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Study Objectives: THIM is a wearable device designed to accurately estimate sleep onset. This article presents 2 studies that tested the original (study 1) and a
refined (study 2) THIM algorithm against polysomnography (PSG) for estimating sleep onset latency.
Methods:Twelve (study 1) and 20 (study 2) individuals slept in the laboratory on 2 nights where participants underwent THIM-administered sleep onset trials with
simultaneous PSG recording. Participants attempted to fall asleep while using THIM, which woke them once it determined sleep onset.
Results: In study 1, there was no significant difference betweenPSG (mean =1.94minutes, SD=1.32) and THIM sleep onset latency (mean =2.05minutes, SD=
1.38) on the first or second night (P >.07). There were moderate correlations between PSG and THIM on both nights [r(s) > .57, P <.001]. In 23.74% of trials, PSG
sleep onset could not be determined before THIM ended the trial. With a revised THIM algorithm in study 2, there was no significant difference between PSG
(mean = 3.41 minutes, SD = 2.21) and THIM sleep onset latency (mean = 3.65 minutes, SD = 2.18) (P =.25). There was strong correspondence between the two
devices [r(s) > .73, P < .001], narrow levels of agreement on Bland-Altman plots, and significantly fewer trials where PSG sleep onset had not occurred (10.24%),
P = .04.
Conclusions: THIM showed a high degree of correspondence and agreement with PSG for estimating sleep onset latency. Future research will investigate
whether THIM is accurate with an insomnia sample for clinical purposes.
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BRIEF SUMMARY
CurrentKnowledge/StudyRationale:Monitoring the onset of sleep outside of the laboratory setting is required formany purposes, yet there are few simple
objective methods available. Here, we discuss the accuracy of a new wearable device called THIM.
Study Impact: The revised version of the THIM algorithm showed high agreement with the gold-standardmeasure of sleep, polysomnography, on a number
of indices. Further research is required to examine the accuracy of THIM with individuals with insomnia to inform its clinical utility for administering a brief
(24-hour) but effective behavioral treatment for insomnia, once restricted to the sleep laboratory, in the home environment.

INTRODUCTION

Accurate assessment of sleep onset latency (SOL) is required for
a variety of research and clinical purposes. For instance, In-
tensive Sleep Retraining is a behavioral treatment for chronic
insomnia that involves repeatedly falling asleep and waking up
shortly thereafter over the course of one overnight session.1,2

Additionally, brief daytime sleep episodes such as power naps
or sleep diagnostic tests such as theMultiple Sleep Latency Test
involve achieving a precise amount of sleep.3,4 These purposes
require the accurate detection of sleep onset so that the indi-
vidual can be awoken after the appropriate duration of sleep.
Yet, the accurate estimation of sleep onset in the home envi-
ronment is difficult, with the accuracy of popular actigraphy-
based wearable devices varying widely across individuals.5

This limits the translation of these purposes beyond the sleep
laboratory. The current article investigated the accuracy of a
newwearable device for estimating SOL, which may be used to
implement these purposes outside the laboratory setting.

THIM is a newconsumer sleep device developed byRe-Time
Pty Ltd Adelaide, South Australia, Australia, that is worn like a
ring.6 To estimate SOL, THIM administers brief, low-intensity
vibrationsat intervals averaging30secondsapart.The individual is
required to respond to the vibrations by tapping theirfinger.When
the individual does not respond to two consecutive vibrations, the
device infers that they have fallen asleep. Thus, the device can
estimate sleep onset in real time shortly after it occurs. THIM can
also be programmed to wake the individual after a prespecified
duration of sleep. THIM was designed to administer Intensive
SleepRetraining (ISR) andmaybecapable ofadministeringpower
naps and daytime diagnostic tests (eg, the Multiple Sleep Latency
Test) outside of the laboratory setting, without the need for ex-
pensive equipment or trained individuals to set up, administer, or
score the data. However, the accuracy of THIM for estimating
sleep onset is currently unknown and must be tested to ensure that
the device can conduct these applications appropriately.

THIM uses the stimulus-response method to estimate sleep
onset. The scoring criteria for polysomnography (PSG) was
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developed in part by examining electroencephalography (EEG)
changes that occur with the cessation of behavioral responses to
external stimuli.7,8 Hence, this behavioral method of estimating
sleep onset corresponds highly with PSG-defined sleep onset,
with responses to stimuli typically ceasing between late-N1
sleep and N2 sleep onset.9,10

While similar devices using the stimulus-response method
are accurate for estimating SOL,11,12 THIM differs from pre-
viously tested devices in ways that may affect its accuracy.
Devices tested in previous research have typically administered
auditory stimuli perceived through the auditory perception
pathway,13 whereas vibratory stimuli emitted from THIM are
perceived through the somatosensory system.14,15 Whether
these pathways show similar inhibition across the sleep onset
period is currently unknown. MacLean and colleagues16 tested
the discrepancy between PSG sleep onset and behavioral re-
sponses (depression of a switch) to a hand-held device that
administered vibratory stimuli. The authors found no significant
differences between PSG and the hand-held device for esti-
mating SOL.However, the vibratory stimuli were not calibrated
to aminimally perceptible level: the vibrationswere delivered at
5 SDs above the participant’s waking threshold. Therefore,
responsiveness to minimal intensity tactile stimuli—as utilized
by THIM—during the sleep onset period is yet to be tested.

A potential, currently untested limitation of devices that use
the stimulus-response method is the effect of learning on the
device’s accuracy. When using THIM, finger-tap responses are
elicited frequently in response to vibratory stimuli. Over re-
peated use, thefinger tapsmay become an automatic response to
stimuli that the individual could produce without conscious
awareness of the stimuli occurring. Under classical condi-
tioning theory, the finger-tap response would become a con-
ditioned response to the vibratory stimuli after many paired
repetitions over time. This would be problematic if the con-
ditionedfinger-tap response could occur during deeper stages of
sleep, potentially causing THIM to increasingly overestimate
SOL with repeated use.

The current article summarizes the development of the THIM
device for estimating SOL in comparison to the gold-standard
objectivemeasure of sleep, PSG. Two studies will be presented.
The aim of the first study was to test the accuracy of the initial
THIM algorithm for estimating SOL in healthy individuals. The
findings informed modifications to the algorithm, with the aim
of the second study to assess the accuracy of the revised THIM
algorithm in a larger independent sample. We also conducted
secondary analyses to determinewhether the accuracy of THIM
is affected by previous use—indicative of potential learning
effects. Additionally, we examined whether the accuracy of
THIM varies between individuals with good or poor sleep, with
a sample that represented the variability in sleep patterns found
in the general population.

STUDY 1: METHODS

Participants
Ethical approval was obtained from the Flinders University
Social and Behavioral Research Ethics Committee, South

Australia. Potential participants were recruited via advertise-
ments on community noticeboards and social media. Eligibility
criteria were as follows: self-reported average habitual bedtime
between 22:00 and 00:00 and wake-up time between 06:00 and
08:00; fluent in English; no diagnosis of a physical or mental
health condition; no active nicotine or illicit substance use or
alcohol (>10 standard drinks/week) or caffeine (>250 mg/day)
dependence; no consumption ofmedications known to interfere
with sleep; no overnight shift work or trans-meridian travel
within the last 2months; and not pregnant or lactating. Screening
questionnaires comprised the Insomnia Severity Index (ISI)17

and the Pittsburgh Sleep Quality Index18 to assess sleep
schedules and insomnia symptomology, as well as a health and
lifestyle questionnaire to assess physical and mental health
conditions, medication use, caffeine/alcohol/nicotine consumption,
and recent overseas travel.

Thirteen healthy individuals met the eligibility criteria, but
one participant withdrew after participating in night 1. The final
sample comprised 12 individuals (see Table 1 for participant
characteristics information). Scores on the ISI indicated that 5
participants had subthreshold levels of insomnia and were
categorized as poor sleepers (ISI score ≥7), and 7 were good
sleepers (ISI score <7).

Materials

Polysomnography

PSG was recorded using Compumedics Grael 4K PSG:EEG
devices (Compumedics, Victoria, Australia). Six EEG (F3-M2,
F4-M1, C3-M2, C4-M1, O1-M2, O2-M1), reference and
ground, right and left electrooculography, chin electromy-
ography, and electrocardiography sites were sampled at
256 Hz. PSG data were scored using Profusion Compume-
dics software (version 4; Charlotte, NC) by a qualified, in-
dependent sleep technician. In accordance with American
Academy of Sleep Medicine scoring criteria,19 PSG-SOLwas
defined as the time between the start of the attempt to sleep
(beginning of the sleep onset trial) and the first epoch of any
stage of sleep during the trial (most commonly, the beginning of
N1 sleep).

THIM

THIM (firmware version 1.0.3) is a small, ring-like device worn on
the indexfingerof thedominanthand.THIMcomeswith4different-
sized ring bands so that the device can fit securely onto fingers of
almost all sizes. To set up THIM, the device was connected via
Bluetooth to the accompanying smartphone application (version
1.0.1)usinganApple iPhone5smodel (iOS8.0).Participants started
a sleep onset trial by tapping their index finger onwhich THIMwas
placed onto their thumb, twice in quick succession (see Figure 1).
During the trials, the device emitted low-intensity, short-
duration vibratory stimuli at nonregular intervals (averaging 30
seconds apart). The intensity of the vibrations was individually
calibrated to the minimum level that the participant could
consistently respond towhile awake using the threshold hunting
procedure outlined in the THIM smartphone application. Par-
ticipants were required to respond to the vibratory stimuli by
tapping their index finger once onto their thumb, with responses
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detected by the device’s accelerometer. If participants failed
to respond to 2 consecutive vibratory stimuli, the device
inferred that sleep onset had occurred and it emitted a high-
intensity alarm vibration to wake them up, signaling the end
of the trial. Shortly afterwards (approximately 1–2 minutes
later), participants attempted another trial. THIM’s estima-
tions of SOL is the time from the beginning of the trial to
slightly before the time of the first of the 2 consecutively
missed vibratory stimuli.

To monitor THIM, we mounted a small piezo-electric sensor
to the side of the THIM device using adhesive tape. This sensor
was inputted into a channel on the PSGdevice. From this sensor,
we observed 4 events of interest: vibrations emitted fromTHIM,
finger taps as responses to the vibrations, as well as the be-
ginning (the double-tap motion) and end (the high-intensity
alarm vibration) of each trial. These 4 events were scored
manually on the Profusion Compumedics software by 2 scorers
(H.S. and A.W.) and used to determine sleep onset based on the
rules of the proprietary THIM algorithm. If the events of in-
terest on the sensor data were obscured by body movements,
the trial was removed from analysis. The sensor data allowed
the PSG and THIM data to be precisely time-locked, reducing
error ofmeasurement. The interrater reliability on 10 randomly
selected nights of data exceeded 95% agreement between the
2 scorers.

Procedure

Home testing

Participants completed a sleep diary based on the Consensus
Sleep Diary20 and wore an actigraphy device (Actiwatch-2;
Philips Respironics Murrysville, Pennsylvania, United States)
every day for 1 week to monitor their sleep pattern prior
to the first laboratory night. Participants’ average bedtimes

and wake-up times were calculated from the sleep diary to
inform the timing of the study protocol. The actigraphy data
corroborated the bedtimes and wake-up times reported in the
sleep diaries.

Laboratory night 1

The first night was an adaptation night to help participants
become accustomed to sleeping in the laboratory environment
with the sleep-monitoring equipment. Participants went to bed

Figure 1—Illustration of the finger-tap motion with the
THIM device.

Table 1—Descriptive characteristics for participants in studies 1 and 2.

Study 1 (n = 12) Study 2 (n = 20) Study Comparison

Characteristics

Age, mean (SD), y 24.9 (6.1) 23.6 (4.9) t(30) = 0.68, P = .50

Sex, n (%)

Men 3 (25) 7 (35) χ(1) = 1.66, P = .20

Women 9 (75) 13 (65)

Weekly alcohol consumption, n servings (SD) 0.75 (0.97) 1.60 (1.79) t(29.80) = −1.51, P = .14

Daily caffeine consumption, n servings (SD) 1.29 (1.05) 1.89 (1.47) t(30) = −1.20, P = .24

Good Sleeper
(n = 7)

Poor Sleeper
(n = 5)

Good Sleeper
(n = 10)

Poor Sleeper
(n = 10)

Sleep characteristics

ISI, mean (SD) 2.14 (1.57) 11.00 (3.39) 2.00 (1.15) 11.70 (3.86) t(30) = −0.51, P = .62

PSQI, mean (SD) 3.26 (1.50) 7.40 (3.29) 3.10 (1.73) 8.30 (3.09) t(30) = −0.56, P = .58

Habitual bedtime, mean (SD), min 22:38 (28.44) 22:36 (31.64) 22:45 (64.58) 23:02 (68.41) t(28.93) = −1.01, P = .32

Habitual wake-up time, mean (SD), min 07:10 (24.41) 07:30 (20.42) 07:27 (61.27) 07:56 (72.23) t(26.93) = −1.47, P = .15

Habitual TST, mean (SD), h 8.11 (1.02) 7.10 (1.52) 8.05 (0.83) 7.10 (1.58) t(30) = 0.24, P = .82

ISI = Insomnia Severity Index, PSQI = Pittsburgh Sleep Quality Index, SD = standard deviation, TST = total sleep time.
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at their typical bedtime and slept overnight while monitored by
PSG and THIM. Theywere woken at their typical wake-up time
when both devices were removed, and participants left the sleep
laboratory. Participants continued to wear the Actiwatch-2
device during the subsequent day to confirm that they did not
nap prior to night 2.

Laboratory night 2

Participants arrived at the sleep laboratory at approximately
20:00 andwere set up for overnight PSG recording. The THIM
device was placed on the participants’ index finger on their
dominant hand along with a piezo-electric sensor secured to
the side of the device. After setting the vibratory stimulus in-
tensity, participants received instructions from research as-
sistants on how to operate THIM (see the supplemental material
for this procedure).

THIM-administered sleep onset trials began 1 hour prior to a
participant’s bedtime and were maintained continuously for
4 hours in total (3 hours past habitual bedtime). Compliancewas
confirmed by qualified research assistants observing partici-
pants via video recording and the THIM sensor data in real time.
OnceTHIMdetermined sleep onset during thefinal trial, instead
of emitting a high-intensity alarm vibration, the device let them
sleep uninterrupted until they spontaneously awoke in the
morning. All devices except for the Actiwatch-2 device were
removed and participants returned home.

Home testing

Between night 2 and night 3, participants completed sleep diaries
and wore the Actiwatch-2 device every day for another week.

Laboratory night 3

Participants returned to the sleep laboratory to undergo the same
testing protocol as experienced on laboratory night 2.

Data analysis
The mean PSG and THIM estimations of SOL were compared
separately for nights 2 and 3. Cohen’s d was calculated as the
mean difference in PSG and THIM estimations of SOL divided
by the pooled SD. The mean discrepancies between PSG and
THIM were calculated for each individual separately. Then,
these individual meanswere averaged together for each night so
that each individual contributed equal weighting to the overall
mean. Positive mean discrepancy values meant that THIM
overestimated SOL, whereas negative values indicated that
THIMunderestimated SOL comparedwith PSG. Paired-samples
t tests were then conducted to test whether THIM significantly
underestimated or overestimated SOL compared with PSG,
separately for both laboratory nights. Additionally, the degree
of correspondence between PSG and THIM was calculated
across all sleep onset trials using Spearman’s rank correlation
coefficients separately for nights 2 and 3.

The level of agreement between PSG and THIM was assessed
with Bland-Altman plots, which shows the discrepancy between
PSGandTHIM-SOL(y axis) against PSG-SOL (x axis) across all
trials on each night.21 This involved calculating the mean differ-
ence (bias) and the limits of agreement (±1.96 SD of the mean
difference) between these measures. Upper and lower limits of

agreement within ±5 minutes of PSG were considered ac-
ceptable, as previously defined as an acceptable criterion for
the administration of ISR with a wearable device.5 The R2

value for the linear regression line and coefficient P value are
reported in the Bland-Altman plot figures, as an indicator of
the degree of proportional bias.21 Some datapoints represent
many overlapping values.

To examine differences in the accuracy of THIM after re-
peated use, which may indicate a learning effect, a paired-
samples t test was conducted to compare the discrepancies
between PSG and THIM-SOL on night 2 vs night 3. Addi-
tionally, paired-samples t tests were conducted to compare
differences in the discrepancy between PSG and THIM-SOL on
night 2 vs night 3 for each trial (eg, on thefirst, second, third trial,
etc). To examine the impact of participants’ sleep quality on the
accuracy of THIM, an independent-samples t test was con-
ducted to determine whether the discrepancy between PSG and
THIM differed between good or poor sleepers separately for
night 2 and night 3.

STUDY 1: RESULTS

First sleep onset trial night
On laboratory night 2, there was no significant difference be-
tween themeanPSG-SOL (mean=1.94, SD=1.32minutes) and
mean THIM-SOL [mean = 2.05, SD = 1.38 minutes;
t(11) = −0.88, P = .40, d = .08]. The mean discrepancy between
PSG and THIM-SOL on this night was low (mean = 0.08, SD =
0.49 minutes). There was also a significant moderate correla-
tion between PSG and THIM-SOL across all sleep onset trials
[r(s) = .67, P < .001].

The level of agreement between PSG and THIM-SOL on
night 2 is illustrated in Figure 2. As shown by the narrow levels
of agreement, there is little variability in the discrepancy be-
tween PSG and THIM-SOL across the 411 trials. Furthermore,
the discrepancy between PSG and THIM is consistent across
trials with increasing latency duration, as indicated by the blue
trendline. Of note are data points above the upper limit of
agreement that seem to depict trials where participants were
responding to THIM’s vibratory stimuli for 5+ minutes into
PSG sleep. Closer inspection of these trials revealed that par-
ticipants did not remain asleep after the first epoch of PSG sleep
in these trials: participants were fluctuating between wake and
N1 sleep during this time.

Second sleep onset trial night
There was no significant difference between mean PSG-SOL
(mean = 1.40, SD = 0.64 minutes) and mean THIM-SOL
(mean = 2.12, SD = 1.71 minutes) on laboratory night 3
[t(11) = −2.02, P = .07]. Despite a medium effect size (d = .56),
the mean discrepancy between PSG and THIM-SOL on this
night was still relatively low (mean = 0.57, SD = 1.10 minutes).
Additionally, there was a significant moderate correlation
between PSG and THIM-SOL across all sleep onset trials
[r(s) = .57, P < .001].

Figure 3 is a Bland-Altman plot illustrating the level of
agreement between PSG and THIM-SOL across all night 3
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trials. Similar to Figure 2, the variability in the discrepancy
between PSG and THIM-SOL across 527 trials is low. Figure 3
also shows trials where participantswere responding to THIM’s
vibratory stimuli while fluctuating between wake and N1 sleep
(points above the upper limit of agreement).

Learning effects
A paired-samples t test indicated that there was no significant
difference in the mean discrepancy between PSG and THIM-
SOL on night 2 compared to night 3 [t(11) = −1.90, P = .08].
There was a medium effect size (d = .57). Paired-samples t tests
revealed no significant differences in the discrepancy between
PSG andTHIMon night 2 vs night 3 for any trial (eg, on thefirst,
second, third trial, etc) (P > .10). The accuracy of THIM
compared with PSG appears to remain high and does not sig-
nificantly decrease, even after repeated use.

Good and poor sleeper comparison
An independent-samples t test revealed that there was no sig-
nificant difference in the mean discrepancy between PSG and
THIM-SOL on night 2 for good sleepers (mean = 0.06, SD =
0.44 minutes) compared with poor sleepers (mean = 0.09, SD =
0.60 minutes) [t(10) = −0.11, P = .92, d = .08]. Similarly, there
was no significant difference in themean discrepancy on night 3
between good sleepers (mean = 0.34, SD = 0.21 minutes) and
poor sleepers (mean=0.88, SD=1.75minutes) [t(4.08) =−0.68,
P = .53], although there was a medium effect size (d = .48).
Therefore, the accuracy of THIM does not appear to differ
between good and poor sleepers.

THIM false-positive trials
Due to a slight delay between THIM sleep onset and the end of
the trial, there were some occasions where THIM under-
estimated sleep onset but PSG sleep onset was reached before

THIM ended the trial, as shown in Figure 2 and Figure 3.
However, it became apparent that there was a considerable
proportion of sleep onset trials during which PSG sleep onset
had not occurred before THIM estimated sleep onset, which
ended the trial. Because a PSG-SOL datapoint was unavailable
for those trials, and it could not be predicted, theywere excluded
from the above analyses. On average, PSG sleep onset had not
occurred in an average of 15.42 (SD = 16.22; 31.04% of night 2
trials) trials per participant on night 2 where THIM had de-
tected sleep onset. Similarly, there was an average of 8.92
“false positive” trials (SD = 9.82; 16.88%) per participant on night
3. There was no significant difference between nights 2 and 3 in the
number of false-positive trials [t(11) = 1.47, P = .17, d = .49].

There are several possible reasons for the THIM determination
ofsleeponsetwhenparticipantswere still awakeaccording toPSG.
One potential explanation is that participants did not respond to the
vibratory stimulus because they did not perceive it. However, this
was not the case for the majority of these false-positive trials.
Participants did not respond to either of the last 2 consecutive
vibratory stimuli for 28.42%of these false-positive trials onnight 2
and 42.00% of these trials on night 3. In other words, participants
had indeed responded to 1 or both of the last 2 consecutive vi-
bratory stimuli before the trial ended, but the device had not
registered the response. This was true for the majority of false-
positive trials on both night 2 (71.58%) and night 3 (58.00%).

To register as a legitimate response to vibratory stimuli,finger-tap
responseshadtomeet timingandintensitycriteria. Inorder toexclude
any spontaneous, random finger twitches, a time window following
the stimuluswas established duringwhich the response had to occur
tomeet thevalid response criterion.THIMfailed todetect 42.02%on
night 2 and48.77%onnight 3of responses that occurred just beyond
the timewindow.Therefore, amajorityof thefinger-tap responseson
night 2 and night 3 occurred within the required time window
yet were not registered by THIM. This is presumably because the

Figure 3—Bland-Altman plot indicating agreement between
PSG and THIM-SOL on night 3 for study 1 data.

The solid black line indicates the mean difference, the dotted red lines
indicate the upper and lower limits of agreement, and the dotted blue line is
the linear trendline. The R2 value and P value represent the linear re-
gression line as indicators of the degree of proportional bias. Some
datapoints represent many overlapping values. PSG = polysomnography,
SD = standard deviation, SOL = sleep onset latency.

Figure 2—Bland-Altman plot indicating agreement between
PSG and THIM-SOL on night 2 for study 1 data.

The solid black line indicates the mean difference, the dotted red
lines indicate the upper and lower limits of agreement, and the
dotted blue line is the linear trendline. The R2 value and P value
represent the linear regression line as indicators of the degree of
proportional bias. Some datapoints represent many overlapping
values. PSG = polysomnography, SD = standard deviation, SOL =
sleep onset latency.
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finger taps were not vigorous enough to exceed the accelerometer
threshold criterion required to register as a legitimate response.

STUDY 1: DISCUSSION

The aim of study 1 was to test the accuracy of THIM for es-
timating SOL against PSG. Overall, there was moderate
agreement between THIM and PSG, regardless of sleeper type
(good or poor sleeper status) and repeated use (night 2 vs night 3).
Having said this, THIM had estimated sleep onset and prema-
turely ended the trial before PSG sleep onset criteriaweremet in a
considerable number of trials. This is an issue for 2 reasons. First,
we needed to exclude these trials from analysis: 23.74% of trials
across night 2 and night 3. This undermined our ability to make
strong conclusions about the accuracy of THIM. Second, this
issue is problematic for the administration of many functions,
including ISR. If THIM determined that the patient had fallen
asleepandended the trialwhen theywere still awake, then the trial
would be a wasted retraining opportunity as, presumably, sleep
onset must occur during the trial to obtain therapeutic benefit.

Consequently, we made recommendations to the manufacturers
of THIM, Re-Time Pty Ltd, about potential modifications to the
THIM algorithm. The recommendations included reducing the
threshold accelerometer intensity required for a legitimate finger
twitchandexpanding the timewindowduringwhich sucha response
could occur to include the full distribution of reaction times to the
vibratory stimuli observed in study 1. The company incorporated
these modifications into a revised algorithm, which we tested in the
second study to determine whether the issue had been resolved.

STUDY 2: METHODS

The study design, materials, study protocol, and data analysis
plan of the second study were identical to the first study, except
that we tested the revised version of THIM (firmware version
1.0.4) with a larger, independent sample.

Participants
Participants of the second study were required to meet the same
eligibility criteria as participants in the first study. Twenty
healthy individuals met eligibility criteria and consented to
participate. The ISI scores at screening indicated that 10 par-
ticipants had subthreshold levels of insomnia and were cate-
gorized as poor sleepers (ISI score ≥7) and 10 were good
sleepers (ISI score <7). See Table 1 for participant character-
istics information and a comparison between the study 1 and
study 2 samples. There were no significant differences in the
participant characteristics between the 2 samples.

STUDY 2: RESULTS

First sleep onset trial night
One PSG recording failed due to technical error and, thus, this
night’s data are only based upon 19 participants. With the re-
vised THIM algorithm, there was still no significant difference

between PSG (mean = 3.41, SD = 2.21 minutes) and THIM
estimations of mean SOL (mean = 3.65, SD = 2.18 minutes) on
laboratory night 2 [t(18) = −1.18, P = .25, d = .11]. There was a
small mean discrepancy between the 2 measures (mean = 0.24,
SD = 0.90 minutes). There was also a significant strong cor-
relation between PSG and THIM-SOL across all sleep onset
trials [r(s) = .77, P < .001]. As shown in Figure 4, there was
strong agreement between PSG and THIM-SOL across
535 trials.

Second sleep onset trial night
Unlike night 2, on night 3 there was a significant difference
betweenPSG (mean=3.93, SD=3.32minutes) andTHIM-SOL
(mean = 4.75, SD = 3.85 minutes). THIM significantly over-
estimated SOL compared with PSG [t(19) = −2.78, P = .01,
d = .23]. However, the effect size and mean discrepancy be-
tween PSG and THIM were still low (mean = 0.82, SD =
1.31 minutes). Additionally, there was a significant strong
correlation between PSG and THIM-SOL across all sleep onset
trials [r(s) = .73, P < .001]. Figure 5 shows continued strong
agreement between PSG and THIM across 578 trials, as evi-
denced by the narrow levels of agreement.

Comparison between THIM algorithms
The goal of revising the THIM algorithm was to reduce the
number of THIM false-positive trials. With the revised algo-
rithm, there was a mean of 4.05 false-positive trials (SD = 3.76)
per participant on night 2 and 2.53 trials (SD = 2.09) per par-
ticipant on night 3, or 10.24% of trials overall. We conducted
independent-samples t tests to determine whether the issue
occurred in fewer trials with the revised THIM algorithm
compared with the original algorithm. There was a significantly
lower number of false-positive trials with the revised algorithm
compared with the original algorithm on night 2 [t(11.75) =
2.39, P = .04] and night 3 [t(11.57) = 2.24, P = .046]. The effect

Figure 4—Bland-Altman plot indicating agreement between
PSG and THIM-SOL on night 2 for study 2 data.

The solid black line indicates the mean difference, the dotted red lines
indicate the upper and lower limits of agreement, and the dotted blue line is
the linear trendline. The R2 value and P value represent the linear re-
gression line as indicators of the degree of proportional bias. Some
datapoints represent many overlapping values. PSG = polysomnography,
SD = standard deviation, SOL = sleep onset latency.

Journal of Clinical Sleep Medicine, Vol. 17, No. 5 May 1, 2021978

H Scott, A Whitelaw, A Canty, et al. Sleep onset latency measured by a wearable
D

ow
nl

oa
de

d 
fr

om
 jc

sm
.a

as
m

.o
rg

 b
y 

K
ir

st
en

 T
ay

lo
r 

on
 F

eb
ru

ar
y 

23
, 2

02
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 N

o 
ot

he
r 

us
es

 w
ith

ou
t p

er
m

is
si

on
. 

C
op

yr
ig

ht
 2

02
2 

A
m

er
ic

an
 A

ca
de

m
y 

of
 S

le
ep

 M
ed

ic
in

e.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 



sizes were large for night 2 (d = 1.09) and night 3 (d = 1.04).
Considering that the issue occurred in a smallerminority of trials
in study 2, it appears that the modifications made to the THIM
algorithm improved this issue without substantially increasing
the mean discrepancy between THIM and PSG, although the
issue was not entirely resolved.

We also conducted independent-samples t tests to determine
whether the revisedTHIMalgorithm (study 2) had a lowermean
discrepancy for estimating SOL than the original algorithm
(study 1) on night 2 and night 3. There were no significant
differences in the mean discrepancy between the original al-
gorithm or the revised algorithm on night 2 [t(30) = −1.73,
P = .10] or night 3 [t(30) = −0.68, P = .50].

Learning effects
As in study 1, there was no significant difference between the
mean discrepancy of PSG and THIM-SOL on night 2 compared
with night 3 [t(18) = −1.84, P = .08], although there was a
medium effect size (d = .51). Additional paired-samples t tests
revealed no significant differences in the discrepancy between
PSG and THIM on night 2 vs night 3 in any trial (P > .13).
Therefore, the accuracy of THIM does not appear to be sig-
nificantly reduced after repeated use.

Good and poor sleeper comparison
An independent-samples t test showed no significant difference
in themean discrepancy between PSG and THIM-SOL on night
2 for good sleepers (mean = 0.45, SD = 0.88minutes) compared
with poor sleepers (mean = 0.55, SD = 0.68 minutes)
[t(17) = −0.28, P = .78, d = .13]. Similarly, there was no sig-
nificant difference in the mean discrepancy on night 3 between
good sleepers (mean = 0.89, SD = 1.65 minutes) and poor
sleepers (mean = 0.87, SD=1.06minutes) [t(18) = 0.03,P= .98,

d= .01]. This is further evidence to suggest that sleeper type does
not affect the accuracy of THIM.

STUDY 2: DISCUSSION

The aims of both studies were to assess the accuracy of THIM
for estimating SOL compared with PSG. Study 1 tested the
original THIM algorithm and study 2 tested a THIM algorithm
that wasmodified based on the findings from study 1. In study 2,
THIM-SOL showed strong correspondence and agreementwith
PSG sleep onset evidenced by the correlations, mean dis-
crepancy tests, and Bland-Altman plots, for both good and poor
sleepers and even after repeated use (night 2 compared with
night 3). The revised THIM algorithm also improved an issue
found in study 1 where THIM estimated that sleep onset had
occurred in trials where PSG sleep onset criteria were not yet
met. While this issue still occurred in approximately 10% of
sleep onset trials with the revised algorithm, this is not thought
to be a substantial issue that would impact the use of THIM for
the device’s main purpose of administering ISR. The ISR
procedure involves 30–40 sleep onsets over the course of
treatment, and if only 3–4 trials are unsuccessful, as anticipated
from the findings of this study, then individuals should still
experience many successful sleep onset trials across the
treatment session. Additionally, the low degree of overesti-
mation of sleep onset latency means that, when THIM wakens
the individual, they are unlikely to have reduced homeostatic
sleep drive enough to impact the subsequent sleep onset attempt
and the efficacy of the treatment. Therefore, the revised algorithm
was an improvement upon the original algorithm, and the device
appears to be accurate enough at estimating SOL for the purpose
of administering ISR. Future researchwould need to test whether
the device is accurate enough for reliably administering power
naps and theMultiple Sleep Latency Test, noting that the number
of false-positive trails may be an issue for these purposes.

THIM had considerably closer agreement with PSG sleep
onset compared with other wearable devices.22,23 The next
generation of actigraphy devices that incorporate information
from additional sensors, such as heart rate variability, appears to
have greater accuracy compared with standard actigraphy
devices.24,25 However, THIM shows greater agreement with PSG
for estimating SOL than these multisensor devices: an underes-
timation of 7.48minutes (SD=6.64) was found in Fonseca et al25

and amean bias of 4 minutes (SD = 9) was found in de Zambotti
et al24 (see Scott et al5 for a review). In fact, THIM produced
comparable accuracy to simplified EEG-based devices.26–28

THIM also showed closer agreement with PSG sleep onset
than similar devices that also use the stimulus-response method
of sleep onset estimation.10,11 This may be due to differences in
the stimulus type. THIM uses vibratory stimuli, which are
perceived via a different sensory processing pathway compared
with the auditory stimuli utilized by similar devices.13,15 It was
evident from the piezo-electric sensor data collected during
study 2 that once participants entered PSG-defined sleep, they
ceased responding to the vibratory stimuli. This suggests that
participants either (1) did not perceive the vibratory stimulus
and remained totally asleep or (2) the individual stirred from

Figure 5—Bland-Altman plot indicating agreement between
PSG and THIM-SOL on night 3 for study 2 data.

The solid black line indicates the mean difference, the dotted red lines
indicate the upper and lower limits of agreement, and the dotted blue line is
the linear trendline. The R2 value and P value represent the linear re-
gression line as indicators of the degree of proportional bias. Some
datapoints represent many overlapping values. PSG = polysomnography,
SD = standard deviation, SOL = sleep onset latency.
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sleep slightly, but the vibratory stimulus was not salient enough
to arouse the individual enough to produce a finger-tap re-
sponse. A quantified EEG analysis comparing brainwave ac-
tivity before and after a vibratory stimulus would shed light on
whether participants aroused at all to vibratory stimuli during
PSG-defined sleep,whichmay also elucidate howdisruptive the
stimulus and finger-tap responses are on the process of falling
asleep. Regardless, it appears that the type of stimulus to which
participants respond may impact the accuracy of stimulus-
response devices. Future research could directly compare the
use of different types of low-intensity stimuli to determinewhen
each sensory system is inhibited during the sleep onset period.

While this study evaluated the accuracy of THIM for esti-
mating sleep onset latency across more than 2,000 sleep onset
trials, the relatively low sample size has limited statistical power
for detecting between-participant effects. Another limitation to
consider is that the PSG data were scored by only 1 qualified
sleep technician in the current study. The interrater reliability of
N1 sleep onset, in particular, is low at approximately 68% and
74% for the epochs before and at sleep onset, respectively.29

This adds to the error of measurement in the gold-standard
measure that should be considered when interpreting the
findings of the current study. Furthermore, although investi-
gating THIMover 2 nights is a strength of this investigation, it is
possible that observation over additional nights is necessary to
detect learning effects. This would be important if individuals
use the device frequently, such as for power naps. The use of
THIM over more than 2 occasions should therefore be inves-
tigated in future research to explore its utility for frequent
power napping.

Investigating the accuracy of THIM for individuals with
insomnia is particularly important for the administration of ISR
because the device may be less accurate with this population. In
line with the neurocognitive model of insomnia,30 individuals
with insomnia may have abnormally sensitive/acute sensory
and information processing during the sleep onset period. In-
creased sensory responsivity may mean that people with in-
somnia perceive vibratory stimuli beyond N1 sleep onset
more so than average sleepers. Consequently, THIM may
overestimate SOL to a greater extent for those with insomnia
compared with good sleepers. The current studies did not in-
clude individuals with insomnia, but there was no significant
difference in the accuracy of THIM between good and poor
sleepers. However, neither of the 2 studies presented were
adequately powered to detect small differences between groups
that may be relevant. Furthermore, insomnia-related arousal
may not be present for those identified as having poor sleep: this
conditioned arousal is theorized to develop over time,31whereas
poor sleep in general may be episodic in nature.32 Additionally,
“poor sleepers” in this study could have also included thosewith
sleep maintenance and early morning awakening nocturnal
symptoms and not necessarily individuals with sleep-initiation
difficulties, as are germane to the clinical utility of THIM for
administering ISR. Therefore, the accuracy of THIM should be
investigated with individuals with sleep onset insomnia spe-
cifically in future research.

Additional future research should be conducted to explore the
clinical utility of THIM in other sleep-disordered populations.

Whether individualswill comply adequatelywith the instructions
of tapping in response to THIM’s vibrations, a necessity for the
device to estimate sleep onset appropriately, will need to be
investigated in future research (see Lack et al33 for further
discussion). Whether THIM can also reliably wake people from
sleepwith thehigh-intensityalarmvibration is alsoa topic for further
investigation. This may be particularly problematic for clinical uses
with excessively sleepy patients whomay be difficult to wake, such
as for administering Multiple Sleep Latency Tests.

This article showcased the development of the THIMalgorithm
for estimating SOL in comparison to PSG. The revised algorithm
demonstrated strong correspondence and agreement with PSG,
with a considerably lower percentage of false-positive trials.
Additionally, repeated use and sleeper type (good or poor sleeper)
did not impact the accuracy of THIM. More research is needed to
investigate whether other individual characteristics affect the ac-
curacy of THIM, particularly a diagnosis of insomnia.

ABBREVIATIONS

EEG, electroencephalography
ISI, Insomnia Severity Index
ISR, Intensive Sleep Retraining
PSG, polysomnography
SOL, sleep onset latency
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