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Introduction: The relative power of slow-delta oscillations in the electroencephalogram
(EEG), termed slow-wave activity (SWA), correlates with level of unconsciousness. Acoustic
enhancement of SWA has been reported for sleep states, but it remains unknown if pharma
cologically induced SWA can be enhanced using sound. Dexmedetomidine is a sedative
whose EEG oscillations resemble those of natural sleep. This pilot study was designed to
investigate whether SWA can be enhanced using closed-loop acoustic stimulation during
sedation (CLASS) with dexmedetomidine.
Methods: Closed-Loop Acoustic Stimulation during Sedation with Dexmedetomidine
(CLASS-D) is a within-subject, crossover, controlled, interventional trial with healthy volun
teers. Each participant will be sedated with a dexmedetomidine target-controlled infusion (TCI).
Participants will undergo three CLASS conditions in a multiple crossover design: in-phase
(phase-locked to slow-wave upslopes), anti-phase (phase-locked to slow-wave downslopes)
and sham (silence). High-density EEG recordings will assess the effects of CLASS across the
scalp. A volitional behavioral task and sequential thermal arousals will assess the anesthetic
effects of CLASS. Ambulatory sleep studies will be performed on nights immediately preceding
and following the sedation session. EEG effects of CLASS will be assessed using linear mixedeffects models. The impacts of CLASS on behavior and arousal thresholds will be assessed using
logistic regression modeling. Parametric modeling will determine differences in sleepiness and
measures of sleep homeostasis before and after sedation.
Results: The primary outcome of this pilot study is the effect of CLASS on EEG slow
waves. Secondary outcomes include the effects of CLASS on the following: performance of
a volitional task, arousal thresholds, and subsequent sleep.
Discussion: This investigation will elucidate 1) the potential of exogenous sensory stimula
tion to potentiate SWA during sedation; 2) the physiologic significance of this intervention;
and 3) the connection between EEG slow-waves observed during sleep and sedation.
Keywords: sleep, anesthesia, consciousness, dexmedetomidine, electroencephalography,
acoustic stimulation

Introduction
Enhancement of EEG Slow Oscillations During Sleep
Sleep addresses critical physiologic needs in humans and most living organisms.
Although the neurological mechanisms underlying sleep are still under investi
gation, the electroencephalographic (EEG) correlates of sleep states are
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established.1 Slow (0.1–1 Hz) and delta (1–4 Hz) waves
are large amplitude, low-frequency EEG oscillations that
define non-rapid eye movement (NREM) sleep stage 3
(N3). Importantly, they have been shown to play roles in
physiologic restoration, memory consolidation and dis
sipating homeostatic sleep pressure.2 At the cellular
level, they correspond to the synchronous state switch
ing of large cortical neuron ensembles between depolar
ized “up” states and hyperpolarized “down” states (ie,
burst firing).3 At the scalp sensor level, these
oscillations are traditionally quantified through slowwave activity (SWA)—EEG relative power in the
0.5–4 Hz frequency band.4 SWA is a known marker of
sleep need, and its dissipation is homeostatically
regulated.5
Enhancement of SWA has recently emerged as
a promising strategy to improve natural sleep and treat
sleep disorders using electrical, magnetic and acoustic
modalities.6–8 The impact of these interventions on clin
ical outcomes is an active area of investigation.
Preliminary findings have raised the possibility of accel
erating the decay of sleep pressure, enhancing memory
consolidation and improving autonomic, neuroendocrine
and immune function.9–14 Considering the substantial
safety advantages of using sound over other modalities,
acoustic stimulation has become the preferred method to
enhance sleep slow oscillations in the ambulatory
setting.9,15 This approach depends on the real-time pro
cessing of EEG signals and on the precise delivery of
auditory stimulation in relation to the phase of oscilla
tions. Over the last decade, multiple algorithms have
been developed to synchronize bursts of pink noise inphase with the upslope of slow oscillations. Pink noise,
also known as 1/f noise (denoting its power density), is
random noise that has equal energy per octave. Acoustic
stimuli with this spectral distribution are hypothesized to
transduce through the vestibulocochlear nerve and
ascending non-lemniscal pathway, with diffuse recruit
ment of cortical neurons. Synchronized depolarization
cycles follow a slow oscillatory profile reflected by sub
sequent augmentation in SWA in the scalp EEG.16
Conversely, anti-phase stimulation (i.e., acoustic stimuli
synchronized with the downslope of slow-waves) has
been shown to be disruptive, as inferred by decrements
in SWA.8 Thus, precisely timed auditory stimulation can
either potentiate or undermine the manifestation of EEG
slow-wave oscillations.
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Enhancement of EEG Slow Oscillations
During Sedation
Among sedatives used in clinical practice, dexmedetomi
dine is posited to induce states most akin to N3 sleep.17 An
adrenergic alpha-2 agonist, dexmedetomidine primarily
induces slow-waves and sedation by inhibiting the release
of norepinephrine from the locus coeruleus, thus allowing
the ventrolateral preoptic nucleus to inhibit ascending
arousal circuits.18 This is in contrast to the majority of
anesthetics that induce slow-waves by potentiating the
gamma aminobutyric acid (GABA)-A receptor.19 The
EEG scalp topography of dexmedetomidine sedation has
been described using high-density recordings;20,21 how
ever, cortical and subcortical source localization have not
yet been undertaken. At sufficient doses, the behavioral
phenotype of dexmedetomidine sedation resembles that of
NREM sleep, characterized by intact spontaneous respira
tions, hemodynamic stability and susceptibility to
arousal.22,23 These properties have made dexmedetomi
dine a popular sedative in the critical care setting. As
with natural sleep, SWA correlates with level of uncon
sciousness during sedation.23,24 Nonetheless, important
mechanistic differences between dexmedetomidine seda
tion and natural sleep exist, and their relationship remains
an area of active investigation.25
Despite a rapidly growing literature describing acoustic
enhancement of slow oscillations during natural NREM
sleep, the effects of closed-loop acoustic stimulation dur
ing sedation (CLASS) remain unknown. From a scientific
perspective, differential effects of acoustic stimulation
during sleep and sedation may shed light on distinct under
lying mechanisms and the relationships between these
states. Moreover, for EEG slow-waves occurring during
dexmedetomidine sedation, estimation of sources and
effects on sleep homeostasis remain poorly characterized.
From a clinical perspective, non-pharmacologic enhance
ment of slow oscillations during sedation would have
important implications. Considering the relationship of
SWA with level of unconsciousness,26 it may be feasible
to use lower drug doses to achieve similar brain states and
behavioral phenotypes. This would be particularly useful
when deeper states of sedation are needed, infusion rates
are limited by side effects (eg, bradycardia or respiratory
depression), and poor physiologic reserve or hemody
namic instability limit dose escalation. Improvements in
sleep quality and dissipation of sleep pressure using dex
medetomidine and phase-locked neurostimulation may

Nature and Science of Sleep 2021:13

Dovepress

also have positive effects on clinical outcomes in intensive
care units. Further, reduced exposure to anesthetic agents
through neurostimulation may reduce the incidence and
severity of post-operative complications and neurocogni
tive disorders. To this end, a recent randomized controlled
trial described the use of low frequency auditory binaural
beats and visual stimulation to decrease the cumulative
propofol dose administered to pediatric patients during
sedation for sub-umbilical surgery.27 While there were no
significant effects on the Bispectral Index, a proprietary
and unitless processed EEG measure utilized for monitor
ing intraoperative “anesthetic depth,” quantitative analysis
of the EEG was not undertaken.”28,29
In summary, closed-loop acoustic stimulation (CLAS)
can enhance EEG slow oscillations during natural sleep,
but whether auditory stimuli can enhance slow oscillations
during sedation is unknown. Acoustic enhancement of
slow oscillations could provide clinicians with a nonpharmacological adjunct to augment thresholds for arou
sal, with potential translation toward improved clinical
outcomes in the perioperative and critical care settings.
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Specific Aim 5
Compare modeled source localization of dexmedetomi
dine-induced EEG slow-waves recorded in the presence
and absence of CLASS.

Methods and Analysis
Study Design

The primary objective of this study is to determine if phaselocked acoustic stimulation can enhance EEG slow-wave
expression during sedation with dexmedetomidine.
Secondary objectives are to characterize dexmedetomidine
slow-waves with and without CLASS using high-density
EEG, and to measure their downstream effects on behavior,
arousal, and sleep. The corresponding specific aims are as
follows:

Closed-Loop Acoustic Stimulation during Sedation with
Dexmedetomidine (CLASS-D) is a prospective, withinsubject, crossover, controlled, interventional pilot trial
(ClinicalTrials.gov NCT4206059). For each participant,
study participation will focus on a single session of dexme
detomidine sedation flanked by ambulatory sleep studies
targeting pre- and post-sedation sleep structure (Figure 1).
The study design will allow investigators to compare the
effects of three acoustic stimulation conditions on EEG slowwaves in the same brain, in close temporal proximity, and at
the same plasma concentration of dexmedetomidine. The
three conditions are: in-phase stimulation (pink noise bursts
synchronized to the upslope of slow-waves), anti-phase sti
mulation (pink noise bursts synchronized to the downslope of
slow-waves), and sham stimulation (volume set to zero dB)
(Figure 2). Washout periods of acoustic silence will be used
during the stimulation protocol to control for short-term
resonant effects of acoustic stimulation. The rate of dexme
detomidine infusion will be adjusted throughout the experi
ment to maintain stable plasma concentrations, with post hoc
assessment of plasma levels. Participants will be compen
sated 20.00 USD for the home sleep studies, 180.00 USD for
the sedation session and 50.00 USD for an elective noncontrast brain MRI.

Specific Aim 1

Study Procedures and Data Acquisition

Determine whether dexmedetomidine-induced EEG slowwaves can be potentiated with CLASS.

Recruitment and Baseline Testing

Objectives and Specific Aims

Assess whether thresholds for responsiveness to peripheral
thermal stimulation during dexmedetomidine sedation are
modulated by CLASS.

Participants will be recruited using posted fliers, internet
advertisements and university volunteer databases. Prior to
enrollment, participants will undergo a phone interview to
screen for inclusion and exclusion criteria (Table 1).
Days prior to the planned sedation session, participants
will present to Washington University Medical Center for
the first stage of study protocol. At this visit, informed
consent will be obtained, and each participant will com
plete a battery of questionnaires to assess his/her overall
health and sleep quality.

Specific Aim 4

Quantitative Sensory Testing

Assess whether CLASS with dexmedetomidine reduces
metrics of slow-wave need on the night of the intervention.

Each participant will then undergo training on quantitative
sensory testing (QST). Baseline heat pain threshold (HPT)

Specific Aim 2
Assess whether performance of a behavioral task during
dexmedetomidine sedation is modulated by CLASS.

Specific Aim 3
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Figure 1 Longitudinal study design. After being recruited, participants will be evaluated at the medical center. If they meet inclusion and exclusion criteria, they will be
trained on how to use the Dreem device and record sleep EEG data prior to undergoing sedation. Participants will also record sleep EEG data on nights following sedation.
A non-contrast structural brain magnetic resonance imaging (MRI) scan will then be completed at a later date.

Figure 2 Phase-locked acoustic stimulation. A circular plot can be used to visualize different phases of slow-waves that are targeted using phase-locked acoustic stimulation.
In-phase stimulation delivers pink noise during the upslope of slow-waves, and anti-phase stimulation delivers pink noise during the downslope of slow-waves. In practice,
acoustic stimulation is phase-locked to a range of the slow-wave’s cycle, represented in red here.

and heat pain tolerance threshold (HPTT) will be mea
sured with a Thermal Sensory Analyzer (TSA-II, Medoc,
Israel), using the method of limits.30 Persistently elevated

HPTT > 50°C or inability to provide consistent QST
responses will lead to exclusion from the study. Please
refer to Supplemental Methods for additional details.

Table 1 Inclusion and Exclusion Criteria for CLASS-D

Ambulatory Sleep Recording

Inclusion Criteria

● 18–40 years old
● ASA Physical Status 1 −2

Exclusion Criteria

●
●
●
●
●
●
●
●
●
●
●

Diagnosed sleep disorders
Habitually short sleeper
Use of psychoactive medication
Diagnosed psychiatric disorder
Diagnosed hearing disorder
Neck circumference >40cm
BMI >30
Recreational drug or nicotine use
Pregnant or nursing female
Resting HR <40 bpm during SWS
QST pain threshold >50°C

Note: Participants will be screened for inclusion and exclusion criteria at the
original recruitment interview and on the day of sedation.
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Each participant will then be provided with a Dreem
device, designed to record sleep in the home environment
and to deliver in-phase acoustic stimulation via bone
conduction.15,31,32 The device includes frontal and occipi
tal EEG, as well as pulse plethysmography and accelero
metry. Participants will receive instructions on using the
device to record ambulatory sleep studies. On nights prior
to sedation, each participant will wear the device and
physiological data will be recorded (ie, pre-sedation
sleep). The acoustic stimulation functions of the device
will be enabled for one of the pre-sedation nights. To
assess the effect of CLASS and dexmedetomidine sedation
on subsequent nocturnal sleep architecture, participants
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will wear the device on the night following sedation (postsedation sleep). Participants will receive standard presedation fasting instructions (nil by mouth for 2 hours
for clears, 4 hours for liquids, 6 hours for meals) for the
dexmedetomidine sedation session.

Pre-Sedation Procedures
A target-controlled infusion (TCI) of dexmedetomidine
based on validated pharmacokinetic models will be used
to achieve stable plasma concentrations during this
study.23,24,33–35 The target-controlled infusion syringe
pump is controlled by Rugloop II©, a Windows® based
target-controlled infusion and data management program.
Prior to each sedation session, Rugloop II will be used to
simulate the sedation session for each possible targeted
concentration (ie, 2, 3, and 4 ng/mL). The individualized
drug administration simulation will be reviewed by
a board-certified anesthesiologist prior to the sedation ses
sion. For use in the critical care setting, the manufacturer’s
label suggests a dexmedetomidine loading dose regimen of
6 mcg/kg/hr for 10 minutes, followed by lower mainte
nance infusion rates.36 The default maximal infusion rate
for dexmedetomidine in Rugloop II is 6 mcg/kg/hr, con
sistent with previous volunteer studies.20,33,34 These pre
cautions are primarily in place to minimize the risk of
hypotension and bradycardia. Phenylephrine and glycopyr
rolate will be used to treat hemodynamic effects of dex
medetomidine at the discretion of the attending
anesthesiologist.
On the day of sedation, the research team will readminister the screening questionnaire to ensure that the
participant still meets the inclusion/exclusion criteria. The
ambulatory sleep study will be reviewed. Staff will ensure
that the participant has adhered to American Society of
Anesthesiologists (ASA) fasting guidelines for sedation/
general anesthesia. Pre-sedation sleepiness will be
assessed using the Stanford Sleepiness Scale.37
The sedation protocol will be completed in a location
equipped with standard monitoring, airway equipment,
suction, and a dedicated board-certified anesthesiologist,
per standard of practice guidelines for anesthesia care.38
Each participant will have two intravenous catheters (IV)
placed, one to receive medications and fluid throughout
the study protocol, and another to draw blood samples.
Standard ASA monitors will be applied: electrocardio
gram, non-invasive blood pressure, pulse oximeter, and
breathing rate monitors. Participants will also have a highdensity 65-electrode EEG scalp electrode net (MagStim)
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applied with Elefix conductive gel (Nihon Kohden)
injected within sensors. Additionally, three shielded elec
trodes will be affixed to the scalp and connected to the
Elemind device (Elemind Technologies, Inc., Cambridge,
MA): one active electrode, one reference electrode, and
one ground electrode. The Elemind device consists of
EEG amplifiers, a circuit board, a sound card, a visual
display, and a battery, all shielded in a metal case and
connected to a separate computer for software interfacing
running custom Labview software described below. The
device amplifies EEG input, tracks the phase of a specified
central frequency in the band-passed signal, and synchro
nizes audio output to the phase specified by the
investigators.
Following application of all monitors, a QST will be
performed to measure HPT and HPTT at the non-dominant
forearm site used in previous testing. If HPTT is not
greater than 50°C, the area will be marked. If HPTT is
greater than 50°C, the test will be repeated at a different
location on the non-dominant forearm and repeated until
the HPTT is found to be less than 50°C. The final location
will then be marked, and all subsequent QST measure
ments will be made at this location. EEG data will be
recorded during HPPT testing.
Participants will be instructed to perform a validated
behavioral task39,40 throughout the protocol by comply
ing with the following instruction during eye closure:
“Squeeze the dynamometer during inspiration and release
it during expiration”. Participants will be considered
responsive whenever they perform the task consistently
(at least five consecutive correct squeezes), and unre
sponsive after five consecutive failures to squeeze during
inspiration. State-space models will also be used to assess
loss and return of responsiveness offline.41 After confirm
ing adequate comprehension, 10 minutes of baseline
awake EEG measurements will be recorded: five minutes
with eyes open and five minutes with eyes closed. After
completing all questionnaires and baseline recordings,
and ensuring that all monitors are functional, the sedation
protocol will begin (Figure 3). The protocol can be
broadly separated into six phases: Phase I, light dexme
detomidine titration; Phase II, light CLASS; Phase III,
deep dexmedetomidine titration; Phase IV, deep CLASS;
Phase V, arousal; Phase VI, recovery. All phases will be
recorded using a video camera. Table 2 outlines the
alignment of experimental phases and study specific
aims.
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Figure 3 Sedation protocol. The sedation protocol consists of six phases. In Phase I, dexmedetomidine will be escalated using TCI, causing a subsequent increase in SWA and
impairments in the behavioral task. During Phase II, responsive participants showing EEG slow-waves will be presented with CLASS conditions while they are still performing the
behavioral task. Upon entry into Phase III, dexmedetomidine will be further escalated to achieve loss of behavioral responsiveness. Phase IV represents the core of the experiment.
Participants unresponsive and demonstrating EEG slow-waves will be presented with multiple blocks of CLASS conditions during a stable dexmedetomidine effect site
concentration. Targeting of this dexmedetomidine concentration will be continued during Phase V. Participants will be aroused three times by thermal stimulation during
CLASS. In Phase VI, the dexmedetomidine infusion will stop and resting EEG will be recorded as participants recover full responsiveness during the behavioral task. Blue, black and
orange squares represent in-phase, antiphase and sham conditions, respectively. The order of CLASS conditions will be randomized across participants.

Phase I: Light Dexmedetomidine Titration
The participant will be instructed to close his/her eyes and
perform the behavioral instruction: “Squeeze the
Table 2 CLASS-D Phases and Aims
Phase #
Phase 0

Condition
Pre-sedation

Aims
Assess effects of CLASS on sleep (Aim 4)

sleep study
Phase I

Light DEX

Induce EEG slow waves

titration
Phase II

Light CLASS

Test effects of CLASS on behavior (Aim 2)

Phase III

Deep DEX

Induce loss of behavioral

titration

responsiveness

Deep CLASS

Test effects of CLASS on slow waves

Phase IV

(Aims 1 and 5)
Phase V

Arousal

Test effects of CLASS on arousal
thresholds (Aim 3)

Phase VI

Recovery

Drug elimination, transition to waking
state

Phase VII

Post-sedation

Assess effects of CLASS on sleep (Aim 4)

dynamometer during inspiration and release it during expira
tion”. An initial target concentration of 2 ng/mL will be
entered into Rugloop and the infusion will begin. Once the
predicted plasma site concentrations of dexmedetomidine
have reached 2 ng/mL, two criteria will be assessed to
determine if the experiment will progress to the light or
deep acoustic stimulation phase (Figure 4). The first criter
ion is behavioral: investigators will assess if the participant
is still performing the task of squeezing as device in their
dominant hand during inspiration. The second criterion is
electrophysiological: investigators will visually assess for
the presence of large amplitude (>20 microvolts) EEG slowwaves. The staff assessing the EEG will have completed
accredited training in the interpretation of human EEG dur
ing sedation and anesthesia.42 If the participant demonstrates
the presence of EEG slow-waves (Criterion 1) and is still
performing the behavioral task (Criterion 2), the experiment
will proceed to light CLASS (Phase II). Alternatively, if the
participant loses behavioral responsiveness before or con
current with the appearance of EEG slow-waves, then the
experiment will proceed directly to deep CLASS (Phase IV),
bypassing Phases II and III.

sleep study
Notes: Aims 1, 2 and 3 will be directly tested during the sedation protocol. Aim 4
will be completed using the sleep studies on nights preceding and following the
sedation protocol. Aim 5 will be addressed by combining analysis of EEG data from
the sedation protocol with a structural brain MRI acquired at a later date.
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Phase II: Light CLASS
To enable phase-locked stimulation, the instantaneous phase
of EEG slow oscillations will be computed in real-time by the
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Figure 4 Decision tree during sedation protocol. In all cases, the sedation protocol will begin with the targeting of effect site and plasma dexmedetomidine concentrations
of 2 ng/mL via TCI. In the event that slow-waves are not observed in the EEG, the target concentration will be increased in increments of 1 ng/mL to induce EEG slow-waves.
If a participant with slow-waves continues to perform the behavioral task, they will proceed to light CLASS, after which the dexmedetomidine TCI is increased in increments
of 1 ng/mL until they stop performing the task. This is followed by the deep CLASS, arousal, and recovery phases.

Elemind device using the method of endpoint corrected
Hilbert transform (ecHT), recently described in detail.14 The
central frequency for phase-locking will be set to a default of
1 Hz and modified as needed for each participant to match
their dominant slow wave frequency during sedation.
Acoustic stimuli will be delivered binaurally via noiseisolating earphones as bursts of pink 1/f noise of 50 ms
duration with a 5 ms rising and falling time, identical to
those used in the original Ngo study.8 Sound volume will
be calibrated to 60 dB using a sound level meter and adjusted
for each participant to minimize the risk of arousing them
with sound. In contrast to the spontaneous trains of 2–3
grouped slow oscillations observed during slow wave
sleep,8,43 the slow oscillations observed during dexmedeto
midine sedation are more consistent and stable.19,20
Therefore, we have shortened the traditional 2.5 second
refractory period8 to 0.5 seconds, to facilitate continuous
stimulation of slow oscillations during CLASS conditions.
Each participant will be presented with the three CLASS
conditions as they perform the behavioral task in a sedated
state: six one minute blocks of in-phase CLASS, six
one minute blocks of anti-phase CLASS, and six
one minute blocks of sham (Figure 3). The order of CLASS
conditions will be balanced within and across participants to
account for lasting resonant effects beyond termination of
condition. A one-minute period of silence will also separate
conditions as an additional washout period. Assessors of
behavioral responses will be blinded to CLASS conditions.

Phase III: Deep Dexmedetomidine Titration
The dexmedetomidine TCI will be increased in increments of
1 ng/mL to achieve loss of behavioral responsiveness after
which a sample acoustic stimulation train will be delivered to

Nature and Science of Sleep 2021:13

ensure that the participant is not roused by the sound.
A conservative estimate for the equilibration constant (t½
ke0) of dexmedetomidine in healthy volunteers is 3 minutes.44
Therefore, 15 minutes (ie, 5 x t½ ke0) will be allowed to pass
before drawing venous samples for quantitation of dexmede
tomidine plasma concentration, and beginning Phase IV.

Phase IV: Deep CLASS
The acoustic stimuli delivered during Phase IV are the
same as in Phase II. The volume will be reduced if it
arouses the participant. The fundamental differences
between phase II and phase IV are threefold: (1)
Dexmedetomidine concentrations are higher; (2)
Participants are unresponsive; and (3) Each participant is
exposed to each CLASS condition four times (Figure 3).
The order of the conditions for all participants is predetermined prior to recruitment and balanced across parti
cipants to account for carry-over effects. Similar to Phase
II, one minute of washout silence will separate each
CLASS condition. In participants with enough scalp
space, the acoustic stimulation component of the Dreem
device will also be tested during deep CLASS.

Phase V: Thermal Arousal
Participants will undergo three arousals during this phase
of the experiment: one during in-phase stimulation, one
during anti-phase stimulation, and one during sham stimu
lation (Figure 2). The order of CLASS conditions under
which a participant will be aroused is the same as in Phase
II, which is balanced across participants. Each arousal will
be preceded by at least three consecutive minutes of
acoustic stimulation, which will continue during the arou
sal procedure. The arousal procedure consists of the same
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ramping thermal stimulation used during pre-sedation
QST. The cardinal difference between pre-sedation QST
and arousal QST is that one of the investigators will be
tasked with pressing the button to end the thermal ramp
instead of the sedated participant. The investigator will
end the arousal protocol as soon as they observe purpose
ful behavior in response to the thermal stimulation. The
investigator will also be able to terminate the thermal
stimulation at their clinical discretion. Vital signs, EEG,
and video recording will allow review of the time of
arousal during post hoc analysis. EEG changes reflective
of arousal during dexmedetomidine sedation consist of
decreasing delta and alpha power.23 Assessors of arousal
will be blinded to the acoustic stimulation conditions.
Once a participant has been definitively aroused, thermal
stimulation will cease. The participant will then be asked
to rate pain on a visual analog scale, and a 15-minute
washout period will ensue without any thermal or acoustic
stimulation. Based on a recent investigation,23 we expect
participants to return to a state of unresponsiveness within
60 seconds, and for EEG SWA to return to pre-arousal
levels within 10 minutes. This protocol will be repeated
three times, once for each stimulation condition. The pre
dicted plasma concentration of dexmedetomidine will be
maintained by TCI throughout the acoustic stimulation and
arousal phases of the experiment. After the third arousal
and washout period, a second 5 mL venous blood sample
will be drawn for quantitation of dexmedetomidine con
centration and placed on ice for processing. The dexme
detomidine infusion rate will then be set to zero, and the
recovery phase will begin.

Phase VI: Recovery
All physiological behavioral monitoring will continue as
in Phase I. The participant will be monitored until standard
discharge criteria are met, including recovery of baseline
cognitive and physiologic functions.45 A post-sedation
questionnaire will then be administered to assess the par
ticipant’s memories of the experiment. The Stanford
Sleepiness Scale will also be re-administered. The partici
pant will then be discharged home with the Dreem device
to assess structure of sleep on the night of the study. They
will also receive standard post-sedation discharge instruc
tions and be accompanied home.

Dexmedetomidine Plasma Concentrations
To corroborate and correct the predicted plasma concen
trations of dexmedetomidine, 3 mL venous blood samples
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will be collected twice during the experiment: the first
immediately preceding phase IV and the second immedi
ately preceding phase VI. Samples will be drawn from the
IV not in use for infusing dexmedetomidine. Plasma dex
medetomidine levels will be measured from samples using
a validated liquid chromatography-mass spectrometry
assay at a specialized laboratory.

Post-Sedation Sleep and MRI
Participants will be instructed to wear the Dreem and
record data during overnight sleep on the night following
the sedation protocol. They will return the device the
following day and complete a final sleep questionnaire
and sleepiness assessment. Participants will also be sched
uled for a future optional non-contrast brain MRI to facil
itate source localization. The anatomical data obtained
from the individual brain MRI will be used for source
localization of EEG slow-waves, using Brainstorm46
(Supplemental Methods).

EEG Processing and Analyses
Processing of EEG data will be performed using customwritten MATLAB scripts and EEGLAB47 These steps will
include 0.1–50 Hz bandpass filtering, temporal downsam
pling to 125 Hz, visual rejection of bad channels, spherical
spline interpolation, and re-referencing to the global average.
Measures of slow-wave activity (SWA) will be derived from
the power in the 0.5–4 Hz frequency band. Given prior
studies have reported a stimulation specific increase in
SWA, cumulative slow-wave activity (cSWA) will also be
calculated.9 Peaks of slow-waves will be identified using
automated multiscale peak detection.48 Amplitude of indivi
dual slow-waves, slope and duration of slow-wave trains will
be computed. Slow-wave features and power will be com
pared between stimulation periods (in-phase, anti-phase) and
periods with no stimulation (washout and sham). Source
estimation for slow waves will be performed as described
in Supplemental Methods, leveraging a non-contrast brain
MRI, if taken.46 Sleep homeostasis during pre- and postsedation sleep will be assessed via changes in EEG SWA
and slow-wave features between the first and last sleep cycles
of the night, as well as cSWA for the entire night.9,13,49

Statistical Analysis
A linear mixed effects model will be used to compare pri
mary outcome measures across the three conditions. The
model will include time and condition (sham, in-phase, and
anti-phase stimulation) as fixed effects and account for age
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and sex. Dependent variables will include slow wave features
and power as described above. Paired t-tests or U-tests along
with appropriate confidence intervals will be used to compare
measures of sleep homeostasis between pre- and postsedation sleep (depending on normality of measures).
Permutation tests will allow comparisons of source estima
tion models. Logistic regression modelling of responsiveness
to thermal stimulation will be used to compare arousal
thresholds during in-phase vs anti-phase vs sham stimulation.
A convenience sample size of 20 participants will be used
for this pilot study. Based on prior studies involving sedation
with sevoflurane,50 ketamine,51 and isoflurane,52 we expect an
attrition rate of 25%, leaving 14–15 participants with interpre
table data. Considering that CLASS-D is the first study to
investigate closed-loop acoustic stimulation during sedation,
the effect sizes for our primary and secondary outcomes are
currently unknown. Previous studies investigating closed-loop
acoustic stimulation during sleep have used sample sizes of
11–28 participants to detect changes in SWA of 10–40%.9–13,53
Based on this literature, we conservatively expect CLASS-D to
be powered to detect a change in slow wave features and power
of 15%, with an alpha of 0.05 and beta of 0.8. Of note, some
participants may entirely skip phase II of the experiment, thus
making it difficult to estimate how many participants will have
interpretable “Light CLASS” data. Assuming that participants
will exhibit an average respiratory rate of 12 breaths
per minute, which is at the lower end of a normal range, each
participant who goes through phase II of the experiment will
complete 72 behavioral trials (ie, 12 opportunities to squeeze
the dynamometer per minute, for 6 minutes). Pre-specifying
alpha to 0.05 and beta to 0.8, power analysis for within-subject
comparisons shows that 69 trials per condition are needed to
detect a 0.25 effect size.54 This effect size is consistent with
a recent meta-analysis quantifying the effect of acoustic slow
wave enhancement on memory consolidation,55 although
admittedly this represents a distinct downstream effect of
slow wave enhancement.

Conclusion
This investigation will elucidate 1) the potential of exo
genous stimulation to potentiate EEG slow waves during
sedation; 2) the physiologic significance of this interven
tion; and 3) the connection between EEG slow-waves
observed during sleep and sedation.
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