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Abstract 

Study Objectives: Sleep monitoring outside of clinics could enhance care for insomnia and other sleep disorders but requires home 
systems that are easily operable and provide consistent data quality over multiple nights. We assessed t he Waveband for usability by
participants and feasibility of obtaining multi-night sleep data in the home setting.
Methods: 15 subjects with insomnia wore the Waveband electroencephalogram headband and an FDA-cleared wearable home sleep 
testing device, WatchPAT ONE (“WP1”) for three nights. Usability was assessed via the System Usability Scale (SUS). Feasibility of 
participants to collect data was evaluated by examining stability of measured total slee p time in relation to measurements from the
reference device (WP1) and data quality as evaluated by three human experts.
Results: Average SUS score was 69.7, meeting the 68-point threshold for good usability. Total sleep time recorded by the Waveband and 
WP1 devices showed a correlation of 87.3 per cent. All the recordings had an average of over 7 scorable hours of data per night.
Conclusions: Waveband demonstrated good usability by patients, was operable by patients, and generated interpretable data that 
provided stable sleep estimates across nights, comparable to an established home sleep testing device. The device has potential to 
ad vance patient care, sleep research, and clinical trials by enabling longitudinal ambulatory sleep assessment.

Key wor ds: ambulatory sleep staging; wearable sensor; home sleep monitoring

Statement of Signif icance

Home sleep testing is a valuable resource to provide accurate assessment of sleep in a person’s native environment. The ability to 
incorporate electroencephalogram (EEG) data into home sleep testing would be valuable for detailed assessment of sleep in a variety 
of neurological and psychiatric conditions with significant impacts on sleep. This study provides usability and feasibility data for the 
Waveband EEG headband, designed for p atient use in the home environment to provide accurate EEG-based sleep staging. Results
demonstrate that the Waveband device can be used by people without medical oversight to collect high quality data.

Introduction 

Sleep is a critical component of health [1]. The primary method of 

evaluating sleep quality in a clinical setting traditionall y hinges

on polysomnography (PSG) [2] with a primary focus on electroen-

cephalogram (EEG)measured brain activity to define clinical sleep

stages [3]. PSG is typically performed as a single-night analysis 

conducted by a trained operator (technician or technologist) in a 

dedicated sleep lab facility. This process is expensive, resource-

intensive, disruptive to natural sleep (both due to the alien 

recording environment of the sleep lab and the use of multiple 

wired contacts over the body), and not conducive to consecutive 

nights o f monitoring, limiting its utility for longitudinal sleep

assessment and reducing diagnostic yield. Sleep monitoring

is thus generally restricted to diagnosing specific disorders

amenable to limited sampling, rather than ongoing monitoring of

conditions or symptoms [4]. Furthermore, in-lab PSG results may 

not reflect natural sleep, given the artificial environment and lack 

of reproducible measures. Consequently, there is a significant 

medical need for the ability to monitor sleep over multiple 

nights in the patient’s natural home environment, without the 

inconvenience and expense of overnight clinic stays or sleep

technologist visits. This is particularly relevant for conditionswith

variable symptoms, such as insomnia and narcolepsy,where long-

term assessment could enhance understanding andmanagement
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[5–8]. TheWaveband EEGheadband (formerly Dreem3) represents 

an innovative solution, offering ambulatory sleep assessment via 

dry-electrode EEG that is relatively inexpensive, user-operable, 

and capable of providing consistent, high-quality data over many 

nights. T his technology has the potential to advance patient care,

clinical trials, and sleep research.

While several studies have used the Dreem 2 and 3 headbands

in prior studies for sleep monitoring [9–15], formal studies specif-

ically evaluating the usability and feasibility for longitudinal at-

home use have not been previously published. In order to assess 

the usability and performance of the Waveband device in the 

home setting by untrained subjects, the Livie-1 study was con-

ducted (NCT05611099, “Assessment of the stability, robustness 

and usability of the Waveband for EEG sleep monitoring overmul-

tiple nights in the home setting, in an insomnia population”). This

study had three primary objectives (points 2 and 3 demonstrating

feasibility of participants to capture data longitudinally at home):

(1) Usability: Assess usability of Waveband by patients with 

known or suspected insomnia ov er multiple nights, in a

home environment.

(2) Stability: Assess the stability and robustness of Waveband 

data acquired by patients in their home environment. This 

was assessed by evaluating consistency of total sleep time 

(TST) output of the Waveband as compared to sleep deter-

mined by a device with 510(k) clearance for home based 

sleep assessment (the WatchPAT ONE, WP1, home sleep 

study device was chosen as the reference device based on its 

regulatory clearance for sleep–wake evaluation and proven 

home usability), ove r a three-night measurement period. It

should be noted that detailed assessment of sleep staging

accuracy was NOT a goal of this study, as a companion study

(Octave-3) was performed to compare sleep staging outputs

from Waveband to clinical gold-standard PSG recording.

(3) Quality: Assess quality of signals recorded with Waveband.

The study also had three exploratory objectives: 

(1) Quantitative user feedback: Collect quantitative feedback on 

critical tasks related to using Waveband o ver multiple nights

in a home environment.

(2) Qualitative user feedback: Collect qualitative information 

about perceptions, opinions, beliefs, and attitudes of individ-

uals on the overall subjective experience of using W aveband

over multiple nights in a home environment.

(3) Night-to-night variability: Compare intra-subject inter-night 

variability measured with Waveband and WP1.

An add-on study, Livie-2, examined the data quality obtained 

with the Waveband device. The hypothesis of these studies was 

that patients could operate theWaveband EEG Headband at home 

and without oversight from trained medical staff to collect data 

adequate for sleep staging, much like wristband sensors used for 

actigraphy-based sleepmeasurement.The r esults of these clinical

trials plus a separate study comparing Waveband to in-lab PSG

(Octave-3) were ultimately used to support FDA clearance of the

Waveband device.

Materials and Methods
Study design 

The present study utilizes data from the Livie-1 study, a prospec-

tive observational study, and Livie-2, a retrospective analysis 

of Livie-1 data. Livie-1 was designed to examine the ability of 

subjects to operate the Waveband device (formerly Dreem 3) 

at home over multiple nights, as compared to a wrist worn 

peripheral arterial tone signal and actigraphy device (WatchPAT 

One, WP1, Itamar Medical Ltd, a subsidiary of ZOLL Medical 

Corporation). The studies were conducted under a pr otocol

approved by the Advarra IRB (protocol # Pro00065468, approval

date August 16, 2022); all patients provided written informed

consent. The study enrolled 15 subjects each instructed to record

three nights of sleep, with the goal of obtaining 37 recordings.

Sample size calculations were based on a one-sided non-

inferiority test, a standard approach in validation studies where 

the goal is to demonstrate that a new device performs no 

worse than a benchmark by more than a pre-specified margin. 

Specifically, we estimated that 37 records would provide 80 per 

cent power to detect non-inferiority on the “Wake” classification 

of a 5× 5 confusion matrix, assuming a non-inferiority threshold 

of 0.667, an expected agreement of 0.735, a standard deviation 

of 0.15, and a one-sided alpha of 0.05. Accounting for a 10 per 

cent dropout rate, the enrollment target was 41 records . Each

subject contributed up to three nights of data,making 15 subjects

sufficient to achieve the required number of analyzable records.

While the sample size was powered for non-inferiority, the main

results (e.g. correlation, intraclass correlation coefficient [ICC])

are descriptive and do not involve formal hypothesis testing. All

other statistical tests are two-tailed unless otherwise noted.

Study endpoints 
Outcome measures for the primary objectives described above 

were: 

(1) Usability: System Usability Scale (SUS): means, standard 

deviations, frequencies, and scores of the SUS questionnaire 

are presented using descriptive statistics. SUS is described

below.

(2) Stability: Correlation between TST measured by Waveband 

versus WP1, on each of the three nights of recordings.

(3) Quality: Percentage of acceptable recordings as assessed by 

the formal grading system developed by Leac h et al. for

identification of sleep physiological signals [16]. The grading 

system is described in detail below.

Outcome measures for the exploratory objectives described 

above were: 

(1) Quantitative user feedback: means, standard deviations, fre-

quencies, and percentages of detailed questionnaire results

used as descriptive statistics.

(2) Qualitative user feedback: end-users’ perceptions regarding 

Waveband usability obtained after content analysis of the 

transcription of the individual debriefing interviews.

(3) Night-to-night variability: correlation of the intra-subject

inter-nights �TST measured with the Wav eband and WP1.

Eligibility criteria 

Subjects were eligible to participate if they met all of the following 

criteria: (1) between the ages of 22 and 70 years (inclusive), (2) 

under the care of a sleep physician for diagnosed or suspected 

insomnia, (3) had a Wi-Fi connection at home, (4) had a smart-

phone to install an app required for the study (the Waveband 

phone app), (5) self-reported no drug or alcohol consumption 24 h

before the start of recording, (6) agreed to abstain from drugs and

alcohol during the 3 days of measurement, and (7) able to read,

understand, and sign an informed consent form.
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Subjects were excluded for any of the following conditions: (1) 

BMI≥ 40; (2) sleep apnea treated with Continuous Positive Airway 

Pressure (CPAP); (3) currently enrolled in a clinical trial of any 

investigational drug; (4) head circumference< 53 cm or device

fitting issues as determined during training; and (5) shift worker

or subject working unusual hours. All participants maintained

overnight sleep schedules.

The target sample size was 15 subjects, with 45 total nights to 

reach a threshold of at least 37 good quality recordings. Detailed 

study pro tocols are included as Appendices 1 and 2. A study flow

diagram is shown in Figure S1. 

Study dur ation
The total enrollment period was 20 days, including the 10 days for 

shipping the devices. Individual subjects were recorded at their 

home for three nights wearing Waveband and a simultaneously

worn WP1.

Study procedures 
Subjects were identified via three routes: by the Principal Inves-

tigator and Dreem Sleep Clinic of California clinical team; by 

referrals from the Principal Investigator and DSC clinical team 

colleagues in other private practices in California; and by adver-

tising on social media for people who had experienced difficulty 

sleeping and insomnia symptoms. Subjects were identified and

contacted by Dreem Sleep Clinic of California clinicians before

being screened by the Principal Investigator (PI) or their designee

for confirming recruitment eligibility. To enroll, subjects had to

give informed written consent.

Enrollment in the study required subjects to self-operate the 

Waveband and WP1 devices. Both devices were shipped to sub-

jects, and subjects were asked to download device apps onto their 

phones. Training was provided via video conference to ensure 

subjects understood how to set up both devices in the context of

the study. The training session also allowed the trainer to verify

that Waveband fit the subjects’ head.

Subjects underwent three consecutive nights of Waveband 

and WP1 sleep assessment. During these three nights, subjects 

were asked to set up and use the devices autonomously. Sub-

jects were allowed to do quiet activities (reading, film watching, 

chatting) but to instructed to start WP1 recording, followed by 

Waveband immediately before going to sleep. Subjects were per-

mitted to sleep freely, and there was no prescribed sleep onset 

time, although all participants. Subjects were instructed to start 

recording with both devices just prior to sleep, which was esti-

mated to take approximately 10 min. Subjects were instructed to 

stop recordings uponwaking in themorning,without requirement 

for minimum time in bed or minimum recording duration. This 

procedurewas repeated for the three consecutive nights of assess-

ments. Daytime recording was not evaluated, including naps (if 

an y, which were not explicitly forbidden or regulated). While

alcohol and recreational drugs were to be avoided during the

study, caffeine use was not restricted. At the end of each of these

three nights, subjects were asked to ship back the Waveband and

a telehealth interview was organized to collect user feedback and

administer System Usability Scale questionnaires. WP1 devices

did not have to be returned.

WP1 data quality was assessed using built-in device quality 

flags and recording completeness, as provided in the device export 

summary. Only nights in which WP1 recorded a full session 

without interruption and produced a valid sleep report were 

considered analyzable. Nights with device failure (e.g. incomplete 

recordings, missing outputs, or failure to generate a sleep report)

were excluded from analysis. WP1 data were not manually edited

or scored.

Waveband raw data were de-identified and saved on a secure 

server. The Waveband and WP1 devices were synchronized by 

aligning the start and end times of each recording based on times-

tamps recorded by the respective device apps. Time alignment 

was confirmed during preprocessing by visually inspecting the 

signal traces and sleep metrics (e.g. movement onset, sleep onset) 

to verify parallel trends. A difference of more than 2 min between

the recorded durations or clear signal desynchrony was used as

a threshold for exclusion. No recordings included in the analysis

exceeded this threshold.

Study devices 
The Waveband device is shown in Figure 1 with corresponding 10– 

20 EEG electrode positions as noted. The device is a wireless dry-

electrode system which acquires, transmits, displays, and stores 

EEG records to produce automatic sleep staging. The Waveband 

headband records two types of physiological signals: (1) brain 

activity via dry electrode electroencephalography sensors (EEG), 

and (2) movements via a 3D accelerometer. An audio system 

delivering sounds via a bone conduction speaker is integrated in 

the frontal band but was not used in this study. The Waveband is 

composed of foamand fabricwith an elastic band behind the head 

making it adjustable such that it is tight enough to be secure, but

loose enough tominimize discomfort. The EEG signal is measured

by two electrodes in the frontal band (frontotemporal positions

correlating to F7 and F8) and two at the back of the head (occipital

positions O1 and O2). The 3D accelerometer is embedded in the

top part of the headband.

The WatchPat ONE (FDA cleared K183559), WP1: The WP1 

device is a non-invasive home sleep assessment device for use 

with patients suspected of having sleep-related breathing disor-

ders. WP1 is a diagnostic aid for the detection of sleep-related 

breathing disorders, sleep staging (Rapid Eye Movement (REM) 

Sleep, Light Sleep, Deep Sleep, and Wake), snoring level, and

body position. It records several parameters, including PAT signal,

pulse oximetry, and actigraphy. It uses actigraphy to provide a

measurement of TST.

EEG data 

EEG data were stored as European Data Format (EDF) files. The 

EEG data were recorded using the Waveband dry-EEG electrodes, 

which outputs data from the following bipolar channels: F7-O1, 

F8-O2, F7-F8, F7-O2, F8-O1. All recordings included in the Livie-1 

study were analyzed (originally excluded data from Livie-1 were 

from subjects who removed the device during the night, subjects 

who were found to have an exclusionary medical condition, and 

a subject whose data w as deemed uninterpretable for automated

staging). Two recordings were included in this study that were not

included in the original Livie-1 analysis because the WP1 failed.

These two recordings were included here because WP1 data were

not required for all analyses.

Signal quality was assessed using an established grading sys-

tem for identification of sleep physiological signals, including 

differentiating valid signals from signals with artifact which may

impede identification of sleep stages [16]. The protocol was per-

formed by manual review and grading of epochs from EEG record-

ings tak en using the Waveband during the Livie-1 study.

Sleep recordings (EDF files) were uploaded to Noxturnal Sleep 

Scoring software (6.0.2) to enable viewing and labeling of data for 

each 30 s epoch, aligning with segments that would have been

scored for sleep. Each expert was instructed on how to load the

https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpag001#supplementary-data
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Figure 1. Waveband and its sensors .

data, adjust the filters and display, score the data, export the 

labels, and upload and email the scoring file. EDF files were stored 

in an access-controlled folder. The first and last 10 min of each 

nightwere discarded fromeach recording, based on the prescribed 

anal ysis plan and estimates of the amount of time required for a

subject to apply and activate or stop both devices.

Three qualified expert reviewers independently assessed the 

data. Expert reviewers had to have one or more of the following 

three qualifications: (1) board-certified neurologists trained in 

EEG assessment, (2) EEG tec hnologists qualified to score EEG data,

and (3) sleep technologists qualified to score EEG data.

Reviewers labeled each 30 s EEG epoch as unscorable (1) or 

scor able (2), defined as:

• Unscorable (1)—Artifact was so extensive as to make that 30-

s epoch clinically unusable (data could not be used to score

the sleep stage).

• Scorable (2)—Artifacts may or may not have been present 

but did not limit the ability to sleep stage the epoch. This 

could include brief artifacts, artifacts affecting only a subset 

of channels, or a combination of brief and spatially limited 

artifact. If, based on assessment by the expert, the epoc h

could be sleep scored despite presence of artifact, it was con-

sidered scorable even if artifact was severe on some channels

or intermittent on all channels.

Starting at Epoch #1, grading data quality was performed as 

follows. The high pass filter was set to 0.3 Hz. The low pass 

filter was then set to 35 Hz. Number pad key “1” was entered for

unscorable data and number pad key “2” for scorable EEG. Labels

were exported to an excel spreadsheet.

Scorability assessments were limited to determining whether 

EEG epochs were of sufficient quality to allow scoring, but manual 

sleep staging was not performed in this study (this was performed 

with PSG as the gold standard in the Octave-3 study, reported

separately). Automated sleep stagingwas not otherwise evaluated

in this analysis.

Patient reported outcomes
The usability of Waveband was assessed by the System Usability

Scale (SUS) questionnaire [17, 18]  (Table S1) and presented to each 

subject during an end-of-the study interview. SUS is based on 

10 standard questions that can be adapted to suit the system 

evaluated. SUS was historically developed to determine how users 

perceive the ease of use of software. It is now commonly used to 

assess usability of hardware and software products and product 

interfaces. It consists of 10 statements based on a Likert scale, 

each with five possible answers ranging from complete rejection 

to complete agreement: from 1= strongly disagree to 5= strongly 

agree. Responses to each question are summed using a weighted 

scale to provide scores ranging from 0 to 100 (higher scores indi-

cating greater usability). Generally, systems in early development

may expect to have a rating of 30, while more mature systems

should rate 60–80. A SUS score above 68 shows that the device’s

usability is above average. SUS has demonstrated high reliability

and validity for assessing medical software [17, 18]. 

A debriefing interview aimed to collect users’ perspectives 

and perceptions on the device, complementing task fulfillment 

observations. Participants were asked to complete a secondary 

usability questionnaire aiming at collecting detailed feedbac k on

specific tasks of Waveband intended use, including unboxing,

setting up, launching, and stopping a recording (Table S 2). 

Adverse events 
Adverse events (AEs) (defined in the Livie-1 protocol, Appendix 

1) were recorded, and characterized by type, severity, seriousness, 

and relationship to the device. AEs and serious adverse events 

(SAEs) w ere defined in the detailed study protocol prior to study

initiation. The list of AEs is presented in Table S3.  No  SAEs  were  

reported. No further treatment o f AEs was required.

Statistical anal ysis
Statistical analysis sets. The Evaluable Population was defined 

as all study participants who signed the informed consent,met all 

screening criteria, enrolled, and had data collected from both 

Waveband andWP1 that passed a data upload quality assessment 

on the same night and completed the final interview. The Evalu-

able Population was used for all summaries and analyses.

Overview of statistical analyses. Descriptive statistics for cat-

egorical variables include the number and percent of study par-

ticipants with each characteristic. Correlation between Wave-

band and WP1 TST was assessed using Pearson’s correlation 

coefficient. Agreement was further evaluated using the two-way

mixed-effects ICC for absolute agreement. Confidence intervals

https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpag001#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpag001#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpag001#supplementary-data
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for both metrics were calculated using a nonparametric bootstrap

procedure.

Demographic and baseline characteristic data summarization 

are provided, including study site, gender, race, age, BMI, and 

baseline characteristics related to medical history. Percentages 

are based on the number of study participants with non-missing 

values. A tabulation of the disposition of study participants is pro-

vided, including the number enrolled, the number assessed, and 

the reasons for study discontinuation.TSTwas summarized using 

descriptive statistics for each of Waveband and WP1 records. 

Incidence of AEs leading to early discontinuation of study partici-

pation is also presented. Means, standard deviations, frequencies, 

and scores of the SUS questionnaire are presented as descriptive

statistics. Confidence intervals for performance statistics were

calculated where relevant by bootstrapping. Sample size calcula-

tions were generated to achieve 80 per cent power to detect non-

inferiority for agreement on awake segments (adjusted to account

for three nights of recording and a 10 per cent dropout rate).

Scorability analysis. The statistical analysis was conducted on 

manually scored data. Epochs were considered of scorable quality 

if at least 2 out of 3 reviewers deemed the epoch scorable. Con-

sensus scores were tabulated as total scorable epochs and e pochs

determined to be of not scorable quality were determined for each

EDF representing a night of sleep for each subject.

An acceptance criterion of 90 per cent of all recordings having 

4 h total time of scorable epochswas then applied to the data. This 

aligns with American Academy of Sleep Medicine PSG guidelines 

for a minimum of 4 h of data. Given that Waveband is intended 

for multiple night recording, at a 90 per cent success rate, we 

w ould expect independently distributed artifact and recording

errors would result in a <1 per cent failure rate if used for two

or more nights.

Note that all EEG epochs from each available recording were 

graded as scorable or unscorable by expert reviewers. The primary 

signal quality analysis computed the percentage of scorable 

epochs per night. This analysis included all recordings with 

usableWaveband data, regardless of overall quality. Separately,we 

reported the proportion of nights meeting a minimum threshold

of 4 h of scorable data, based on AASM PSG guidelines, to assess

clinical utility.

Results 

Fifteen subjects with confirmed insomnia symptoms were 

enrolled. Fourteen completed the whole study (three consecutive 

nights of measurement, end of study questionnaire) while 1 

subject completed two nights of measurement and the end of 

study questionnaire. Of the 14 subjects completing three nights, 

1 was excluded due to a finding of sev ere OSA, 3 failed to activate

theWaveband headband on one night. This resulted in 10 subjects

with three nights of recording and 3 subjects with three nights of

recording.

Demographics are shown in Table 1. Subjects averaged 

52.6 years in age (range 28 to 65) and were predominantly female 

(5 [33.3 per cent] were males and 10 [66.6 per cent] were females,

consistent with the demographics of insomnia).

Of those 15 subjects there were 45 possible nights; of which 34 

recordings were included in the analysis set. Reasons for exclud-

ing records included incidental findings of severe obstructive 

sleep apnea (subject LVS014, excluded due to based on protocol, 

three nights excluded), subject withdrawal (LVS016, who with-

drew, two nightswith low quality data excluded and last nightwas 

Table 1. Demographic data on the e valuable population 

Parameter (unit) Statistics/ 

ca tegory 

All evaluable 

subjects ( N = 15)

Age (years) Mean± SD 52.6±10.9 

Median 54.0 

Min; Max 28.0; 65.0 

Sex Female n (%) 10 (66.6) 

Male n (%) 5 (33.3) 

Ethnicity White n (%) 9 (60.0) 

Asian n (%) 3 (20.0) 

Hispanic n (%) 1 (6.6) 

Black n (%) 2 (13.3) 

BMI Mean± SD 26.0±4.4 

Median 25.6 

Min; Max 19.9; 34.2 

not recorded),missingWP1 data (LVS008 night 1 and LVS010 night

3), and missing Waveband data (LVS007 night 3, LVS010 night 1,

and LVS011 night 1). These are detailed in Table S4, and recordings 

included in the dataset are shown in Table 3. Therefore,missed or 

lost Waveband nights accounted for 3/45 nights, and missed o r

lost WP1 nights accounted for 2/45 nights.

Stability primary analysis: Correlation between TST 
between WP1 and Waveband
We first analyzed stability and robustness of Waveband data 

collection, by calculating the correlation between TST measured 

by the Waveband and WP1 on each of the three-night recordings. 

Over the 34 records, the average TST recorded by the Waveband

was 419.2 min (std=73.6), and the average TST recorded by WP1

was 407.4 min (std=64.3).

A Bland–Altman analysis was performed to quantify agree-

ment in TST between Waveband and WP1 across all r ecorded

nights (34 nights from 13 subjects), as shown in Figure 2. Overall, 

both systems tracked total sleep similarly, with small and mostly 

consistent differences. As already noted, Waveband tended to 

report slightly longer TST. The distribution of paired differences 

was approximately normal (Shapiro–Wilk W =0.96, p = .27). A 

linear mixed-effects model with random intercepts for subjects 

showed no evidence of proportional bias (β =0.02min perminTST, 

t =0.27), indicating that the mean difference between devices did 

not vary systematically with TST. The estimated fixed-effects bias 

was small (intercept = 4.9 min), although substantial between-

subject variability in bias was present (SD =33 min). To charac-

terize the variability of the differences, absolute residuals from

the bias model were regressed on average TST in a second mixed-

effects model. Thismodel revealed no statistically significant het-

eroscedasticity (β =−0.07, t =−1.27), but predicted absolute resid-

uals were converted to TST-dependent standard deviations and 

used to compute regr ession-based limits of agreement (LoA) fol-

lowing Menghini et al. [19]. The resulting LoA showed a slight nar-

rowing across the TST range, with the upper LoA decreasing mod-

estly (slope=−0.15) and the lower LoA increasing (slope=0.19). 

Empirical 2.5th and 97.5th percentiles (−65.6 to +72.1 min) were 

included as non-parametric reference limits. Overall, the analysis 

indicates that Waveband exhibits a largely constant bias relative 

to the reference, with wide but stable night-to-night variability 

and only mild TST-dependent changes in the LoA. The correla-

tion between the Waveband and the WP1 measures was 87 per

cent [95% CI: 80%, 93%], demonstrating high correlation. We also

calculated the ICC between TST recorded by the two devices. ICC

https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpag001#supplementary-data
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Figure 2. Bland–Altman plot comparing total sleep time (TST) between waveband and WP1. Differences (waveband−WP1) are plotted against average 

TST. The solid line shows the estimated mean bias, and dashed lines show regression-based limits of agr eement derived from mixed-effects modeling. 
Dotted lines show the empirical 2.5th and 97.5th percentiles.

Table 2. Primary analysis—SUS score 

Parameter Statistics All evaluable 

subjects ( N=15) 

SUS score n 15 

Mean± SD 

Median 

Min; Max 

69.67±18.02 

72.5 

35.0; 92.5 

reached 85 per cent with a 5 per cent lower bound confidence 

interv al of 69 per cent indicating moderate agreement.

Stability secondary analysis: �Total sleep time between 
WP1 and Waveband
The secondary stability analysis assessed the within-subject 

night-to-night variability in TST, calculated separately for 

Waveband andWP1. For each subject,we computed the difference 

in TST between consecutive nights (e.g. Night 1–Night 2 and 

Night 2–Night 3) for each device. Across 29 such pairs of nights,

the average �TST w as −4.03 min (std = 67.8) for Wa veband and

−4.40 min (std = 69.2) for WP1, indicating similar night-to-night 

variability. The correlation between the �TST values derived from 

each device was 91.6 per cent, and the ICC was 91.9 per cent, 

suggesting strong agreement in capturing inter-night variability.

Usability 

The average SUS score of the Waveband in the evaluable popu-

lation was 69.7± 18.0, with a minimum SUS scor e value of 35.0

and a maximum score of 92.5 (Table 2). Thus, Waveband met the 

primary usability outcome of the Livie-1 study (SUS≥ 68).

Exploratory usability analysis: Quantitative and qualitative 
user feedback. We next investigated additional user feedback, 

both qualitative and quantitative. We focused especially on 

responses from subjects who did not consider the device to 

have good usability, to understand what could be improved to 

increase the user experience, and to understand if concerns 

raised impact the overall safety and effectiveness of the device.

To differentiate between usability issues related to hardware,

software, or to the entire system, detailed questionnaires

were presented to the subjects, as described in Materials and

Methods.

Usability feedback. No issues were reported related to unboxing 

the device and identification of the detachable components (bat-

tery and size adjusters). However, 33 per cent of subjects reported 

the instructions provided w ere not sufficient, and 13 per cent

reported issues with understanding how to charge the device and

transfer data.

As the associated phone app provided complementary instruc-

tions, including a step-by-step tutorial showing how to set up the 

device and position it, we next analyzed whether these comple-

mentary instructions allowed effective use of the device. Twenty 

six per cent of subjects reported they didn’t understand the 

information provided by the mobile app. However, the first steps 

of the Headband’s configuration and tutorial (downloading the

app, login, pairing, and Wi-Fi set-up) were correctly understood

by most participants, with only 26 per cent of participants having

issues starting and stopping a recording from the app.

No issue was raised regarding how to wear the Waveband

headband.

Eighty six per cent of participants were able to set up the 

system in <15 min.Most participants reported no issue in remem-

bering how to use the system.Eighty seven per cent of participants 

reported no objections to using Waveband longer than three 

nights.One participant (6 per cent) raised concerns about comfort.

This participant decided to stop the measurement period after

two nights of recording.
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Investigation of AEs
There were two reports of AEs related to participant discomfort 

using the study devices. One participant reported she experienced 

pain in her finger in the middle of the night and had to take off 

the WP1 device to sleep. The pain resolved by morning and the 

event has therefore classified as mild. The participant pursued 

the study the next night using the WP1 on another finger, without 

further incident. A second participant reported a headache the

morning after wearing the headband; this event was described in

the preceding section. The severity of the event was reported as

mild since the headache disappeared a few hours after waking up.

Signal quality: Primary analysis
We recruited three expert reviewers to perform signal quality 

assessments: (1) Jay Pathmanathan, MD, PhD (board certified in 

neurology, clinical neurophysiology [EEG]), and actively licensed 

in Massachusetts and Pennsylvania, with 18 years in neurology 

practice; (2) Kristy Nordstrom, C.LTM, R.EEG.T is a registered 

EEG Technologist with 18 years of experience at Massachusetts

General Hospital; and (3) Mason Harris, RPSGT, a registered PSG

technologist with 10 years of experience.

The shortest total recording was 381.5 min (about 6 h), and the 

longest was 629min (∼10.5 h).Hundred per cent of recordingsmet 

the acceptance criterion of 4 h total time of scorable epochs with 

an average of 7.6 h scorable data per night recorded. Results are

summarized in Table 3. Excluded recordings are summarized in

Tables S4 (for Livie-1) and S5 (for Li vie-2).

Exploratory analyses: Signal quality
Additional supportive analyses were conducted to assess consis-

tency of the scoring guidelines when applied by each reviewer a nd

whether data quality was stable over the course of the night.

Pairwise agreement between each pair of scorers (proportion 

of epochs on which two scorers agreed) was: scorer 1 versus 2, 

agreement (95%CI): 96.4% (94.9%, 97.4%); 1 versus 3: 88.1% (83.1%, 

91.7%), 2 versus 3: 87.3% (82.3%, 90.9%), yielding an average

pairwise agreement of 90.6.

To assess whether Waveband signal quality could systemically 

vary over the course of the night, we compared the percentage 

of scorable epochs during the first half of each night to the 

percentage of scorable epochs during the second half of each

night. The average difference between the first and second half of

the night was −0.28 per cent [95% CI: −2.21%, 1.52%]. Therefore, 

these data do not support a difference in scor ability based on

either half of the night.

Discussion 

This study provides evidence supporting the usability and fea-

sibility of operating the Waveband EEG headband system in the 

home environment (without technologist oversight). The findings 

demonstrate that the device has good usability, shows stability 

acr oss nights comparable to an established home sleep testing

device, and provides EEG signals of sufficient quality for both

manual and automated sleep scoring.

A key goal was to test stability of the Waveband data collection 

for home use over multiple nights. High correlation was observed 

between the devices for TST across the three study nights. Both 

devices also showed comparable night-to-night variability in TST. 

This analysis showed high agreement between Waveband and 

WP1 in TST across three nights. However, this correlation reflects 

both consistency in participant sleep patterns and the devices’ 

Table 3. Percentage of scorable epochs. Each recording is shown 
with the percent scorable epochs, total minutes deemed 
scorable by at least two reviewers, and total r ecording d uration

Subject % Epochs scorable Scorable (min) Total ( min) 

LVS001-1 91.43% 485.5 531.0 

LVS001-2 89.27% 478.5 536.0 

LVS001-3 99.53% 532.5 535.0 

LVS002-1 99.43% 523 526.0 

LVS002-2 99.16% 528.5 533.0 

LVS002-3 99.26% 540 544.0 

LVS003-1 100.00% 457.5 457.5 

LVS003-2 96.74% 460 475.5 

LVS003-3 98.50% 559 567.5 

LVS004-1 100.00% 456.5 456.5 

LVS004-2 97.87% 437.5 447.0 

LVS004-3 99.53% 426.5 428.5 

LVS006-1 98.29% 461 469.0 

LVS006-2 96.14% 423 440.0 

LVS006-3 95.41% 364 381.5 

LVS007-1 95.74% 382.5 399.5 

LVS007-2 97.74% 410 419.5 

LVS008-2 98.89% 489.5 495.0 

LVS008-3 98.64% 578.5 586.5 

LVS009-1 92.98% 477 513.0 

LVS009-2 88.14% 412.5 468.0 

LVS009-3 93.26% 450 482.5 

LVS010-2 86.09% 541.5 629.0 

LVS011-1 86.07% 358.5 416.5 

LVS011-2 92.84% 408.5 440.0 

LVS012-1 98.03% 523.5 534.0 

LVS012-2 99.32% 436.5 439.5 

LVS012-3 99.55% 446.5 448.5 

LVS013-1 99.76% 419.5 420.5 

LVS013-2 97.45% 401 411.5 

LVS013-3 99.88% 414.5 415.0 

LVS015-1 98.04% 424.5 433.0 

LVS015-2 98.99% 442.5 447.0 

LVS015-3 98.97% 432 436.5 

Average 96.50% 458.3 475.4 

Median 98.17% 448.25 457 

Standard 

de viation 

3.98% 55.9 59.0 

Minimum 86.07% 358.5 381.5 

Maximum 100% 578.5 629.0 

ability to detect those patterns. Thus, while these results support

the utility of Waveband for multi-night homemonitoring, they do

not isolate test–retest reliability of the device itself in a population

with highly variable sleep.

We also found that patients found Waveband usable. The high 

average usability (SUS) score indicates overall good usability of 

Waveband. This met the pre-specified threshold for adequate 

usability . The score is also comparable to published SUS scores for

other consumer sleep tracking devices [20, 21]. Further analysis 

of user feedback identified specific areas that could be improved 

in future iterations, including enhancing the LED light indicators, 

refining app instructions for starting/stopping recordings, and 

providing more guided setup instructions for first-time users. 

Notably, participants in this study received no hands-on training 

with either device, instead receiving video teleconference and 

app-based training. Critically however, no issues were reported

regarding device safety, and most participants were able to effec-

tively use the system after one night of accommodation.

https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpag001#supplementary-data
https://academic.oup.com/sleepadvances/article-lookup/doi/10.1093/sleepadvances/zpag001#supplementary-data
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It must be noted that this study chose the WP1 system as 

comparator to assess TST acquired in the home setting.WP1 is not 

intended to evaluate insomnia, but the device has FDA clearance 

to evaluate wake, light sleep, deep sleep, and REM sleep stages for 

the detection of sleep-related breathing disorders. Because it can 

therefore evaluate TST, and is easy to use in the home setting, it 

was chosen as the reference for data quality and sleep evaluation. 

Importantly, many other sleep metrics are of critical importance. 

However, to evaluate the performance of the Waveband EEG 

headband in evaluation of sleep stage derived metrics we have 

conducted a separate study (Octave-3) comparing performance 

to the clinical gold standard of in-lab PSG. Those results are

reported separately (Octave-3 reference is in submission, will be

cited here, or this will be removed if submission incomplete).

Additionally, the Dreem headband (a precursor of the Waveband

device) was previously compared to PSG and found to have excel-

lent sleep staging concordance [11]. This study was focused solely 

on usability of the Waveband device in the home setting and fea-

sibility of participants to collect high quality data longitudinally 

without technologist support—deferring detailed sleep staging

performance to the Octave-3 study. However, note that Beau et al.

[15] compared Dreem 3 to in-lab PSG in insomnia patients and 

examined TST, sleep latency, wake after sleep onset, and sleep 

stages. They found good concordance, although also noted a 

tendency to overestimate TST.We also found a consistently longer 

TST when compared to WP1, though the difference was small 

(slightly <12 min). As previously noted, a separate validation

study (Octave-3) was performed to examineWaveband versus PSG

sleep staging (Octave 3 reference, currently in submission).

Limitations of this study include an insomnia population with 

varying severity, lack of daytime data to assess for daytime naps 

(or deviation from typical nap frequency), lack of data on weekday 

versus weekend use (which may alter sleep patterns), or caffeine 

use (which was not limited or examined in this study)—changes 

to any of which may have altered typical nocturnal sleep pat-

terns. Therefore, the extent to which these factors could impact 

usability is unknown, as this study did not collect detailed infor-

mation to characterize patient’s unique insomnia presentations. 

However, in a general insomnia population Waveband demon-

strated usability and feasibility to assess sleep over multiple 

nights. Another limitation is that this study used a per-protocol 

analysis including only nights with valid data from both devices.

While appropriate for validation, this may underestimate real-

world data loss. In clinical and research settings, such loss could

require re-collection or result in missing data. Future studies

should evaluate performance under intention-to-treat conditions

and insomnia subpopulations. Nevertheless, all 15 participants

who enrolled completed the SUS survey and are included. Thus,

the impact of any selection bias is likely minimal for usability

metrics.

The detailed signal quality analysis provides validation that 

the quality of Waveband EEG data is sufficient for accurate sleep 

scoring. Nearly all epochs met quality standards for scorability 

when rated by expert technologists and neurologists. The high 

inter-rater agr eement further supports the reliability of this scor-

ing methodology. These results confirmWaveband data quality is

adequate for clinical and research use.

Conclusion 

In conclusion, this study provides evidence for the usability, sta-

bility, and signal quality of the Waveband system for at-home 

sleep monitoring. The device demonstrated good usability based 

on high average SUS scores. User feedback also indicated that 

the headband was comfortable for multi-night use and partici-

pants successfully recorded at least two nights, although feedback 

highlighted points where patient instructions could use clarifica-

tion. The device showed stability in performance across multiple 

nights, with minimal night-to-night variability in key sleep met-

rics compared to the reference device. Finally, the EEG signal qual-

ity was sufficient for manual and automated scoring, meeting

pre-specified criteria for percentage of scorable epochs. Overall,

these results support use of theWaveband system for longitudinal

EEG sleep monitoring in the home environment. The device has

the potential to advance patient care, sleep research, and clinical

trials by enabling longitudinal ambulatory sleep assessment.
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Supplementary material is available at SLEEP Adv ances online.
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