EEGs were recorded prior to (TO) and after (T1) the
stimulation protocol in the evening and in the following morning
(T2). Sleep questionnaires were completed in the evening prior to
and in the morning after each experimental night to assess sub-
jective sleep quality and quantity (Schlaffragebogen-A, SF-A [33]).
Neuropsychological tests were conducted at 8:30 p.m. prior to and
8:00 a.m. after the experimental nights (Test for Attentional Per-
formance, TAP [34]).

Transcranial direct current stimulation (tDCS)

This study used the same tDCS protocol as described in detail in
our previous study in healthy controls [24]. Participants were
seated in a quiet sleep laboratory with eyes open, using a stan-
dardized resting state instruction. In brief, tDCS was delivered by a
battery-driven, micro-processor-controlled CE-certified constant
current stimulator (neuroConn GmbH, Illmenau, Germany) and
comprised bi-frontal target electrodes (5 x 7 cm, FP1/FP2) and bi-
parietal return electrodes (10 x 10 cm, P3/P4). The selected size of
the return electrodes has previously been shown to be functionally
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2 X 9 min
cathodal
stimulation

2 X 13 min
anodal
stimulation

Polysomnography 11:00 p.m. — 7:00 a.m.
Polysomnography 11:00 p.m. — 7:00 a.m.

Adaptation Baseline

Stimulation followed by polysomnography

Fig. 1. Study design. Adaption, baseline and three experimental nights with tDCS starting at 10:00 p.m. and ending prior to polysomnography from 11:00 p.m. to 07:00 a.m.;
stimulation protocols with electrode positioning over the prefrontal and parieto-occipital cortex: I. Sham stimulation: 2 blocks of 11 min tDCS with the stimulator fading in and out
at the beginning and end of each 11 min period with 20 min interval between sham stimulation blocks (inter-stimulation interval, ISI). Il. Anodal stimulation: 2 blocks of 13 min with
fade-in/fade-out and 20 min ISL IIl. Cathodal stimulation: 2 blocks of 9 min with fade-in/fade-out and 20 min ISI. Stimulation protocols were implemented in a counterbalanced

order (Fig. from Ref. [24]).

inert to the cortex [35]. A constant current of 1 mA over each
electrode was applied (2 mA stimulator output, Y-cable split for
stimulation and reference electrodes) using an optimized repetitive
stimulation protocol for each condition [36,37] with 2 x 13 min of
anodal and 2 x 9 min of cathodal stimulation with 20 min inter-
stimulation intervals (Fig. 1). The chosen tDCS protocols have
been demonstrated to induce lasting aftereffects up to several
hours. To achieve comparable aftereffects, optimal stimulation
durations need to be slightly different between polarities [36,37]. A
fade-in/fade-out design (30 s each) was used to decrease potential
skin sensations during the beginning and end of the stimulation
[38]. The sham condition mimicked these sensations by imple-
menting a 30s fade-in current until 1 mA was reached with an
immediate 30s fade-out at the beginning and end of each sham
stimulation period. The sham procedure has been repeatedly
shown to keep participants blind for the stimulation conditions
[39]. In accordance with this notion, participants of the current
study were not able to discern between the tDCS conditions when
asked in the mornings following the experimental nights. As listed
in Tab. S1 (Supplements), most participants described skin sensa-
tions during the stimulations, including sham stimulation, and
some described headache, pain and unspecific somatic reactions,
without any differences between the tDCS conditions.

Polysomnography

Polysomnography was recorded from 11:00 p.m. to 7:00 a.m.
according to standard procedures as described previously [24]. All
recordings included an EEG (C3-A2), electrooculogram, submental
electromyogram and an electrocardiogram. Polysomnographic re-
cordings were visually scored off-line according to standard criteria
[40] by experienced raters who were blind towards the experi-
mental conditions. The following polysomnographic parameters of
sleep continuity and architecture were assessed: sleep onset la-
tency (SOL), defined as the period between turning the lights off
and the first 30 s epoch of stage 2 sleep (N2), slow wave sleep (SWS/
N3) or rapid eye movement (REM) sleep; total sleep time (TST),
defined as the time spent in stage 1 or 2 sleep, slow wave sleep
(SWS) or REM sleep; sleep efficiency (SE), defined as the ratio of TST
to time in bed x 100%; wake after sleep onset (WASO), defined as
the time spent awake during the sleep period time; number of
sleep stage changes; number of wake periods; arousal index (Al),
defined as the number of arousals per hour of sleep for TST; per-
centages of stage 2 sleep, SWS and REM sleep referred to TST; REM
sleep latency (REML), defined as the period between sleep onset
and the occurrence of the first 30 s epoch of REM sleep; number of
REM sleep cycles per night; eye movement epochs (EOGS), defined
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as the number of 3-s mini-epochs including rapid eye movements
during REM sleep; REM density, defined as the ratio of 3-s REM
sleep mini-epochs including rapid eye movements referred to the
total number of REM sleep mini-epochs x 100%.

EEG spectral analysis

Sleep EEG spectral analysis was carried out to assess power
spectra during NREM sleep as described previously [24,41]. The
main analysis was performed on the C3-A2 derivation in 30-s
epochs for which sleep stages had been determined. Spectral es-
timates for each epoch were obtained by averaging of 22 over-
lapping FFT windows (512 data points, 2.56 s) covering a 30-s epoch
to obtain the spectral power within that epoch, resulting in a
spectral resolution of 0.39 Hz. A Welch taper was applied to each
FFT window after demeaning and detrending the data in that
window. The spectral power values were then log-transformed
(base e) and continuously stored on disk. All subsequent steps
including statistical analysis were performed on these logarithmic
values, which have a more symmetrical distribution of errors as
compared to raw spectral power. Rejection of artefacts mainly
connected to low EEG spectral frequencies (e.g., EOG) or high EEG
spectral frequencies (e.g., EMG) was conducted by an automatic,
data-driven method. The total and gamma band log power of each
epoch was related to the corresponding median-filtered value (the
median of values in the 5 min preceding and 5 min following the
epoch), and an epoch was excluded if the deviation was larger than
the difference between the median and the first quartile of all
median-filtered values across the night [41]. The log spectra of the
remaining epochs were averaged across all NREM sleep epochs.
Spectral band power was calculated for the following frequency
ranges: delta 0.1-3.5Hz (deltal 0.1-1.5Hz; delta2 1.5—3.5Hz);
theta 3.5—8 Hz; alpha 8—12 Hz; sigma 12—16 Hz (sigmal 12—14 Hz;
sigma2 14—16 Hz); beta 16—24 Hz; and gamma 24—50 Hz.

Wake EEG recordings

Following the procedures described previously [24], 5 min
resting state EEGs (C3-A2) were recorded prior to stimulation [TO],
immediately after the stimulation [T1] and on the following
morning [T2] to assess indices of cortical arousal during wakeful-
ness. Patients were seated in a quiet sleep laboratory with eyes
closed, using a standardized resting state instruction (‘Please sit
upright, think of nothing in particular, stay awake and relax, please
also relax your chewing muscles’). EEG recordings were visually
scored off-line by experienced raters according to standard criteria
to exclude possible sleep stages (C3-A2 derivation, 30 s epochs).
EEG spectral power was calculated for single frequency bins for
each EEG measurement according to the procedures described for
polysomnographic recordings. Each 5 min EEG trace was visually
inspected and technical or movement artifacts were marked. Then,
data were segmented into windows of 2.56 s overlapping by half
(i.e., steps of 1.28 s) avoiding regions from 5 s prior to the startto 5 s
after the end of each marked artifact as well as any 30s epoch
scored as non-wake.

Statistical analyses

Descriptive values are given as means and standard deviations.
To test for polysomnographic differences between the experi-
mental tDCS conditions, repeated-measures analyses of variance
(ANOVAs) with the within-subject factor Condition (anodal stim-
ulation, cathodal stimulation, sham stimulation) were conducted.
Total sleep time (TST) was used as the primary outcome parameter.
Other analyses were secondary analyses. To further explore

possible regional effects, ANOVAs with the within-subject factor
Condition (anodal stimulation, cathodal stimulation, sham stimu-
lation) were conducted for all EEG spectral power frequency bands
and each EEG electrode (C3, C4, CZ, FZ, 0Z) individually. To explore
tDCS effects on resting state EEG, the repeated-measures factor
Testsection (TO, T1, T2) was added.

ANCOVAs with the within-subject factor Condition, the between
subject factor Group (insomnia, controls) and the covariate Age
were used for comparisons of clinical and physiological data and
stimulation effects between ID patients and controls from an earlier
data set [24]. For the estimation of effect sizes, partial ETA square
(775) values were calculated (low: <0.06; medium: > 0.06
and < 0.14; large: > 0.14). Post-hoc contrasts were calculated in
case of significant main effects or interactions. The level of signif-
icance was set at p < 0.05 (two-tailed). All analyses were conducted
with the statistical software R (R version 3.1.2, The R Foundation for
Statistical Computing).

Results
TDCS effects in patients with insomnia disorder

Polysomnography and NREM EEG spectral analysis

In contrast to our primary hypothesis, neither anodal nor
cathodal tDCS modified TST in patients with ID. Polysomnographic
findings are listed in Table 1 and visualized in Fig. 2. Further ana-
lyses did not demonstrate any significant tDCS effect on sleep
continuity or sleep architecture (for all analyses, p>0.1). In our
main analysis, EEG spectral power during NREM sleep did not differ
between the stimulation conditions (Fig. 2). In a second exploratory
step exploring possible regional effects, uncorrected single ANOVAs
with the within-subject factor Condition (anodal stimulation,
cathodal stimulation, sham stimulation) were conducted for all EEG
spectral power frequency bands and each EEG electrode (C3, C4, CZ,
FZ, 0Z) individually. We found a significant condition effect only for
frontal deltal spectral power (Fz; p=0.036), with anodal and
cathodal stimulation being followed by slightly decreased spectral
power, compared to sham. All other analyses showed no condition
effect (all p > 0.05).

To control for age differences, we conducted repeated-measures
ANOVAs with the within-subject factor Condition (anodal stimu-
lation, cathodal stimulation, sham stimulation) and the covariate
Age. No significant interaction was detected. To control for circa-
dian effects, all participants were assessed with the Munich Chro-
noType Questionnaire (MCTQ [42]) and stated a regular preferred
bedtime between 11-11.30 p.m. and 7—-7.20 a.m. In addition,
actigraphy demonstrated a regular sleep rhythm, with sleep onset
at 11.48 p.m.+47 min, a total sleep time of 375+ 54 min and a
regular SOL of 13 + 12 min. Sleep diaries demonstrated similar re-
sults for subjective sleep parameters, with only a slight over-
estimation of SOL (mean 25 min).

Subjective sleep and neurophysiological parameters

Subjective sleep and neurophysiological parameters are listed in
Table 1. The analysis did not reveal any differences between the
stimulation conditions.

Wake EEG spectral analysis

In a first analysis of EEG power differences between conditions
at a single frequency, we calculated false discovery rate (FDR) cor-
rected significances, obtained using the Benjamini-Hochberg step-
up procedure as a correct assessment of the significance of multiple
tests. This approach did not reveal any significant condition effect
in ID patients. In a second exploratory analysis, we used uncor-
rected ANOVAs to further explore tDCS effects on EEG power
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Table 1
Polysomnography, subjective sleep parameters and alertness following tDCS in patients with insomnia disorder (ID).
Sham stimulation Anodal stimulation Cathodal stimulation F D pETA?
Polysomnography
Sleep continuity
Sleep onset latency, min 19.0+18.3 203 +149 239228 1.9 .160 .097
Total sleep time, min 389.6 +58.3 396.3 +43.6 393.2 +38.7 2 .819 .011
Sleep efficiency, % 81.1+12.2 82.7+9.0 81.7+8.0 3 772 .014
WASO, min 53.4+41.0 51.1+329 51.5+32.8 <1 956 .003
Stage changes 166.4 +40.0 161.3 +46.6 166.4 +57.2 2 .796 .013
Wake periods 274+143 275+11.0 320+16.6 33 .050 154
Arousal Index (TST) 146 +6.4 17.1+10.2 145+6.5 1.5 242 .076
Sleep architecture, Ztotal sleep time
Stage 2 sleep 59.3+9.5 60.9+11.0 61.8+8.8 1.0 385 .052
Slow wave sleep 73+84 6.0+83 5.1+6.5 1.8 173 .093
REM sleep 21.8+4.8 20.6 +6.0 21.5+6.9 4 .693 .020
REM sleep parameters
REM latency, min 784 +264 91.3+62.8 85.7 +40.1 i 449 .039
REM sleep cycles 3.6+0.8 3.7+1.0 3.6+0.7 1 .860 .005
EOGS 311.7+£142.6 287.0 +99.5 325.1+1414 1.1 335 .059
REM density 183 +6.3 17.8+43 19.2+5.6 i .506 .037
Subjective sleep parameters (SFA)
Sleep onset latency, min 35.8+326 36.1 £32.2 31.4+26.2 2 .805 .013
Total sleep time, min 369.7 +87.1 375.8+75.8 377.8+61.4 2 .862 .009
Sleep efficiency, % 82.1+153 83.7+12.8 85.1+11.7 4 .648 .025
Wake time, min 40.8 +39.8 34.4+29.0 34.6 +36.6 4 .708 .020
Alertness (TAP)
Tonic Improvement, % 4+82 1+65 1.0+9.1 <1 931 .003
Phasic Improvement, % 28+78 1.5+88 1.0+9.1 3 747 .017

Means + SDs. WASO, wake after sleep onset; TST, total sleep time; REM, rapid eye movement; EOGS, number of 3-s mini-epochs including REMs during REM sleep; SFA,
Schlaffragebogen-A. ANOVAs with the factor Condition (sham, anodal, cathodal stimulation). pETA?, partial eta square.
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Fig. 2. tDCS effects on sleep continuity and architecture in patients with insomnia. A-C. Polysomnography. In contrast to our primary hypotheses neither bi-frontal cathodal nor
anodal stimulation modified total sleep time (TST) in patients with ID. Further exploratory analyses did not demonstrate any significant effect on any other parameter of sleep
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spectra. The results are visualized in Fig. 3. We first analyzed short-
term effects of tDCS from TO to T1 for all three conditions sepa-
rately, demonstrating isolated, but significant changes in EEG
spectral power for few frequency bins following cathodal and sham
stimulation without a clear pattern. We then again conducted
ANOVAs with the repeated-measures factors Testsection (TO, T2)
and Condition (anodal stimulation, cathodal stimulation, and sham
stimulation) showing no significant effects.

Comparison of ID patients and healthy controls

In a subsequent step, we compared the data from patients with
ID to a healthy control group from an earlier dataset [24]. Clinical
characteristics for patients and controls are listed in Table 2. Both
groups showed a similar sex distribution, but patients were
significantly younger. We therefore used age as a covariate for all
subsequent analyses.

Sleep parameters without stimulation

Sleep parameters without stimulation (sham condition) for
patients with ID and controls are listed in Table 2 and depicted in
Fig. 4. As expected by design, patients reported a significantly
worse subjective sleep quality (PSQI) and quantity (SFA) than
controls. In addition, patients reported significantly higher cogni-
tive arousal (PSAS). Patients showed a significantly reduced TST
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compared to controls in the sham stimulation night (mean differ-
ence 23 min) and significantly increased WASO.

For EEG NREM sleep spectral analysis, we calculated false dis-
covery rate (FDR) corrected significances, obtained using the
Benjamini-Hochberg step-up procedure as a correct assessment of
the significance of multiple tests. This approach did not reveal any
significant differences. In a second exploratory analysis, we used
uncorrected ANOVAs to further explore tDCS effects on EEG power
spectra. Here, we observed a significant main effect for the factor
group on EEG spectral power values during NREM sleep, with
significantly higher gamma power in patients compared to con-
trols, consistent with the notion of increased arousal during NREM
sleep in patients with ID (Fig. 4 A—D).

Baseline wake EEG

To identify potential group differences of arousal levels during
wakefulness, we investigated wake EEG spectral power values at
baseline prior to the stimulation protocol (T0O) (sham condition) at
single frequencies. We calculated false discovery rate (FDR) cor-
rected significances, obtained using the Benjamini-Hochberg step-
up procedure as a correct assessment of the significance of multiple
tests. This approach did not reveal any significant differences. In a
second exploratory analysis, we used uncorrected ANOVAs to
further explore tDCS effects on EEG power spectra. This analysis
demonstrated elevated power in patients compared to controls,
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Fig. 3. tDCS effects on wake EEG spectral power in patients with insomnia. Wake EEG spectral power changes from baseline to after the stimulation protocol (%) for the following
frequency ranges: delta 0.1-3.5 Hz; theta 3.5—-8 Hz; alpha 8—12 Hz; sigma 12—16 Hz; beta 16—24 Hz; and gamma 24—50 Hz. We used uncorrected ANOVAs to explore tDCS effects
on bin-wise EEG power spectra between baseline (T0O) and immediately after stimulation (T1), denoting no significant group differences. Further uncorrected explorative analyses
revealed differences for single, unconnected frequency bins following cathodal stimulation compared to baseline (squares) as well as following sham stimulation compared to

baseline (circles). Highlighted areas indicate the SEs.
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Table 2
Comparison of clinical and sleep parameters of patients with insomnia disorder (ID) and healthy controls.
Healthy controls (n = 19) Patients with ID (n = 19) F P PETA?
Clinical parameters
Sex, male/female 6/13 6/13
Age, years 53.7+6.9 438 +15.1 6.7 0.014 0.158
BMI, kg/m? 239+22 234+34 0.2 0.626 0.007
1Q 101.5+125 105.0+11.9 0.8 0.386 0.021
BDI 45+3.0 6.4+49 2.1 0.160 0.054
PSQ-20 46.8 +5.1 453+35 1.2 0.289 0.031
Subjective sleep parameters
PSQI 45+23 94+29 27.2 <0.001 0.437
ESS 6.7+33 10.0+£5.0 33 0.078 0.086
PSAS — somatic arousal 10.0+2.1 11.6+23 1.0 0.325 0.028
PSAS — cognitive arousal 125+2.2 182+6.3 6.3 0.017 0.152
Sleep onset latency, min (SFA) 18.8+13.6 39.0+31.7 9.7 0.004 0.226
Wake time, min (SFA) 18.2+225 34.7+37.2 5.7 0.023 0.147
Total sleep time, min (SFA) 418.1+39.0 3714+ 848 74 0.010 0.184
Sleep efficiency, % (SFA) 91.8 +6.7 82.7+14.0 115 0.002 0.259
Polysomnographic sleep parameters
Sleep continuity
Sleep onset latency, min 13.2+6.7 19.0+18.3 5 474 .015
Total sleep time, min 412.6 +27.7 389.6 +58.3 7.5 .010 176
Sleep efficiency, % 86.3+6.0 81.1+12.2 8.3 .007 192
Wake time, min 63.0+28.7 86.8+58.3 8.1 .007 .188
Stage changes 174.2 +64.4 166.4 +40.0 3 560 .010
Wake periods 303+124 27.4+143 <1 939 <.001
Arousal Index 16.0 £6.1 146 +6.4 3 578 .009
Sleep architecture, Ztotal sleep time
Stage 2 sleep 60.4+738 59.3+9.5 2 678 .005
Slow wave sleep 4.6+6.9 73+84 <1 995 .000
REM sleep 22.1+5.6 21.8+48 2 .644 .006
REM sleep parameters
REM latency, min 79.5 +50.5 784 +26.4 <1 .890 .001
REM sleep cycles 3.7+10 36+1.1 13 265 .035
EOGS 276.9+121.5 311.7+142.6 .5 491 .014
REM density, % 152 +49 18.2+6.3 42 .048 .107
EEG spectral power (NREM sleep)
Delta 5.08 +.57 5.16 +.56 1 714 .004
Theta 3.33+.65 3.39+.53 <1 .865 .001
Alpha 248 +.79 243 +.68 3 591 .009
Sigma 1.38+.57 1.54+.63 1 .802 .002
Beta .65 +.54 1.03+.39 6.8 .014 .166
Gamma —2.15+.68 -1.27+ .54 23.1 <.001 405

Means + SDs. BMI, body mass index; IQ, intelligence quotient; BDI, beck depression inventory; PSQ-20, perceived stress questionnaire; PSQI, Pittsburgh sleep quality index;
ESS, Epworth sleepiness scale; PSAS, pre sleep arousal scale; SFA, Schlaffragebogen-A (sleep questionnaire); (N)REM, (non) rapid eye movement; EOGS, number of 3-s mini-
epochs including REMs during REM sleep; EEG, electroencephalogram. ANCOVAs with the factor Group (healthy controls, patients) and the covariate Age. F, p, and pETA?

(partial eta square) for group effects. Significant results are given in bold.

which reached statistical significance mainly for frequency bins in
the higher gamma spectrum (Fig. 4 E).

Delineation of differential tDCS effects in patients with ID and
controls and potential mechanisms

To further explore whether persistent hyperarousal in patients
with ID might modify tDCS effects on arousal and sleep, we directly
compared the stimulation effects from this study in ID patients to
those in healthy controls from an earlier dataset [24]. We restricted
this analysis to significant sleep parameters of our prior study (total
sleep time, sleep efficiency, wake time after sleep onset). In a first
step, we directly compared total sleep time, sleep efficiency and
WASO between patients and controls in the sham, anodal and
cathodal stimulation night (Table 3). ANCOVAs with the factor
Group (patients, controls) and the covariate Age demonstrated
significantly higher TST and SE as well as significantly reduced
WASO following sham and cathodal stimulation in controls
compared to patients. For anodal stimulation, TST, SE and WASO did
not differ between the groups.

Next, to further investigate differential tDCS effects in patients
and controls, we calculated and compared difference values be-
tween the stimulation conditions across the groups (Table 3). This

analysis revealed significant group effects, with a significantly
stronger decrease of TST following anodal compared to cathodal or
sham stimulation in healthy controls, but not in ID patients. No
such effects were detected for cathodal stimulation (TST, SE). WASO
differences showed no significant group effects.

We finally explored whether hyperarousal in patients with ID as
indexed by higher EEG power values in high frequencies under
baseline resting-state conditions might influence the susceptibility
to tDCS. This analysis demonstrated significant negative correla-
tions for all frequencies >42.6 Hz (all p <0.05) with higher wake
EEG power at baseline prior to anodal stimulation correlating with
a lower power increase following stimulation, suggesting that
elevated baseline arousal levels might prevent arousal-inducing
effects of anodal stimulation (Fig. 4 F).

Discussion

In contrast to our primary hypothesis, the current tDCS protocol
did not modify sleep in patients with ID. Yet our study characterizes
for the first time differential effects of tDCS in patients with ID and
healthy controls, presumably related to persistent hyperarousal in
ID. These findings suggest that adapted tDCS protocols need to be
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Fig. 4. Hyperarousal in patients with insomnia compared to healthy controls. A. Subjective Data. Cognitive arousal, as reported in the Pre-Sleep Arousal Scale (PSAS), was
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Table 3
Differential tDCS effects in patients with insomnia disorder (ID) and healthy controls.
Healthy controls (n = 19) Patients with ID (n = 19) F p PpETA?

Total sleep time, min

Sham stimulation 412.6 +27.7 389.6 +58.3 7.5 .010 176

Anodal stimulation 387.4+44.5 396.3 +43.6 <0.1 943 .000

Cathodal stimulation 414.0 +28.3 393.2+38.7 6.8 .013 163
Difference Sham vs. Anodal 25.1+48.5 6.7+514 49 034 122
Difference Sham vs. Cathodal -1.5+26.2 —3.6+46.3 0.6 447 .017
Difference Cathodal vs. Anodal 26.6 +39.5 -3.1+39.7 4.2 .049 .106

Sleep efficiency, %

Sham stimulation 86.3+6.0 81.1+12.2 8.1 .007 .188

Anodal stimulation 81.0+9.3 82.7+9.0 <0.1 958 .000

Cathodal stimulation 86.3+5.7 81.7+8.0 7.9 .008 184
Difference Sham vs. Anodal 53+9.7 -1.6+11.2 5.5 025 136
Difference Sham vs. Cathodal .0+52 -6+94 0.7 404 .020
Difference Cathodal vs. Anodal 53+7.8 -1.0+8.2 5.0 .031 126

WASO, min

Sham stimulation 38.6+214 534+41.0 9.2 001 344

Anodal stimulation 53.8+39.9 51.1+£329 24 .110 119

Cathodal stimulation 42.0 +20.6 51.5+32.8 5.8 .007 247
Difference Sham vs. Anodal -152+374 23+30.8 1.7 193 .090
Difference Sham vs. Cathodal —-34+234 1.9+43.5 5 .606 .028
Difference Cathodal vs. Anodal —-11.8+35.8 4+31.0 .6 547 .034

Means + SDs. ANCOVAs with the factor Group (controls, patients) and the Covariate Age. pETAZ, partial eta square. Significant effects are given in bold.

developed to modulate arousal and sleep dependent on baseline
arousal levels.

The absence of tDCS effects on polysomnographic parameters in
patients with ID observed in the current study stands in line with
several ineffective attempts to induce ‘electro-sleep’ in the 1970s
and early 1980s. At that time, there had been single reports on an
improvement of self-reported insomnia symptoms [43,44], but
polysomnographic studies did not observe any effects [45,46] —

presumably, at least in part, related to small and inhomogeneous
samples with various comorbidities and poorly refined tDCS pro-
tocols without prolonged after-effects applied several hours prior
to sleep [47]. In contrast, the current study investigated a well-
defined sample of ID patients without comorbidities, and the
stimulation protocol had induced a significant, long-lasting, po-
larity and location specific effect in healthy controls [24]. Particu-
larly, anodal in comparison with sham and cathodal stimulation
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protocol had led to increased levels of arousal during wakefulness
as indexed by resting-state EEG markers and a reduction of TST of
about 25 min in healthy humans [24]— an effect that was not pre-
sent in the current study in patients with ID. Further direct com-
parisons revealed significantly different tDCS effects in patients and
controls, with significantly stronger arousal-inducing effects of
anodal tDCS in controls than in patients with ID.

Two observations lead us to propose persistent hyperarousal
processes in patients with ID as a potential mechanism preventing
the arousal-inducing effect of anodal tDCS observed in controls.
First, the current sample of ID patients demonstrated indices of
significantly increased arousal in comparison to the control sample,
including increased subjective wake time, reduced polysomno-
graphic TST, and increased power values of high EEG frequencies
during resting-state and NREM sleep (experimental nights without
stimulation). These findings corroborate prior reports on markers
of hyperarousal in ID [9,10]. As a possible limitation, it is to note that
differences in high-frequency EEG activity might be influenced by
macro-sleep-architectural phenomena, such as body movements or
arousal. Second, the extent of hyperarousal as assessed by EEG
power values in high frequency bins during resting state EEGs prior
to the stimulation predicted the lack of effect of anodal tDCS on
resting state EEG in patients with ID. In other words, participants
with indices of high arousal levels at baseline were those who
showed the lowest effect of anodal tDCS. Together, this pattern of
results is consistent with the notion that patients with ID show
elevated arousal levels that prevent further arousal-inducing ef-
fects of tDCS. Interestingly, similar results of resistance to arousal
induction have been reported for stress-related acute sleep
disruption in patients with ID compared to healthy controls [48].
This excludes an alternative hypothesis according to which it might
have been easier to induce arousal in participants with elevated
baseline arousal levels and rather argues for a ceiling effect
regarding arousal levels.

The cathodal stimulation protocol did not reduce markers of
arousal and did not prolong sleep in patients with ID, paralleling
our finding in controls [24]. Whereas we used the, according to our
knowledge, currently best described cathodal stimulation protocol
to induce long-lasting decreases in cortical excitability [36], it is still
possible that the induced electrical field was too weak to ‘override’
arousal processes in healthy participants and patients with ID [10].
In addition, cathodal stimulation protocols frequently produce far
less robust results than anodal stimulation in neurocognitive
studies [49,50]. Future studies are needed that aim to develop
stimulation protocols that reduce arousal and increase total sleep
time to a clinically relevant extent.

It is interesting to note that our anodal tDCS protocol lead to an
insomnia-like phenotype in healthy controls based on resting-state
EEG, polysomnography and NREM sleep EEG spectral analysis pa-
rameters. This observation supports the idea that increased levels
of arousal in the prefrontal cortex might play a major role in the
pathophysiology of ID [10], and that bi-frontal anodal tDCS in
healthy humans, and maybe also in animals, could be used as an
experimental model of ID, e.g. in studies investigating the effects of
novel treatments.

Another current approach uses either transcranial slow-
oscillating tDCS or alternating current stimulation (tACS) to
generate oscillation-like potential fields in sleep specific fre-
quencies, e.g. slow waves [21]. For instance in a pivotal study,
0.75 Hz slow-oscillating tDCS during early NREM sleep enhanced
cortical slow oscillations and slow spindle activity in the frontal
cortex [51]. While this study only induced brief periods of slow
oscillations (seconds), a recent study reported that slow (0.75 Hz)
oscillatory transcranial direct current stimulation during the first
stage 2 episode of non-rapid eye movement sleep increased the

duration of stage 3 sleep by 33 min and decreased stage 1 by 22 min
in the following night, but only in six patients with ID [52]. When
applied during wakefulness, frontal oscillating anodal tDCS at 5 Hz
has been demonstrated to increase subjective sleepiness and slow-
frequency EEG activity [53,54]. Further studies are needed to
replicate these effects. Additional studies are needed to clarify
whether tDCS or tACS induced changes in sleep modulate sleep-
related brain functions, such as memory consolidation [55,56].

The Research Domain Criteria (RDoC) concept of ‘arousal and
sleep’ proposes a continuum between states of increased and
decreased arousal as one of five major research domains, with
potential clinical relevance in both directions, i.e. the therapeutic
increase and decrease of arousal [57]. For instance, we recently
provided preliminary evidence for a beneficial effect of the
described anodal stimulation protocol in increasing arousal in a
patient with chronic and treatment resistant hypersomnia
following reanimation [58]. Further studies are needed to refine the
stimulation protocols and to translate these concepts to clinical
conditions characterized by decreased or increased arousal levels
across neuropsychiatric disorders. Future studies are also needed to
investigate effects in other age groups and to unravel underlying
neural mechanisms.

In summary, tDCS did not alter sleep continuity and architecture
in ID patients. Particularly, persistent hyperarousal in patients with
ID might prevent arousal-promoting effects of bifrontal anodal
tDCS demonstrated in healthy controls. Further studies are needed
to refine tDCS protocols to modulate arousal and sleep.
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