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Feasibility and acceptability of
wearing a neuromodulation
device at night in individuals in
recovery from opioid use disorder
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Hailey Johnson*?, Jaime K. Devine?®, Shenali Warnakulasuriya®,
Keith R. Murphy' and Cameron H. Good™

*Attune Neurosciences, Bel Air, MD, United States, 2Stevenson University, Owings Mills, MD, United
States, 3Institutes for Behavior Resources, Baltimore, MD, United States

Introduction: Opioid use disorder (OUD) is a serious and persistent problem in
the United States with limited non-pharmacological treatment options,
especially for the concomitant sleep disorders experienced by most individuals
with addiction. While new, non-invasive interventions such as low-intensity
focused ultrasound (LIFU) have shown promise in targeting the brain regions
impacted throughout addiction and recovery, the devices used are not amenable
to outpatient treatment in their current form factor and cannot be used at night
during sleep. To bridge this gap and provide a much-needed treatment option for
repeated, at-home use, we developed a wearable LIFU device out-of-clinic use.

Methods: This study evaluated the feasibility and acceptability of the portable
treatment device among individuals recovering from OUD in an unsupervised,
at-home setting. 31 subjects were recruited from a Baltimore, Maryland (USA)
outpatient treatment facility and, along with a separate group of 14 healthy
controls (HC), were asked to wear a prototype EEG-only (non-LIFU) device for 7
consecutive nights to assess their willingness and adherence to nightly use.
Participants used a smartphone application, TrialKit (€PRO), to self-report nightly
sleep data (e.g. duration, quality, possible disturbances, and device comfort).

Results: Of the 31 OUD participants recruited, 30 (97%) successfully completed
the at-home study, and the majority responded that they would participate in
future studies using the head wearable device (OUD, 87%; HC, 71%). OUD
participants were statistically more likely than HCs to respond that they would
consider using the device in the future to help them sleep (OUD, 70%; HC, 29%).
Despite some participants facing technological issues (e.g. lack of reliable phone
access or cellular data plans), the OUD group demonstrated high study
compliance on par with the healthy control group.

Discussion: Participant’s daily ePRO and exit interview results established that at-
home use of advanced treatment technology is feasible in a population group
challenged with recovering from OUD. Even more so, numerous participants
noted strong willingness to participate in future LIFU-enabled intervention
studies to address their persistent sleep issues during recovery.
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1 Introduction

The Centers for Disease Control and Prevention (CDC)
National Center for Health Statistics reports that over 80,000
people died each year from an opioid overdose in 2021, 2022, and
2023 (1). As undergoing opioid agonist treatment (OAT) decreases
the risk of overdose for individuals with opioid use disorder (OUD)
by nearly 50% (2), encouraging adherence to OUD treatment is
imperative in the fight against the opioid epidemic. Unfortunately,
relapse is a defining feature of OUD due to the difficulty of opioid
withdrawal symptoms (3, 4), and poor sleep health can persist for
years following treatment initiation. Not surprisingly, poor sleep is a
primary driver of relapse (5-7). Numerous reports confirm that
more than 70% of OUD patients undergoing OAT self-report sleep
disturbances or disorders (5, 8-10), underscoring its prevalence.

Sleep disturbances persist across the addiction, withdrawal, and
recovery process, with inability to sleep serving as a feed-forward
stressor that can contribute to relapse. Reports have found
inhibition of rapid eye movement (REM) and non-REM (NREM)
deep sleep (11-13), decreased total sleep time, and increased
wakefulness after sleep onset in those using opioids (14, 15).
Longitudinal evaluations indicate that sleep does not naturally
improve over the course of OAT with either methadone or
buprenorphine use (9, 10, 16). These data suggest that alleviating
sleep disturbances in OUD requires targeted and synergistic
interventions that are distinct from standard OAT.

Unfortunately, historically prescribed pharmacological
interventions for mitigating sleep disturbances can further
perpetuate addictive behavior among people recovering from
OUD (17-19). The combined use of opioids and sleep aids
increases the risk of overdose (20) and non-pharmacological
treatments like cognitive behavioral therapy for insomnia (CBT1)
may be ineffective as stand-alone treatments for sleep disturbances
in OUD, especially for individuals with comorbid pain disorders
(21, 22). These findings indicate a need for new non-
pharmacological interventions that directly modify sleep
physiology with the goal of improving sleep quality, reducing
relapse, and promoting abstinence from drug misuse in
individuals undergoing outpatient OAT.

To date, non-invasive brain stimulation therapies like
transcranial magnetic stimulation (TMS) and transcranial direct
current stimulation (tDCS) have been explored (23-25) for their
ability to reduce opioid cravings, while auricular vagus nerve
stimulation (aVNS) (26) has been utilized to improve opioid
withdrawal symptoms. Encouragingly, these neuromodulatory
interventions have shown some efficacy in improving recovery
outcomes but are not ideal for targeting the deep brain structures
necessary to directly augment sleep.

Low-intensity focused ultrasound (LIFU) has emerged as a
promising new non-invasive tool for stimulating or suppressing
intact brain circuits with great potential for treating a range of
psychiatric disorders and sleep issues (27-30). The differentiating
feature of LIFU is that ultrasound (US) beams can be focused onto
specific deep regions of the brain without impacting surrounding
tissue (31-33), unlike with electrical or magnetic stimulation.
Unfortunately, until now, the technology has been limited to in-
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hospital use and, as a result, could not readily translate to routine
addiction intervention. To overcome this barrier to treatment,
Attune Neurosciences developed a portable, offline MRI-guided
head-worn LIFU device for in-clinic or at-home use to manage
addiction and treat sleep disturbances. The device is designed to be
comfortably worn while real-time electroencephalography (EEG) is
analyzed for sleep stage and cortical phase determination, allowing
for personalized LIFU stimulation treatment based on a person’s
real-time physiological data.

Here, we conducted a 7-night at-home sleep EEG study (no
therapy was administered) to evaluate nightly device usability and
gauge acceptance and adherence of use in the target population,
individuals in recovery from OUD. We also examined nightly
device usability and adherence in a smaller cohort of healthy
controls (HCs) to compare the results and determine if
differences exist between the populations. Given the high
incidence of sleep disturbances in people with OUD, and the
challenge of pharmaceutically treating them, we hypothesized that
this group would be amenable to alternative neuromodulation
approaches and demonstrate use of the technology on par with
the HC group.

2 Methods
2.1 Study design

This study was designed to evaluate the feasibility and
acceptability of nightly wear of a head-worn neuromodulation
device among individuals recovering from OUD, as compared to
HCs. While no therapy was delivered, participants wore the
prototype EEG-only device for 7 consecutive nights in an
unsupervised, at-home setting. Nightly sleep EEG data was
collected to ensure proper device wear. Survey data was collected
daily via a smartphone electronic patient-reported outcomes
(ePRO) application (TrialKit; Crucial Data Solutions) to monitor,
in real-time, participant perceptions of the device and any
issues encountered.

The TrialKit ePRO platform developed by Crucial Data
Solutions is purpose-built as a data capture system for clinical
trials and medical research. Its functionality extends into electronic
health record integration and data collection for regulatory
submission. User acceptance testing was performed by Attune
prior to study initiation to verify that the application’s
functionality met the needs of the study, and captured data
accurately for future analysis.

2.2 Participant recruitment

All study procedures were approved by Advarra, an
independent institutional review board. The addiction arm of the
study was conducted in partnership with REACH IBR (Recovery
Enhanced by Access to Comprehensive Healthcare, Institute for
Behavioral Resources) in Baltimore, Maryland (USA), to recruit and
enroll individuals who are in recovery from OUD. The REACH IBR
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treatment center provides behavioral counseling in addition to daily
pharmacological support (e.g. methadone). Study participants were
referred for recruitment by councilors or responded to flyers posted
throughout the facility. Healthy control participants were recruited
via college students through network referral. An index patient was
recruited, and subsequent referrals were made via snowball
sampling. Participants were compensated $25 per day for their
time and effort to wear the device overnight, charge it, and answer
daily survey questions. To encourage study adherence and device
return, participants received a $100 bonus at their exit interview for
wearing the device and completing daily surveys for all 7 nights
(34). Visa gift cards were utilized for participant payment,
consistent with best practices in populations with addiction (35).

2.2.1 Inclusion and exclusion criteria

Participant recruitment was open to either sex, 18 - 65 years old
(inclusive). Criteria included: English speaking, no illegal drug use
in the prior 30 days, a working smartphone and data plan for daily
survey application use, no use of a continuous positive airway
pressure (CPAP) device that could interfere with the head wearable
tested in this study, and residing at the same address for the past 30
days (stable sleeping environment). Participants in the addiction
arm of the study additionally must have been diagnosed with OUD

10.3389/fpsyt.2024.1481795

and be undergoing outpatient OAT with either methadone or
buprenorphine. In contrast, HC subjects were free from a
substance use diagnosis and were not dependent on other
substances except nicotine.

2.2.2 Participant retention

A flow diagram of participant retention is presented in Figure 1.
Participants were screened for study inclusion based on the criteria
previously described. Five individuals in the OUD group were
excluded from further participation due to recent drug use (n =
2) or lack of working smartphone (n = 3). In the OUD and HC
groups, 31 (17 females) and 14 (4 females) participants were
consented, respectively. A single male participant in the OUD
group dropped out due to device discomfort on the first night of
wear. During the exit interview, it was determined that the
participant was sleeping on a friend’s recliner and should have
been excluded from study participation based on lack of stable
sleeping environment. Of the 30 remaining OUD participants, 4
either did not answer daily survey questions or had issues with the
ePRO application, while 1 HC participant did not answer survey
data. Nightly EEG data was available for 30 OUD participants and
14 healthy controls, while 26 and 13 participants also completed the
ePRO surveys, respectively.

Screened Total (n = 50)

Opioid Use OUD (36) Healthy (14) Healthy
Disorder Controls
n=5 Not Eligible n=0
Eligible for
l l EEG Analysis
n=31 Consented n=14 —» n=14
Eligible for
EEG Analysis l l
_ _ Dropped out _
n =30 <+ n=1 of Study n=0
No ePRO l
n=3 data entered n=1
l by subject l
Phone-
n=1 Related Issue n=0
l with ePRO l
Eligible for full
n=26 data analysis n=13
(EEG + ePRO)

FIGURE 1
Flow diagram of participant recruitment and retention for both OUD and HC groups.
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2.3 Study procedure

Participants were electronically screened to determine eligibility.
Those eligible for participation were automatically redirected to an
electronic consent form. Once consented, participants provided
information on age, drug treatment history, traumatic brain injury
(TBI) history, skin sensitivities, difficulty sleeping, relationship status,
and smoking history. After enrolling participants in the TrialKit ePRO
survey platform, the study coordinator assisted them in downloading
and logging into the TrialKit phone application and completing a
practice questionnaire. Participants were then fitted with the Attune
head-wearable prototype device and provided verbal and written
instructions for use, as well as a device charger and necessary EEG
electrode and device cleaning consumables. Participants were
scheduled for an exit interview seven days later to return the device
and answer follow-up questions. Each morning upon waking,
participants were expected to complete a survey questionnaire via
TrialKit and charge their wearable device. Participants were
responsible for replacing or re-wetting hydrogel EEG electrode pads
nightly before wear. Upon study completion, participants underwent
an exit interview to assess overall acceptance, feasibility and
willingness of using the device in a future clinical study. All
participants were incentivized to complete the week-long study with
a prepaid debit card provided at the completion of their exit interview.

2.3.1 Survey collection

During the initial study consent, participants were asked what
time to be contacted in the morning regarding daily survey
completion. Text messages were sent through the TrailKit phone
application reminding participants to answer the daily survey if they
had not already done so prior to their agreed upon time. Those who
did not complete the survey within an hour were sent one follow-on
reminder text by the study coordinator. Complete versions of
each survey can be found in the Supplementary Materials
(Supplementary Tables S1-S4).

2.3.2 Head-worn device
The clinical head-worn LIFU device includes bilateral
ultrasound transducers that interface with the “temporal

10.3389/fpsyt.2024.1481795

window,” a thin portion of skull bone posterior to the eyes that
allows access to centralized deep brain structures. A silicone pad
overlaid on the US transducer offers contouring and comfort. The
front band of the clinical device has integrated 2-channel EEG to
measure cortical brain activity, 3-axis accelerometry for capturing
head movement, and temperature and photoplethysmography
sensors. Custom padding maximizes comfort, and a detachable
nose bridge-centered fit-tool allows the user to repeat positioning of
the US transducers across use sessions.

Here, we tested a non-clinical human factors version of the
device (Figure 2) that was geometrically identical to the clinical
device but was powered by an integrated rechargeable battery.
The device was stripped of all LIFU components (no therapy
delivery) and replaced with 3D-printed resin surrogates to match
the fit and feel of the clinical version. The housing was made from
a 3D-printed thermoplastic polyamide elastomer (TPA) material
that was free of dyes and secured to the head via an elastic and
Velcro rear band. A pair of active EEG sensors (ConMed Softrace
Small ECG hydrogel electrodes) were included in the front band
approximately at FP1 and FCZ (Figure 2C), both referenced to the
mastoid (Kendall H124SG ECG electrode), with data streamed
and stored at 250 Hz on a local micro-SD memory card for offline
analysis. An embedded 3-axis accelerometer (250 Hz) captured
head motion throughout use. Applying pressure to a central power
button on the front of the device allowed users to turn it on
and off.

The human factors device utilized mini-light emitting diodes
(LEDs) embedded into the circuit board, and light pipes
channeled the diffuse light to the front of the wearable to signal
device functionality. When plugged in, an orange or red LED on
the right side of the device indicated charging still in progress
while a green light indicated charging is complete. The left LED
indicator light would glow blue when powered on if the device was
adequately charged and a memory card was properly inserted
(Figure 2B). If the left light was red or orange after powering on,
the memory card was likely not inserted correctly or had
malfunctioned. Participants were instructed to only use the
device if it was properly charged, and the left light indicator was

blue during operation.

FIGURE 2

Wearable device worn by participants for each night of the study. (A) Side profile 3D rendering of a head model wearing the device. The mastoid EEG reference
is shown in green behind the right ear. The circle over the right temple is the ultrasound transducer found in the clinical device. (B) Frontal photograph of the
wearable human factors device with the SD card inserted, and blue LED power light demonstrating proper device function. (C) Rear photograph of the wearable
with EEG and mastoid electrodes installed. The rear elastic band is pulled over the top of the device as it is done when donning the device.
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2.4 Data analysis

Statistical analysis was performed using GraphPad Prism
Version 10.2.3. Discrete data was summarized using median and
median absolute deviation (MAD), while continuous data was
summarized using mean and standard deviation (SD). A two-
sided p < 0.05 was used to determine statistical significance and
adjusted for multiple comparisons, as needed.

2.4.1 Nightly EEG recordings

After each participant completed the study, the micro-SD
cards were removed from the wearable devices for analysis. A
custom Python script was generated to batch-process each nightly
EEG file. The data processing pipeline began with extracting raw
EEG and accelerometer signals from the binary data files, followed
by the EEG signals being de-medianed to ensure accurate
amplitude representation and to remove very low frequency
oscillations. The EEG signals then underwent band-power
extraction, including Fourier transformation, to assess frequency
content over time (10 second bins, 0.1 Hz resolution). Two graphs
were generated, one displaying the 3-axis accelerometry and a
spectrogram showing the EEG time frequency signal of the entire
night recording. The EEG graph and raw data were manually
reviewed for regions of electrical noise contamination, which can
be seen as high power across multiple frequency bands, or
disconnected electrodes which present as horizontal banding in
the spectrogram. Regions of data deemed noisy were manually
reviewed for confirmation. Each night of EEG recording was then
categorized into “5 - Very Good”, “4 - Good”, “3 - Moderate”, “2 -
Poor”, and “1 - Very Poor” based on the length and quality of EEG
signal (Supplementary Figure S1). Recordings considered “Very
Good” displayed clean readable data (>80%) and had both EEG
channels recording properly without noise contamination or
electrode disconnection. Data considered “Good” displayed
clean EEG data (70-80%) but may have only one EEG channel
with properly recorded data. Data categorized as “Moderate”
showed identifiable EEG signal patterns (50-70%) and contained
only one properly recorded EEG channel. “Poor” or “Very Poor”
data had little to no identifiable EEG signal patterns (<50%) across
the two EEG channels. Files with insufficient duration (< 60
minutes) were also classified as “Very Poor”. Due to firmware
issues with the EEG acquisition circuit, timestamps were not
included with the signal data. This precluded a more in-depth
analysis and comparison of sleep/wake cycles between the OUD
and HC groups, as originally intended.

2.4.2 TrialKit ePRO daily surveys and
exit Interview

Survey data was compiled for each question across all 7 nights
of the study and analyzed using descriptive statistics, which was
also used to describe demographic and participant histories.
Prevalence of smoking and sleep issues were analyzed across
study groups and biological sex using a Chi-square (Fisher’s
exact) test.

Frontiers in Psychiatry
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3 Results
3.1 Demographics

Participant demographics were obtained during consent and
are included in Table 1. For the OUD group, the mean age was 45.1
+ 13.0 years, while the HCs were younger at 22.6 + 10.0 years. The
OUD group was comprised of 56.7% females (OUD-F), while the
HCs were 28.6% female (HC-F). No participants in either group
reported skin or scalp sensitivities. A statistically greater proportion
of responding OUD participants reported difficulty sleeping (OUD,
67.9%; HC, 21.4%; P = 0.0080), with no difference between males
and females in either group (OUD, P = 0.23; HC, P = 0.99;
Supplementary Table S5). The OUD participants were statistically
more likely to smoke cigarettes compared to healthy controls
(OUD, 78.6%; HC, 14.3%, P = 0.0001), with no difference
between males and females (OUD, P = 0.65; HC, P = 0.066;
Supplementary Table S5).

3.2 ePRO responses

Upon waking each morning, participants were required to login
to the ePRO application (TrialKit) and respond to a series of
questions regarding their nightly sleep and their experience using
the wearable device. Additional questions focused on lifestyle
factors that could influence their sleep and perceptions of device
use. Nearly all participants in both groups completed the required
seven days of ePRO surveys (Table 2). There was one HC and four
OUD participants who did not use the ePRO system because of
technology issues related to phone and text reminders; hence, no
self-reported data were available for these participants (Figure 1).

3.2.1 Sleep

From the available ePRO data, participants across groups and
biological sexes self-reported similar nightly total sleep time (TST)
durations (ANOVA, P = 0.28) that were greater than the associated
TST duration of acquired EEG data (mean difference + sd; OUD-M,
2.96 + 3.74 hrs; OUD-F, 2.18 + 3.12 hrs; HC-M, 1.71 + 3.12 hrs;
HC-F, 0.38 + 1.98 hrs). Nightly EEG data were analyzed for signal
quality and continuity of recording throughout each night to
confirm device wear by the participants. Most of the device-
recorded EEG data from both participant groups received a
qualitative score of 3 or higher (Moderate quality; Supplementary
Figure S1) (OUD-M, 59.4%; OUD-F, 52.5%; HC-M, 61.0%; HC-
F, 60.7%).

From the available ePRO data, participants reported similar
median sleep quality ratings (Median, IQR [25™, 75" Percentile];
OUD-M, 3 [2.5, 4]; OUD-F, 3 [2, 4]; HC-M, 3 [3, 4]; HC-F, 4 [3, 4];
Table 3), with the only statistical difference being between OUD-M
and HC-M (Kruskal-Wallis, P = 0.024). In addition to self-reported
sleep ratings, participants also commented on the disruption of
sleep, and other possible sleep factors such as the wearable’s blue
LED power light, exercise, caffeine, and/or alcohol use within four
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TABLE 1 Participant demographics.

OUD Participants Healthy Controls
(N = 30) (N = 14)
Age
Mean [SD] 45.1 [13.0] 22.6 [10.0]
Median 42 20
Sex
Male 13 10
Female 17 4
Marital status
Single 15 9
In a relationship 5 3
Married 2 0
Living with partner 4 1
Widowed 1 0
Separated 1 0
Divorced 0 1
NR 2 0
Drug treatment
Yes 24 0
No 4 14
NR 2 0
Number of times in drug treatment
Average 2.1 -
Median 2 -
Traumatic brain injury
Yes 1 0
No 19 14
NR 10 0
Skin sensitivity (head or scalp)
Yes 0 0
No 20 14
NR 10 0
Sleep difficulties
Yes 19 3
No 9 11
NR 2 0
Nicotine consumption
Yes 22 2
No 6 12
NR 2 0

Frontiers in Psychiatry
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hours of bedtime. Regarding the blue light, the majority of
participant’s nightly responses were reported as either “No” or
“N/A” on the disruption of their personal (OUD-M, 88%; OUD-F,
79%; HC-M, 91%; HC-F, 88%) or their partner’s (OUD-M, 91%;
OUD-F, 79%; HC-M, 90%; HC-F, 91%; Table 3) sleep. A majority of
responses in both groups also indicated “No” to exercising (OUD-
M, 96%; OUD-F, 98%; HC-M, 86%; HC-F, 92%; Table 4) and
caffeine/energy drink use within four hours of wearing the device
and going to sleep (OUD-M, 85%; OUD-F, 96%; HC-M, 89%; HC-
F, 83%; Table 4).

Concerning alcohol use between the broader groups, the HC
participants (which mostly consisted of college students) were
statistically more likely to drink alcohol within four hours of
going to sleep than the OUD participants (Fisher’s Exact Test,
P < 0.0001). Within the OUD group, OUD-M participants were
statistically more likely to drink alcohol as compared to OUD-F
(Fisher’s Exact Test, P = 0.046); no statistical difference was found
between HC-M and HC-F (Fisher’s Exact Test, P = 0.612). When
we examined nightly responses to alcohol use, OUD participants
consistently responded with “No” to alcohol use within four hours
of going to sleep (OUD-M, 92%; OUD-F, 97%). This is in contrast
to the HC participants who were less likely to respond with “No” to
nightly alcohol use (HC-M, 64%; HC-F, 54%; Table 4).

3.2.2 Medication use

Based on ePRO self-reported data on nightly medication use
(Table 5), a higher percentage of females with OUD took prescribed
medication at least once during the study (OUD-M, 8%; OUD-F,
41%), although this was not statistically different from males (P =
0.09). Similarly, there was no statistical difference in unprescribed
(over-the-counter, OTC) medication use before bed between males
and females with OUD (P = 0.11). Examples of reported prescribed
medications include Ambien, Clonidine, Gabapentin, Strattera,
Propanol, Prazosin, and Seroquil; while reported OTC
medications included Ibuprofen, Tylenol, Benadryl, Advil, and
Allegra. In contrast, none of the HC participants (HC-M, 0%;
HC-F, 0%) reported taking any prescribed medications. In both
groups, only the females reported taking OTC medications (OUD-
F, 24%; HC-F, 25%). Across the total study nights, OUD-F were
statistically more likely to take prescribed (Fischer’s Exact, P <
0.0001) and OTC (Fischer’s Exact, P = 0.035) medications, as
compared to OUD-M (Table 5).

3.2.3 Wearable device comfort

Figure 3A was used to determine potential areas of discomfort
caused by the head wearable device during sleep. Based on the total
nightly reports of any pain occurrence (Table 6), most responses
across all groups reported “0 or (No Pain)” from the wearable
device (OUD-M, 79%; OUD-F, 73%; HC-M, 84%; HC-F, 58%).
Only a few responses indicated participants experiencing pain at
multiple (at least 3) different locations while wearing the device
(OUD-M, 1%; OUD-F, 4%; HC-M, 0%; HC-F, 8%). From the total
nightly pain location reports (Table 7), there was no statistical
difference between OUD-M and OUD-F participants who reported
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TABLE 2 ePRO and EEG data yield.

10.3389/fpsyt.2024.1481795

RO Avg Tiontly Avg total Avg nightly  Avg nightly
Participants responses recorded el [EIAe] VEsllE 2 2e fon-usable
Participant group (N) [median,  sleep duration rec&rgl)ngs rec;:;]rlf:isl)ngs EEG r((akcl:;;'dlngs
AR ) [mean, SD] [mean, SD] [mean, SD]
[mean, SD]
Male 13 7,0 8.14, 1.81 10.26, 5.41 5.62, 2.61 4.64, 4.02
OouD
Female 17 6,1 8.05, 1.33 1133, 6.50 5.26,3.76 6.07, 4.81
Healthy Male 10 7,0 7.34,0.91 1234, 436 5.66, 3.24 6.68, 4.99
Controls Female 4 7,1 8.16, 2.08 15.40, 4.52 7.78,1.29 7.62, 5.63

TABLE 3 Participant sleep quality rating and reported nighty sleep disruption from the blue power LED indicator.

Median sleep
rating - 99% Cl
(upper, lower)

Participant group

Did the blue light disrupt
your sleep last night?

Did the blue light disrupt the sleep of
anyone who slept by you last night?

Yes No N/R =S [\[e) N/A N/R
Male 13 3(3,3) 3(4%) | 64(88%) 6 (8%) 1(%) | 5981%) 7 (10%) 6 (8%)
ouD
Female 17 3(3,4) 3(G%) | 73(79%) 16 (17%) 4 (4%) | 64 (70%)  8(9%) | 16 (17%)
Healthy Male 10 3(3,4) 12%) | 5101%) | 4(7%) 2(4%) | 20 (36%) 30 (54%) 4 (7%)
Controls Female 4 403, 4) 14%) | 21(88%) 2 (8%) 0(0%) | 14(58%) 8 (33%) 2 (8%)

TABLE 4 Reported nightly alcohol and caffeine use and exercise within 4 hours of going to sleep.

Did you drink alcohol yes-
terday within 4 hrs of going

Did you consume any caf-
feine or energy drinks yes-
terday within 4 hrs of going

Did you exercise yester-
day within 4 hrs of going

Participant group to sleep? to sleep? to sleep?
Yes \[¢) N/R Yes \[e} N/R Yes No N/R
Male 13 6 (8%) 67 (92%) 0 (0%) 11 (15%) 62 (85%) 0 (0%) 3 (4%) 70 (96%) 0 (0%)
o Female 17 1 (1%) 89 (97%) 2 (2%) 3 (3%) 88 (96%) 1(1%) 2 (2%) 90 (98%) 0 (0%)
Healthy Male 10 20 (36%) | 36 (64%) 0 (0%) 6 (11%) 50 (89%) 0 (0%) 8 (14%) 48 (86%) | 0 (0%)
Controls Female 4 10 (42%) 13 (54%) 1 (4%) 4 (17%) 20 (83%) 0 (0%) 2 (8%) 22 (92%) | 0 (0%)

pain across the different regions of the head (P = 0.14; Py = 0.13;
Pc > 0.99; Pp = 0.55; Py = 0.79). This was similar in the HC group
except at the forehead location, where females were statistically
more likely to report discomfort (P, = 0.0025) compared to other
locations (P > 0.99; Pe > 0.99; Pp, = 0.17; Py, = 0.06).

The total nightly percentage of OUD and HC participants who
reported any head pain from the wearable is shown in Figure 3B.
The highest percentage of participants who reported pain occurred
at night four (OUD, 27%; HC, 29%). There was an initial increase in
the percentage of OUD participants who reported pain from night
one through four (17% - 27%), then a steady decrease through night
seven (27% - 7%). In contrast, there was no generalizable trend of
reported pain for the HC group. Figure 3C shows that most
participants did not experience discomfort across multiple nights
of device use. For instance, in the OUD group only 7% of
participants reported pain for four, 0% for five, 3% for six and 0%
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for seven nights of wearing the device; while, no HC participant
(0%) reported experiencing discomfort from the device on more
than four nights of the study (Figure 3C).

3.3 Exit interviews

After completing the seven-night study, participants answered exit
interviews where they reported on their overall experience with the
wearable device, ePRO system, and other aspects of the study. From the
verbal exit interview, nearly all participants reported that the device was
“Easy” or “Very Easy” to don at night (OUD-M, 100%; OUD-F, 100%;
HC-M, 100%; HC-F, 75%; Supplementary Table S6); there was a single
female participant who reported having a “Very Difficult” time
donning the device. Similarly, nearly all participants also reported
that nightly replacement of the EEG electrodes was “Easy” or “Very
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TABLE 5 Reported medication use across participant groups.

Prescribed medication

Participants

Participant [;N)f # of participants
group PF?O who took at least 1

< ] prescribed

responses medication
Male 13 [73] 1 (8%)

ouD

Female 17 [92] 7 (41%)
Healthy Male 10 [56] 0 (0%)
Controls Female 4 [24] 0 (0%)

Total # of nights
where participants
took prescribed
medication before
going to sleep

10.3389/fpsyt.2024.1481795

Unprescribed (OTC) medication

Total # of nights
where participants
took unprescribed
medication before

going to sleep

# of participants
who took at least 1
unprescribed
medication

1 (1%) ‘ 0 (0%) ‘ 0 (0%)
29 (32%) ‘ 4 (24%) ‘ 6 (7%)
0 (0%) ‘ 0 (0%) ‘ 0 (0%)
0 (0%) ‘ 1 (25%) ‘ 1 (2%)

Easy” (OUD-M, 100%; OUD-F, 94%; HC-M, 90%; HC-F, 100%;
Supplementary Table S6). The remaining two participants (one from
each group) reported having “Moderate” difficulty in the nightly task.
Open ended responses to the verbal exit interviews were categorized
based on response characteristics. When asked about challenges with
the ePRO system, participants in both groups experienced various
technical issues (OUD, 40%; HC, 29%; Fisher’s Exact Test, P = 0.52)
with using the application (Supplementary Table S6). These issues
varied from complete inability to respond daily, initial setup challenges
with cellular data plans and lack of phone memory storage, or
challenges after night one that required study coordinator intervention.

In terms of device comfort, participants reported it as being
“Moderate” to “Very Comfortable” to wear (OUD-M, 70%; OUD-F,
95%; HC-M, 70%; HC-F, 50%; Supplementary Table S6). From the
Likert responses, all participants in both groups (100%) either
“Agree” or “Strongly Agree” that overall, the device was easy to
use (Supplementary Table S7) and the majority of participants
would participate in future studies using the head wearable device
(OUD, 87%; HC, 71%). When participants were asked if they would
consider using the device in the future to help them sleep, the OUD
group was statistically more likely to respond positively than the HC
group (OUD, 70%; HC, 29%; Fisher’s Exact Test, P = 0.02;
Supplementary Table S7).

3.4 User feedback

During the exit interview, we inquired about overall device
comfort and usability (Supplementary Table S3). Notable feedback
focused on the participants desire to improve sleep without the use
of pharmacology. For instance, one OUD participant who has been
drug-free for 10 months, the longest continuous period in 30 years,
stated that his only lingering issue is his inability to sleep. He
described how this negatively impacts his employment and creates
issues with his marriage. This individual was very enthusiastic about
new technology and responded that “If I could use [the] device for
sleep, without using drugs, Hell yah!”. Similarly, another OUD
participant responded that the device “was comfortable to wear at
night and liked the idea of not having to take medications [to
improve sleep]”. Another participant noted that the device “was
comfortable, and was able to sleep with it” and it was “something
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you could get used to wearing every night”, while another
participant noted “I didn’t even know I was wearing it”. Two
female OUD participants reported “sleeping better with the
device” due to the “cooling effect of the silicone pads” on their
temples. Similarly in the HC group, participants noted the device
“was comfortable, didn’t realize I was wearing it” and “comfort was
good, forehead felt fine”.

Participants who slept on their side and/or moved a lot during
sleep reported mild discomfort. For instance, participants “felt a
slight pressure” and “side discomfort” when sleeping on their side.
As a result, the same participant “slept fine only on some nights”
and “other nights I had to adjust it”, while another participant “felt
more comfortable sleeping on [their] back” despite normally being
a side sleeper. Regarding hair types, participants with longer and
smoother hair had issues keeping the elastic rear band in place and
had to “adjust the band several time at night”. Nightly wear also
presented a challenge for a participant with dreadlocks.

Critical responses around the study requirements focused on
use and connectivity issues associated with the TrialKit (ePRO)
application. It took some participants a few days to become familiar

» o«

with the interface, as several had “problems with app”, “was
confused about pin # [number]”, “issue with time stamp(ing) on
[the] first two days”, and “kept hitting save but wouldn’t go
through”. While others felt the interface was easy to use and had
no issues with daily login and reporting. In terms of connectivity,
several participants noted temporarily losing internet access for a
day and as result failed to complete the previous night’s report.
Similarly, OUD participants who had limited cellular data plans
were unable to receive daily SMS text reminders and failed to

complete their daily report.

4 Discussion

This project represents the first step towards developing a
functional, non-pharmacological therapeutic device specifically
designed to target sleep issues in an OUD population. The
current study focused on the comfort of participants while
wearing the device, a key component to treatment success that is
frequently underappreciated; comfort is integral to treatment
adherence and routine use. CPAP machines serve as an example
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FIGURE 3

Assessment of device comfort. (A) Illustration depicting possible areas of
discomfort as shown in the participant’s daily ePRO surveys (A:
Forehead, B: Top of head, C: Back of head, D: Left side of ear, E: Right
side of ear). (B) Percentage of participants who answered “Yes” to
experiencing discomfort across each study night. (C) Percentage of
participants who reported experiencing device discomfort. Each
participant's daily response (No, O; Yes, 1) was summed to determine
the cumulative number of nights where they reported discomfort.

of an effective, non-pharmacological treatment for disordered sleep
(obstructive sleep apnea; OSA) in which treatment success suffers
due to patient non-adherence. Issues related to patients” discomfort
are consistently found to predict non-adherence (36), while
improving patient comfort has been found to increase adherence
rates in CPAP users (37). In 2023, ResMed, a pioneer in the CPAP
field, spent approximately $288 million on its research and
development efforts (38). The newly released AirFit F40 CPAP
mask highlights the company’s focus on creating ultra compact,
adjustable, and comfortable devices that fit a broad population
range and is critical to improving compliance. Drawing from CPAP
user experience, it is imperative to study the degree of comfort that
target populations have when wearing a treatment device, which
can determine future adherence and therapeutic success.
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Here, we tested device comfort and usability in a target
population of individuals in recovery from OUD. Results
demonstrated a near perfect adherence rate to wearing the device
for seven consecutive nights (median = 7 nights), and a high
completion rate where 30/31 (97%) consented participants
finished the full study. This suggests that the head wearable
device was comfortable to sleep with and any discomfort
experienced was not sufficient to discontinue nightly use, or
warranted dropping out of the study. We also had 100% of the
test devices returned during the exit interview and in fully
operational condition. This is key to future clinical
implementation in a home setting, as it suggests that the
participants followed device use and daily care instructions
provided to them at the onset of the study.

Our results parallel and extend a pilot study of 8 male
participants who underwent nightly EEG monitoring during
supervised opioid withdrawal in a residential unit. The
participants wore a forehead mounted, battery operated wireless
EEG device (Sleep Profiler; Advanced Brain Monitoring, Carlsbad,
CA) for 85.6% of the scheduled nights, but compliance varied
based on the stage of withdrawal (39). Another study used the
same EEG device during a 7 night at-home assessment of sleep in
individuals with OUD, with an observed 75% compliance across a
larger cohort of 55 participants (15). Our device compliance was
higher than both studies, possibly due to our participant section of
only individuals who have been free from drug use for over 30
days and having a stable home sleeping environment. Like our
results, these studies observed discrepancies between subjective
sleep diaries and objective EEG data such that sleep diaries tended
to over-estimate TST versus objective EEG measures. However,
our results should be interpreted cautiously, as our numbers are
particularly discrepant and likely influenced by issues with the
EEG recording hardware that precluded a more in-depth signal
processing analysis (see Limitations).

From the daily ePRO responses, females reported more OTC
and prescribed medication use than males. This is in line with prior
research indicating that females are more likely to take medication
for sleep, prescribed or OTC, than males (40). Females are also
more likely to report pain and are known to have more pain
sensitivity (41) that can lead to higher rates of medication use.
Females are statistically more likely to develop conditions resulting
in excessive pain, such as osteoarthritis, inflammatory arthropathy,
and fibromyalgia (42) that can lead to chronic use of pain
medications. This mirrors what we found in this study, with
females using Tylenol, Advil, Ibuprofen, while males did not
report use of any of these OTC medications. Severe pain
conditions can result in the need to treat pain with opioids,
which females are 1.5 times more likely to fill prescriptions for
than males (43), which use can lead to addiction.

The study design required participants to use a cell phone-
based application (TrialKit) to answer daily survey questions
about device comfort. This approach has been successfully used
in prior studies by us, and others, with similar subject populations
(44). Further, prior research has shown that individuals who have
a history of drug injection have high cell phone usage and are
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TABLE 6 Occurrence of reported head pain across number of locations and participant groups.

# of nights where pain was reported at (X) number of
location(s)

e priny Participants (N) [# of ePRO responses]
group
(No Pain)

Male 13 73] 58 (79%) 12 (16%) 1(1%) 0 (0%) 0 (0%) 1 (1%)

ouD
‘ Female ‘ 17 [92] 67 (73%) ‘ 8 (9%) 9 (10%) 4 (4%) ‘ 0 (0%) 0 (0%)
Healthy ‘ Male ‘ 10 [56] 47 (84%) ‘ 5 (9%) 4 (7%) 0 (0%) ‘ 0 (0%) 0 (0%)
Controls ‘ Female ‘ 4 [24] 14 (58%) ‘ 2 (8%) 5 (21%) 2 (8%) ‘ 0 (0%) 0 (0%)

comfortable using technology (45). Here, following consent, the
research coordinator assisted participants in loading TrialKit onto
their phones, which allowed them to answer questions each
morning upon awakening (46). Data was used to track, in real-
time, their perceptions of the wearable device and any issues
encountered. Study participants unanimously expressed a
willingness to use TrialKit, but it did pose a challenge for a
minority of individuals, particularly those reliant on government
sponsored phones and data plans that have limited storage space
that restricts application download options. The research
coordinator, on many occasions, worked with study participants
to remove unwanted or unused applications to free up storage
space to install TrialKit (47). This should be taken into
consideration in future research that involves smartphone-based
technology and applicants should be screened accordingly.

During the exit interview, we asked participants if they would
like to be contacted about future clinical research studies that
involve delivery of LIFU to potentially help them sleep. The OUD
participants were statistically more likely to positively respond
versus HC participants (OUD, 70%; HC 29%), which is in line
with the percent of each population that reported trouble
sleeping during initial study consent (OUD, 68%; HC, 21%).
These numbers also approximate published numbers on sleep
disorders in individuals with OUD and who are undergoing OAT
(70%) (5, 8-10). Encouragingly, it demonstrates the desire of
these individuals to embrace non-pharmacological treatment
options. As technology advances, options to treat sleep
disorders and other components of addiction will continue
to grow.

LIFU represents one such technology and which underlies the
clinical version of the wearable device tested here. In contrast to
other approaches, LIFU allows precise neuromodulation of
centralized deep brain structures such as the thalamus (48),
hypothalamus, amygdala (49), nucleus accumbens (NAc) (50),
and hippocampus. These, and additional brain regions, serve as
tractable targets for addressing components of addiction, the sleep/
wake system, and for treating psychiatric disorders (51),
demonstrating the highly versatile nature of the technology.
Indeed, recent published evidence suggests that targeting LIFU to
the NAc, a critical core region of addiction, can dramatically reduce
cue-induced drug craving for a range of substances that includes
cocaine, alcohol, nicotine, and opioids (52, 53). Remarkably, these
results persist for many weeks post-treatment, suggesting that LIFU
could be a promising new therapeutic approach with outcomes that
rival that of pharmaceuticals while avoiding side effects. While
encouraging, the technology used in those studies is limited to in-
hospital use and does not readily translate to routine addiction
treatment. Further advances in wearable devices that broaden
treatment options to community addiction centers such as
REACH IBR, and at-home use, offer tremendous potential for
addressing the persistent opioid epidemic.

4.1 Next steps

Based on current results of intermittent EEG connectivity in
some participants, we aim to improve conformal fit of the device by
reducing the form-factor of our current EEG components and

TABLE 7 Reported number of instances of pain at each identified location on the head.

Pain Location A (e D
Participants (N) . : .
Participant group [# of Forehead Top of head o?fwggd cer(;tfeerasljde ng?tezl::le
ePRO responses]
Male 13 [73] 5 (7%) 1(1%) 1 (1%) 4 (5%) 8 (11%)
OuUD
‘ Female 17 [92] 14 (15%) 6 (7%) 2 (2%) ‘ 8 (9%) 8 (9%)
Healthy ‘ Male 10 [56] 1.(2%) 0 (0%) 2 (4%) ‘ 6 (11%) 4 (7%)
Controls ‘ Female 4[24] 6 (25%) 0 (0%) 0 (0%) ‘ 6 (25%) 6 (25%)
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transitioning to a flexible circuit design with interchangeable front
band. A follow-on study utilizing the current design could be
performed to evaluate engineering improvements on nightly data
collection for statistical comparison to the current dataset. Due to
the demonstrated success of working directly with an OUD
population for feasibility and acceptability testing, future clinical
trials will focus on treating multiple aspects of addiction (e.g., drug
craving and underlying sleep disorders) to reduce rates of relapse.
The ATTN201 is particularly amenable to this, as it can be used in
an at-home, out-of-clinic, setting in contrast to the LIFU system
used in prior addiction treatment studies that requires an active
MRI for neuronavigation (52, 53).

4.2 Limitations

Study limitations include only testing one device form factor;
thus, it is unknown how these results translate to other head
wearable devices. We experienced firmware issues with EEG
record timing and a sensitive power button precluded a
comparative analysis of EEG and sleep features between OUD
and HC participants. In TrialKit, participants should not have
been allowed to leave daily survey questions unanswered; thus,
resulting in non-responses (NR) to some questions. This feature
was tested prior to implementation, and it remains unknown how
this materialized during study use. OUD participants were recruited
from a single recovery clinic in Baltimore, MD (USA), although our
participant sample included a broad range of demographics and
number of times in drug treatment.

To simulate real-world device usage, participants were allowed
to continue their medications, including sleep aids, and consume
alcohol, which may have impacted overnight perceptions of wearing
the device. There was a notable age discrepancy between the OUD
and HC groups, where the mean age of the OUD group was >20
years older than the HC, which could influence their perception and
usage of the device. Future clinical studies using LIFU therapy will
more tightly age match across groups. Participants were
compensated for nightly device wear and daily survey responses,
and provided a bonus for completing all 7 nights and returning the
device upon study conclusion. This payment schedule was based on
our study coordinators history in working with similar populations
with addiction in Baltimore, MD, and common practices with this
population (34, 35).

5 Conclusions

This study demonstrated that Attune’s head-worn medical
device is feasible for at-home, nightly use among individuals with
OUD, opening the door to future addiction treatment options with
LIFU. Strong study adherence (e.g., daily survey completion, device
wear and maintenance, and return of the research device to the
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study coordinator) also indicates that with proper study design and
support, the recovering OUD population can eftectively participate
in longer-duration, outpatient studies.
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