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Feasibility of home-based automated transcranial electrical
stimulation during slow wave sleep*
Dear Editor,

Interest in the modulation of slow wave activity (SWA) during
non-rapid eye movement (NREM) sleep is rapidly increasing
because of the important role NREM sleep plays in regulating neu-
ral plasticity and consolidating memories [1]. A growing number of
studies support that transcranial electrical stimulation (tES) is able
to modulate SWA, and that these changes are associated with
enhanced declarative memory consolidation [2]. Notably, studies
utilizing tES during sleep have thus far relied on conventional sleep
labs with trained sleep technicians to monitor electroencephalo-
graphic (EEG) activity and accurately time activation of tES during
specific sleep stages. An automated, at-home closed-loop tES sys-
tem could accelerate sleep-based tES research studies and would
enable longitudinal treatment trials. Here we report on our devel-
opment of such a system along with preliminary feasibility testing
results.

Twelve healthy adults were consented under protocol guide-
lines approved by the Colorado Multiple Institutional Review
Board. Subjects received training in the use of the tES device and
hardware (Fig. 1A) prior to their home single, overnight test. A Star-
Stim 8 device (Neuroelectrics, Inc.) was used for EEG recording and
tES delivery via Neuroelectrics Instrument Controller (NIC, V.2.0).
Subjects received training for proper self-application of EEG and
tES electrodes, as well as initiation of closed-loop custom MATLAB
(V.R2016b Mathworks, Natick, Massachusetts, USA) scripts. Sub-
jects were taught how to place a small amount (~0.5 cc) of electrode
cream (Signacreme®, Parker Laboratories) into the base of the sil-
ver/silver chloride electrodes (3.14cm2 surface of cream contact)
prior to application, and trained to properly fill the remainder of
the electrode reservoir (~1 cc total) via a curved syringe after the
placing the pre-mounted electrode cap on their heads. They then
self-initiated the automated system in their homes, prior to falling
asleep. To detect SWA, data were processed in 30 second epochs
and a zero-crossing analysis identified pairs between 0.25 and 1.0
seconds with a peak amplitude greater than 37.5 mV as slow waves
per American Academy of Sleep Medicine (AASM) guidelines [3]. A
threshold of 10% or greater SWA per 30 second epoch in frontal
channels was used to identify stable stage N2 or N3 sleep for timing
of tES.

Upon identification of sufficient SWA, 5 minutes of transcra-
nial alternating current stimulation (tACS) at 0.75 Hz with a
peak amplitude of 1 mA was delivered, followed by a 100
* This research was conducted that the University of Colorado Anschutz Medical
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second post-stimulation pause to record EEG data. After each
pause the system initiated another loop of EEG analysis to
time subsequent tACS with a maximum limit of 30 minutes total
tACS each night.

Data analysis included manual staging in accordance with the
AASM manual [3] (Fig. 1B), as well as spectral analysis (Fig. 1C).
For multitaper spectral analysis, EEG datawas imported to FieldTrip
[4] and epoched into 30 seconds segments with 85% overlap with
estimates between 0.5 Hz and 30 Hz in 0.1 Hz steps. Twenty-nine
tapers were used and the frequency smoothing was± 0.5 Hz. Sensi-
tivity and specificity values for automated detection of slow wave
sleep for the population level were calculated using a logistic gener-
alized estimating equation (GEE), with an exchangeable correlation
on the subject. For the “typical subject,” sensitivity and specificity
values were calculated using a logistic generalized mixed model
with a random subject effect. Variances were estimated with
empirical methods.

Our automated system correctly identified SWA (during N2 or
N3 sleep) with a sensitivity of 17% and specificity of 89% across
subjects, and tACS activated during slow wave sleep with a spec-
ificity of 89%. Notably, sensitivity values ranged from 0% to 57%,
correlating to quality of EEG recordings. Two of the subjects did
not have any correct SWA identifications due to suboptimal elec-
trode recording, though these subjects were still included in the
sensitivity and specificity analyses. There were no significant
adverse effects, although two subjects woke during stimulation
and one subject removed the equipment during the night due to
discomfort and difficulties sleeping. Two subjects repeated the
experiment due to failures in electrode contact quality with insuf-
ficient impedance values on their initial attempt, and one subject
had their data removed from analysis due to repeated technical is-
sues with electrode contact quality. Our automated safety mecha-
nisms detected a super-threshold impedance value within the
electrical stimulation device when there was poor electrode con-
tact, and stimulation was aborted appropriately in each case.
Compliance and uniformity of the at-home procedures was also
ensured by review of the stimulation log files, which did not
contain any irregularities.

The safety of home-based tES has been established in several
recent reports [5e9], and we formulated strict standards for this
study consistent with guidelines of recent tES recommendations
[10]. In agreement with Carvalho et al. [7] and Hyv€arinen et al.
[9], our safety mechanisms were designed to maintain subject
safety without the need for real-time supervision of tES activa-
tion. These mechanisms included: thorough training of staff and
participants, assurance that participants could follow the
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Fig. 1. (A) Equipment setup sent home with subjects, including: neoprene cap, tES/EEG device, cables, electrodes, and a laptop computer. (B) Single subject full-night hypnogram
staged manually for stage of sleep. (C) Corresponding multitaper spectrogram from electrode Cz to match the accompanying hypnogram. Note six prominent intervals of EEG
artifact corresponding to activation of transcranial electrical stimulation.
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protocol, simple and reliable methods of electrode application,
strict dose control, monitoring for compliance and adverse
events, and procedures for discontinuation under the advise-
ment of an on-call board-certified neurologist who remained
available overnight. Additional safeguards were incorporated
into the software to ensure predefined limits to stimulation
duration and intensity were strictly controlled. The StarStim 8
device limits current intensity with both hardware and software
controls. Impedance values are checked prior to and during
stimulation and stimulation is aborted in the case of poor con-
tact. In addition to EEG data, log files of all recording and stim-
ulation were generated and reviewed post-recording to ensure
proper functioning of equipment and adherence to study
protocol.

The application of tES in the familiar environment such as a par-
ticipant's bedroom hasmethodological advantages over a sleep lab-
based investigation. Furthermore, the requirement of laboratory
setting for delivery of tES therapy is a major barrier to conducting
longitudinal trials for development of a clinical intervention. Limi-
tations of our study include the relatively low sensitivity of SWA
detection in the home environment and occasional issues with
electrode contact quality. Further developments in electrode design
and refinements in artifact processing will be required to accom-
modate these technical challenges.
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